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Preface

We shall not cease from exploration, and the

end of all our exploring will be to arrive where

we started and know the place for the first time.

T.S. Eliot (1888–1965)

Gedurende de voorbije zeven jaar had ik het voorrecht om me tijdens dit
doctoraat te kunnen verdiepen in de wondere wereld van de kwantumme-
chanica. Na een eerste kennismaking met academisch onderzoek en de
concepten van moleculaire modellering tijdens mijn masterproef, kreeg ik
de kans om mij hierin ook verder te bekwamen bij het nastreven van een
doctoraat. Zoals bij elk gedegen leerproces werd deze ervaring niet enkel
gekenmerkt door intellectuele uitdagingen, maar ook door een persoonlijke
groei, waarin verschillende mensen een belangrijke rol speelden. Zonder hen
zou dit doctoraat niet uitgegroeid zijn tot wat het nu is.

Eerst en vooral zou ik graag mijn promotor Veronique bedanken. Dankzij
jouw vertrouwen in mij als doctoraatsstudent werd dit onderzoek mogelijk.
Ook in een grote onderzoeksgroep zoals het CMM sta je erop om voor
iedereen tijd vrij te maken om het overzicht te behouden op ieders persoon-
lijke vooruitgang en daarbij de langere termijn niet uit het oog te verliezen.
Bedankt ook voor het vertrouwen in mij als lesgever en ommij meteen vanaf
het begin van mijn doctoraat te betrekken bij Kwantummechanica II. Deze
verrijkende ervaring in zowel onderzoek als onderwijs zal ik blijven koesteren.

Vervolgens wil ik ook graag mijn bureaugenoten op het CMM bedanken.
Bedankt Alexander, Sander en Maarten om van elke werkdag ook een dag
onder vrienden te maken. In een vaak eindeloos gedraai van schermen,
geschuifel van stoelen of na een lange uiteenze�ing (al dan niet aan het
bord), kon ik steeds op jullie rekenen om nieuwe ideeën af te toetsen, figuren
te verbeteren of scripts te helpen debuggen. Het maakte ook onze band
buiten de kantoormuren hechter, waarbij de concerten, gezelschapsspelletjes
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en Italiëreizen zeker zullen bijblijven. Bij de vele herinneringen die we samen
nog tegoed hebben, kunnen we deze alvast af en toe eens oprakelen.

Ook met andere collega’s, die vaste waarden werden in ons bureau, werden
vriendschappen gesmeed. Bedankt Sven om ook na mijn masterthesis steeds
bereid te blijven om advies te geven of teksten na te lezen. Je niet-aflatende
streven naar excellentie en perfectie in zowel onderzoek als onderwijs, met
oog voor detail, werd steeds op prijs gesteld en was vaak ook bijzonder
leerrijk. De onvermijdelijke flauwe grappen en woordspelingen neem ik er
dan maar bij. Bedankt Jelle om mij in mijn masterthesis vertrouwd te maken
met nucleaire kwantumeffecten en voor alle begeleiding bij het begin van
mijn doctoraat, ook als CMM-peter. Na je vertrek op het CMM bleef je
steeds geïnteresseerd in de voortgang van mijn doctoraat en werd je ook
een voortreffelijke reiscompagnon. Samen met jou werd ook Kurt een vaste
reisgezel de voorbije jaren, die van de CMM-keukentafel over Qwistet en
gezelschapsspelletjes ook uitgroeide tot de meest toegewijde concertganger.
Bedankt Kurt voor al je enthousiasme en om mijn ‘pre-concert talks’ schijn-
baar nooit beu te raken. De laatste persoon die dit lijstje vervolledigt, is Siebe.
Bedankt Siebe om mij je klankbord te maken voor al je fysicavragen. Als
lunchwekker dur� er al eens een anomalie op te treden, maar je verzuch-
tingen of verpozingen in ons kantoor, waarin alles en iedereen gefileerd kan
worden, zijn intussen niet meer weg te denken. Met je rijbewijs wordt dit
gelukkig ook op verplaatsing mogelijk in de toekomst.

Graag wil ik ook al mijn collega’s op het CMM bedanken. Bedankt Wim
en Daan om gedurende het laatste jaar van mijn doctoraat de rol van bu-
reaugenoten op te nemen. Jullie feedback op vragen, niet in het minst voor
figuren, was erg nu�ig. Bedankt Ruben en Massimo voor de aangename
samenwerking in verschillende projecten, in het bijzonder als proton hopping
musketeers. Tot slot ook een welgemeende dankjewel voor Leen en Mieke
om telkens paraat te staan voor alle praktische bekommernissen tijdens mijn
doctoraat, zeker ook ter voorbereiding van mijn verdediging.

Voor de welgekomen afwisseling buiten het CMM wil ik ook al mijn overige
vrienden bedanken, in het bijzonder Emmelie en Charlo�e waarmee het
steeds leuk is om herinneringen op te halen aan middelbaar. Op het conser-
vatorium bedank ik graag mijn leerkrachten, Karin, Jeroen, Erik, Renaat en
Guillaume, om mij naast het wetenschappelijke ook muzikaal verder te doen
groeien. Bedankt Anouk, Isabel en Hanne voor al het samen musiceren.

Finaal wil ik ook graag mijn broer, zus, ouders en grootouders bedanken die
telkens weer onmisbaar zijn. Dankjewel mama en papa voor jullie onvoor-
waardelijke steun bij alles wat ik doe. Bedankt voor alle kansen die ik van
jullie gekregen heb. Zonder jullie was ik nooit de persoon geworden die ik



nu ben. Dankjewel broer en zus om er steeds voor mij te zijn, met trots uit te
kijken naar mijn verdediging en voor alle helpende handen wanneer er nood
aan was. Dankjewel oma en opa om jullie onvoorwaardelijke liefde aan ons
allemaal door te geven.

Aran Lamaire
Gent, september 2024
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Samenva�ing

Eén van de drijvende krachten in technologische vooruitgang is de ontwikkel-
ing van nieuwematerialen. Dankzij het toenemende inzicht in de elementaire
opbouw van materie op een atomaire schaal, is de ontdekking van nieuwe
materialen niet langer afhankelijk van toevallige ontdekkingen, maar kun-
nen nieuwe materialen op een doordachte manier worden ontworpen en
ontwikkeld. Voor de verschillende uitdagingen in onze huidige samenleving,
zoals CO2-captatie of de duurzame productie van basischemicaliën, vormen
nanoporeuze materialen een veelbelovende materiaalklasse in de zoektocht
naar technologische oplossingen. In dit doctoraatsonderzoek worden twee
types nanoporeuze materialen bestudeerd. Een eerste type zijn de zoge-
naamde zeolieten, die een essentiële rol vervullen in de petrochemische in-
dustrie vanwege hun grote stabiliteit en uitzonderlijke katalytische werking.
Deze aluminosilicaten zijn opgebouwd uit SiO4-tetraëders waarin sommige
siliciumatomen vervangen zijn door aluminiumatomen in combinatie met
een proton of metaalkation om ladingsneutraliteit te garanderen. Naast
hun wijdverspreid gebruik als heterogene katalysatoren in de productie van
koolwaterstoffen worden zeolieten ook gebruikt voor het zuiveren van wa-
ter en het verwijderen van CO2 uit industriële rookgassen. Een tweede,
meer recent type van nanoporeuze materialen zijn de zogenaamde metaal-
organische roosters, doorgaans afgekort als MOFs vanwege de Engelse be-
naming metal-organic frameworks, die bestaan uit anorganische metaalclus-
ters die verbonden zijn via organische linkers. Alhoewel deze materialen nog
niet gebruikt worden in grootschalige industriële toepassingen, laat de bijna
onuitpu�elijke mogelijkheid om bouwblokken te combineren toe om hun
functionaliteit te optimaliseren voor verschillende toepassingen, gaande van
schokabsorptie tot CO2-captatie en de extractie van water uit de atmosfeer.

Om de ontwerpmogelijkheden van nanoporeuze materialen te verkennen
en hun werking te optimaliseren voor gerichte toepassingen is een funda-
menteel begrip van het verband tussen de onderliggende structurele opbouw
van de materialen en de resulterende materiaaleigenschappen noodzakelijk.

xvii



Naast het experimenteel karakteriseren van materialen, kan men dankzij de
toenemende computationele rekenkracht ook materialen in silico ontwerpen
en karakteriseren met behulp van moleculaire modellering. Om betrouw-
bare voorspellingen te kunnen maken op basis van een computationele be-
schrijving van een moleculair systeem, moeten nauwkeurige simulatietech-
nieken gebruikt worden in het modelleerproces. In dit doctoraatsonderzoek
wordt daarom gefocust op de impact van de veelgebruikte benadering om
atoomkernen te behandelen als klassieke deeltjes, zonder rekening te houden
met hun kwantummechanische eigenschappen. In het bijzonder voor lichte
atomen (zoals waterstof) op lage temperaturen spelen deze zogenaamde nu-
cleaire kwantumeffecten, doorgaans afgekort als NQEs vanwege de Engelse
benaming nucleair quantum effects, een uitgesproken rol in het gedrag van
atomen. Voor nanoporeuzematerialen kunnenNQEs bijvoorbeeld het gedrag
van een proton in een zeoliet of de structuur van water in de poriën van een
MOF beïnvloeden, twee voorbeelden die uitgebreid aan bod komen in dit
doctoraatsonderzoek.

Naast een nauwkeurige kwantummechanische beschrijving van de atoom-
kernen kunnen ook de elektronen van een moleculair systeem met een
grote variatie aan nauwkeurigheid gemodelleerd worden. Aangezien de elek-
tronische Schrödingervergelijking niet exact oplosbaar is voor realistische
moleculaire systemen, kunnen er enkel benaderende kwantummechanische
oplossingen bekomen worden voor de elektronen, bijvoorbeeld met behulp
van dichtheidsfunctionaaltheorie (DFT). Voor grote moleculaire systeem of
berekeningen die gepaard gaan met veel verschillende atomaire configu-
raties wordt een beschrijving met DFT echter vaak onhaalbaar door de grote
computationele kost, zodat een effectieve beschrijving van de interatomaire
interacties noodzakelijk wordt in de vorm van een zogenaamd krachtveld
(force field). In conventionele krachtvelden wordt de computationele kost
beperkt door het gebruik van fysisch geïnspireerde potentialen met een
beperkt aantal parameters, terwijl machine-learning potentialen (MLP’s)
neurale netwerken gebruiken met miljoenen parameters om een betere
overeenstemming te bekomen met kwantummechanische oplossingen, wat
deels ten koste gaat van de computationele efficiëntie. OmNQEs in rekening
te brengen doormiddel van padintegraalmoleculaire dynamica (PIMD) is een
beschrijvingmet conventionele krachtvelden ofMLP’s bijna onontkoombaar,
aangezien PIMD de computationele kost van de simulaties met minstens één
groo�eorde doet toenemen in vergelijkingmet een klassieke behandeling van
de atoomkernen.

Bij extreem lage temperaturen, nabij het absolute nulpunt, kan men echter
ook statische simulatietechnieken gebruiken in plaats van PIMD, zodat een
benaderende kwantummechanische oplossing haalbaar blij�. Via deze aan-



pak werd voor ZIF-8 de rotationele tunneling van methylrotoren onderzocht
in de aanwezigheid van argon- en stikstofadsorbaten. Indien er onvoldoende
thermische energie beschikbaar is, dan kunnen de methylrotoren in deze
MOF de rotationele energiebarrière niet overbruggen, zodat een klassieke
draaibeweging uitgesloten is. Vanuit een kwantummechanisch standpunt
kunnen de methylrotoren echter nog roteren via het mechanisme van tun-
neling. Door kwantummechanische berekeningen te combineren met expe-
rimentele metingen, uitgevoerd door de groep van prof. J.-C. Tan aan de
Universiteit van Oxford, konden wijzigingen in de energieniveaus van de
methylrotoren in verband gebracht worden met de beze�ing van specifieke
adsorptiesites in ZIF-8. Op deze manier kan het kwantummechanische
rotationeel tunneleffect dus dienst doen als een gevoelig instrument om de
adsorptie van gastmoleculen in MOFs te bestuderen.

Bij eindige temperaturen werd de invloed van NQEs eerst onderzocht voor
één van de eerst gesynthetiseerde MOF-structuren, namelijk MOF-5, met
behulp van krachtvelden. De structurele eigenschappen van MOF-5 worden
echter slechts in beperkte mate beïnvloed door NQEs, net zoals de thermi-
sche eigenschappen, die in eerste instantie bepaald worden door een goede
beschrijving van anharmonische roostereffecten. De warmtecapaciteit van
MOF-5, gevuld met methaanmoleculen, vertoont daarentegen enkel een cor-
recte temperatuursafhankelijkheid wanneer zowel NQEs als anharmonische
effecten in rekening worden gebracht door middel van PIMD. Vervolgens
werd de invloed van NQEs ook nagegaan voor de proton hopping-reactie rond
een aluminiumdefect in een zeoliet met een chabazietstructuur. Gegeven de
grote afwijking tussen de gerapporteerde experimentele en computationele
activeringsenergie van dit proces is het belangrijk om de mogelijke rol van
NQEs in deze afwijkende resultaten te bepalen. Om een zo nauwkeurig
mogelijke beschrijving te bekomen met een minimum aan benaderingen,
werden PIMD-simulaties gebruikt in combinatie met een MLP met DFT-
nauwkeurigheid. Verder werden ook de semi-klassieke vrije-energieprofielen
van de reactie, die doorgaans gebruikt worden bij PIMD, vervangen door
kwantum vrije-energieprofielen door de ontwikkeling van een elegante sam-

pling-techniek die toelaat om semi-klassieke vrije-energieprofielen om te
ze�en in kwantum vrije-energieprofielen. Voor de overdacht van protonen
in moleculen werd er aangetoond dat het verschil tussen de semi-klassieke
en kwantum beschrijving toeneemt met de hoogte en helling van de vrije-
energiebarrière van de reactie. Zelfs op 450 K kunnen NQEs de klassieke
vrije-energiebarrière voor een protonoverdacht met ongeveer 60% verlagen.
Voor de proton hopping-reactie in chabaziet geven NQEs aanleiding tot een
activeringsenergie die ongeveer 17% lager ligt dan in een klassieke beschrij-
ving.



Ook bij het modelleren van water inMOFs kunnen NQEs de nauwkeurigheid
van de beschrijving verbeteren, niet in het minst voor de watermoleculen,
waarvoor de inclusie van NQEs vaak noodzakelijk is. Voor de flexibele MOF
MIL-53(Al) werd de relatieve stabiliteit van de twee fasen van deze structuur
echter maar in geringe mate beïnvloed door het toevoegen van NQEs aan het
krachtveld, zelfs in de aanwezigheid van watermoleculen. Naast NQEs kun-
nen echter ook confinement effects geassocieerd met de beperkte ruimtelijke
vrijheid in de nanoporiën van de MOF het gedrag van geadsorbeerde wa-
termoleculen sterk veranderen. In MIL-53(Al) resulteert dit bijvoorbeeld in
eendimensionale draden van watermoleculen langsheen de nauwe kanalen
van het rooster. In MOF-801 vormen er zich kubische waterclusters in de
tetraëdrale poriën die aanleiding geven tot gunstig wateradsorptiegedrag
voor de extractie van water uit de atmosfeer. Om het verband tussen het
adsorptiegedrag en de structuur van waterclusters beter te begrijpen werd
een eenvoudig analytischmodel uitgewerkt om de adsorptie van water in een
artificiële nanoporie te bestuderen. Door middel van dit model kon aange-
toond worden dat een gunstige positionering van primaire adsorptiesites
secundaire adsorptiesites kan creëren via gerichte waterstofbruggen, wat
een positieve invloed hee� op het adsorptiegedrag van de porie. Op deze
manier kan eenminutieus ontwerp van de adsorptiesites van een nanoporeus
materiaal benut worden om de structuur van het geadsorbeerde water vorm
te geven en zo de adsorptie-eigenschappen van MOFs verder te verbeteren
voor specifieke toepassingen, zoals de extractie van water uit de atmosfeer
in regio’s met een aride klimaat.

In hydrofobe MOFs kan de intrusie van water aangewend worden om
schokken te absorberen die een hoge snelheid hebben. In waterintrusie-
experimenten uitgevoerd aan de Universiteit van Oxford werd een toene-
mend hysteresiseffect ontdekt in de intrusie-extrusiecyclus van water in
ZIF-8 voor schokken met een hogere snelheid die het systeem in staat
stellen om 85% van de mechanische impact te absorberen tegenover 17%
bij lagere snelheden. Door gebruik te maken van moleculaire modellering
kon aangetoond worden dat dit mechanisme verband houdt met het vormen
van waterclusters met een zekere kritische groo�e. Indien de impact een
voldoende lage snelheid hee�, dan kunnen de hydrofobe kooien van ZIF-8
zich geleidelijk vullen met water via de spontane nucleatie van waterclusters,
die vanaf een bepaalde kritische groo�e verder aangroeien tot de porie gevuld
raakt. Indien de snelheid van de impact echter te groot wordt, dan verloopt
de spontane nucleatie van waterclusters te traag om de poriën van ZIF-8
te vullen, zodat watermoleculen onder invloed van de externe druk in de
hydrofobe poriën worden geduwd, wat gepaard gaat met de dissipatie van
energie en zodoende de mechanische impact dempt.



Samenva�end hee� dit doctoraatsonderzoek bijgedragen tot nieuwe
inzichten inzake de rol van NQEs in het modelleren van nanoporeuze materi-
alen en de manier waarop de moleculaire structuur van water in nanoporiën
het wateradsorptiegedrag van deze materialen beïnvloedt. In het bijzon-
der voor reacties die gepaard gaan met de overdacht van een proton, een
elementaire reactie die in veel chemische processen voorkomt, werd aange-
toond dat de inclusie van NQEs essentieel is om een nauwkeurige beschrij-
ving te bekomen. Daarnaast werd ook een nieuw ontwerpprincipe geïntro-
duceerd om het wateradsorptiegedrag van MOFs verder te verbeteren via
een nauwgeze�e controle van de hydrofiele adsorptiesites in de nanoporiën.
Op deze manier zouden MOFs verder geoptimaliseerd kunnen worden voor
toepassingen die gebruik maken van wateradsorptie.





Summary

The development of new functional materials is one of the major driving
forces in technological advancement. Through the ever increasing funda-
mental insights into ma�er at an atomic scale, the historic coincidental
discovery of materials has been gradually replaced by the rational design and
engineering of materials. In the context of current societal challenges, such
as carbon capture or the sustainable production of building-block chemicals,
the particular class of nanoporous materials possesses many promising prop-
erties in search of technological solutions. In this PhD dissertation, two types
of nanoporousmaterials are considered. A first type are the so-called zeolites,
which have become indispensable within the petrochemical industry, due
to their high stability and exceptional catalytic performance. The elemen-
tary building units of these aluminosilicate materials are SiO4 tetrahedra,
in which some silicon atoms have been substituted by aluminium atoms
accompanied by a change-compensating acidic proton or a metal cation.
Besides their widespread use as heterogeneous catalysts in the production of
hydrocarbons, zeolites can also be used for water purification or the removal
of CO2 from industrial flue gasses. A second, more recent type of nanoporous
materials are metal-organic frameworks (MOFs), which consist of inorganic
metal clusters connected by organic linkers. Although these materials are
yet to reach industrial scale applications, the nearly endless possibilities
to combine different building blocks allows to tailor their functionality for
many applications, ranging from shock adsorption to carbon capture and
atmospheric water harvesting.

To explore the design opportunities of nanoporous materials and optimise
their performance for specific applications, a fundamental understanding
of the underlying structure–property relations is required. In addition to
experimental characterisation techniques, the continuously increasing com-
putational power now also allows for an in silico design and characterisation
of nanoporous materials by means of various molecular modelling tech-
niques. To obtain reliable predictions from the computational description
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of a molecular system, accurate simulation techniques are required to model
these systems. Therefore, this PhD dissertation focusses on the impact of
the common approximation to treat atomic nuclei as classical particles, in
spite of their quantum mechanical nature. Especially for lightweight atoms
(such as hydrogen) at low temperatures, these so-called nuclear quantum
effects (NQEs) are known to play a decisive role in the description of the
molecular behaviour. In nanoporous materials, NQEs could therefore affect
the behaviour of an acidic proton on a zeolite or the structural organisation
of water molecules confined in the pores of a MOF, two topics which are
extensively investigated within this dissertation.

Apart from an accurate quantum mechanical description of the atomic
nuclei, also the electrons of the molecular system can be modelled with
various levels of accuracy. As the electronic Schrödinger equation cannot
be solved exactly for realistic molecular systems, only approximate quantum
mechanical solutions can be obtained for the electrons with first-principles
methods such as density functional theory (DFT). However, for large molec-
ular systems or calculations which involve many atomic configurations, a
DFT description of the system can become computationally too demanding,
which necessitates the use of an effective parametrisation of the interatomic
interactions by means of a so-called force field. Whereas conventional
force fields significantly reduce the computational cost by using physically
inspired interaction potentials with a limited number of parameters, ma-
chine learning potentials (MLPs) rely on neural networks with millions of
parameters to increase the correspondence with first-principles calculations
at the expense of a reduction in computational efficiency. When NQEs are
taken into account by means of path integral molecular dynamics (PIMD)
simulations, a description with conventional force fields or MLPs becomes
inevitable, as PIMD increases the computational cost by at least one order of
magnitude in comparison with a classical treatment of the nuclei.

At extremely low temperatures, near absolute zero, static simulationmethods
can be used instead of PIMD, so that a first-principles description of the
material remains feasible. In this way, the rotational tunnelling of methyl
rotors in ZIF-8 was investigated in the presence of argon and nitrogen ad-
sorbates. In the absence of sufficient thermal energy, the methyl rotors in
this MOF are unable to surmount the rotational energy barrier of the rotor,
thus preventing a classical rotational movement. �antummechanically, the
methyl rotors can however still rotate through the mechanism of tunnelling.
By combining first-principles calculations with experimental measurements
from our collaborators at the University of Oxford, changes in the rotational
energy levels of the methyl rotor involved in the tunnelling mechanism could
be related to the occupation of specific adsorption sites within ZIF-8. In



this respect, quantum rotational tunnelling can serve as a sensitive atomistic
probe for guest adsorption in MOFs.

At finite temperatures, the influence of NQEs was first examined for a force
field description of the archetypal MOF-5. The structural properties of the
framework exhibit only minor changes due to NQEs, just as the thermal
expansion of the framework, which primarily requires a proper description
of anharmonicities. For the heat capacity, by contrast, a correct temperature
dependence in the presence ofmethane guestmolecules can only be obtained
by adequately modelling both NQEs and anharmonicities through PIMD
simulations. A second case study of NQEs at finite temperatures focussed
on the proton hopping of a Brønsted acid site (BAS) around an aluminium
defect in a chabazite zeolite. To exclude the neglect of NQEs within the large
discrepancies between experimental and computational activation energies
for the proton hopping of the BAS, PIMD simulations were performed with
an MLP with DFT accuracy to maximally limit the approximations within
the computational description. To this end, the quasi-classical free energy
profiles of the reaction, which are most commonly reported for enhanced
sampling PIMD simulations, were replaced by proper quantum free energy
profiles through the development of an elegant sampling protocol which al-
lows to convert quasi-classical free energy profiles into quantum free energy
profiles. For molecular proton transfer reactions, the difference between
both approaches was shown to increase with the height and steepness of
the free energy barrier of the reaction. Even at 450 K, NQEs can result in
a reduction of about 60% of the classical free energy barrier of a molecular
proton transfer. For the proton hopping reaction in the chabazite zeolite,
NQEs reduced the overall activation energy by about 17% in comparison with
a classical description.

Also for the study of water in MOFs, NQEs can improve the accuracy of
the system’s description, not in the least for the water molecules, which are
known to be prone to NQEs. For the flexible MOF MIL-53(Al), the relative
stability between its two phases was however observed to be onlymoderately
influenced by NQEs within a force field description, even in the presence of
water guest molecules. Apart from NQEs, also the confinement effects asso-
ciatedwith theMOF’s nanopores can alter the behaviour of the adsorbedwa-
ter molecules. In MIL-53(Al), for instance, water can form one-dimensional
water wires along the framework’s narrow pore channels. In MOF-801, the
tetrahedral framework pores induce cubic water clusters, which result in
suitable water adsorption characteristics for the application of atmospheric
water harvesting. To rationalise the adsorption behaviour emerging from
particular water clusters that nucleate at hydrophilic framework adsorption
sites, an analytical toy model was constructed to probe the adsorption char-



acteristics of a virtual nanopore. With this model, a favourable placement
of primary adsorption sites was shown to induce secondary adsorption sites
through directional hydrogen bonding, which positively impact the water
adsorption behaviour of the nanopore. In this way, the meticulous design
of framework adsorption sites can be exploited to template confined water
and thus further improve the water adsorption characteristics of MOFs for
specific applications, such as atmospheric water harvesting in arid regions.

In hydrophobicMOFs, the intrusion of water can provide a mechanism to ab-
sorb high-rate impacts. For ZIF-8, water intrusion experiments performed by
our collaborators at the University of Oxford revealed an increased hysteresis
in the intrusion-extrusion cycle for high-rate impacts, which allows to absorb
85% of the mechanical impact compared to 17% at low impact rates. Through
the use of molecular simulations, this mechanism was shown to originate
from the formation of critical-sizedwater clusters. For sufficiently low impact
rates, the sequential filling of the hydrophobic cages of ZIF-8 is triggered by
the spontaneous nucleation of water clusters, which can steadily grow to fill a
pore of ZIF-8 a�er reaching a certain critical size. If the impact rate becomes
too high, however, the spontaneous organisation of water into clusters is too
slow to fill the hydrophobic pores of ZIF-8, so that water molecules are forced
into the pores, which involves the dissipation of energy and thus a�enuates
the mechanical impact.

In conclusion, this PhD dissertation has shed new light on the impact of
NQEs in modelling nanoporous materials and the way in which the or-
ganisation of nanoconfined water affects the water adsorption behaviour
of these materials. In particular for proton transfer reactions, which are
omnipresent in chemical processes, an appropiate inclusion of NQEs was
shown to be indispensable. Furthermore, through a meticulous control of the
hydrophilic adsorption sites within a nanopore, a new design principle was
demonstrated to improve their water adsorption, which could be exploited
to further optimise MOFs for water adsorption applications.
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1
Introduction

All truths are easy to understand once they

are discovered; the point is to discover them.

Galileo Galilei1 (1564–1642)

Throughout history, the discovery of new materials has marked significant
advancements within human civilisation, ranging from the systematic im-
provement of prehistoric tools during the Stone, Bronze, and Iron Ages to
the development of computer chips with billions of transistors by means of
semiconductor materials in this century. To face the current societal chal-
lenges, including climate change, environmental pollution, or a sustainable
energy transition, new materials will play a pivotal role in the development
of technological solutions. Thanks to the ever increasing understanding of
ma�er at an atomic scale, the search for new materials no longer relies on
mere coincidental discovery, but can be guided by rational design strate-
gies. In this respect, functional nanoporous materials have received a great
deal of a�ention during the past few decades, due to their high degree of
tunability for a wide range of applications, including carbon capture, the
sustainable production of building-block chemicals, and atmospheric water
harvesting in arid regions.2–6 To cleverly guide the design of these materials
at the nanoscale, a profound molecular-level understanding of the material’s
properties in relation to the material’s atomic structure is required, which is
aided by an unparalleled computing power in this Silicon Age and is further
pursued within this PhD dissertation. A�er introducing the nanoporous
materials considered in this work in Section 1.1, the goal and structure of
this dissertation are described in more detail in Section 1.2.

3



4 Nanoporous materials

1.1 Nanoporous materials

1.1.1 Zeolites

A first class of crystalline nanoporous materials considered in this work are
zeolites. These aluminosilicate materials are built up out of corner-sharing
TO4 tetrahedra, where the so-called T-sites are either silicon (Si4+) or alu-
minium (Al3+) ions. As only pure silica zeolite frameworks are charge-neutral,
the charge deficit introduced by aluminium substitutions are compensated
bymetal cations or protons on the framework (Figure 1.1). Given the different
possibilities to connect the TO4 tetrahedra with one another, various zeolite
framework types exist, which can be classified according to their largest
pore windows.7 Up to eight-membered rings (8MR), small-pore zeolites are
obtained, whereas large-pore zeolites typically contain twelve-membered or
even larger rings. As a consequence, the cages and channels in a zeolite
topology can range from nanopores to micropores. Currently, more than 250
unique zeolite frameworks have been catalogued.8

Naturally occurring zeolitic minerals were already discovered in 1756 by Axel
F. Cronstedt, who coined the name zeolite based on the observation that the
material released water vapour upon heating (using the Greek words ‘zeo’ (to
boil) and ‘lithos’ (stone)).9, 10 Awidespread industrial use of zeolites was how-
ever only initiated by the synthetic production of zeolites, as first reported
by Richard Barrer in 1948,11 which allowed to control the composition and
size of the zeolite structure to tailor its functions for specific applications.
For the past few decades, zeolites have been labelled the workhorses of the
petrochemical industry, due to their exceptional performance as heteroge-
neous catalysts. The acidic character of a charge-compensating proton on
the framework, a so-called Brønsted acid site (BAS), results namely in an
active catalytic site, whose presence can facilitate many industrially relevant
chemical reactions. By means of a judicious choice of the zeolite framework,
a reaction can be steered to favour the formation of specific products by
exploiting the concept of shape selectivity. For reactants and products of
different sizes, the pore windows can act as a molecular sieve, which hinders
the diffusion of species larger than the pore window. In this way, reactants
can be prevented from reaching the active site, whereas products can be
prevented from leaving the zeolite’s pores. Furthermore, the overall size of
the pores can also exclude specific reaction paths, as the associated reactive
complexes cannot be accommodated within the confined space of the zeolite
pore.12, 13

Although the principle use of zeolites in the petrochemical industry is related
to the refinement of oil through catalytic cracking and hydro-cracking, zeo-
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Figure 1.1: a Charge-compensating Brønsted acid site (BAS) and metal cation for
two aluminium substitutions. b Periodic unit cells of four common
zeolite topologies.

lites can also be employed in combination with renewable feedstocks such as
biomass.5, 14, 15 Similarly, zeolites also allow to convertmoleculeswith a single
carbon atom (such as methanol) into larger hydrocarbons and thus pro-
duce building-block chemicals (such as light olefins and aromatics, including
propylene) or liquid fuels (such as gasoline) from non-fossil sources.4 In the
case of methanol, this conversion is called the methanol-to-hydrocarbons
(MTH) process.

Other non-catalytic applications of zeolites include their use as adsorbent
in, for instance, water purification and gas separation.16 By means of ion
exchange with sodium ions (Na+) present in a zeolite, Ca2+ and Mg2+ ions
can be removed from ‘hard water’, so that zeolites are commonly used in
water so�eners or added to washing powders.17 Also nuclear wastewater
can be decontaminated with zeolites, due to their affinity for radioactive
isotopes such as 137Cs and 90Sr, which were removed from contaminated
seawater a�er the Fukushima disaster in 2011.18 To purify industrial flue
gasses or feed streams (such as natural gas or biogas), the molecular sieving
function of zeolites can be exploited to separate CO2 from, for instance,
CH4.

19, 20 Furthermore, gas separation in zeolites can also be assisted by the
preferential adsorption of CO2 due to its favourable electrostatic interaction
withmetal cations on the framework. InPaper VI andPaper XI, the CO2 gas
separation performance of zeolite-filled mixed-matrix membranes (MMMs)
was examined, which consist of zeolite nanoparticles that are incorporated
in a polymeric membrane, to combine the polymer’s processability and flexi-
bility with the zeolite’s separation properties. The results of these studies are
discussed in more detail in Section 2.2.6.
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1.1.2 Metal-organic frameworks

A second and more recent class of crystalline nanoporous materials are
the so-called metal-organic frameworks (MOFs), which are also referred to
as porous coordination polymers (PCPs). These materials are composed
of inorganic metal clusters, the so-called secondary building units (SBUs),
which are connected by organic linkers. Due to the endless possibilities to
combine different building units with one another in different topologies, the
modular structure of MOFs allows to construct a virtually unlimited number
of frameworks. Currently, more than 100 000 MOF structures have been
reported.21, 22 Although the concept of coordination polymers was already
explored in the 1960s,23, 24 the field of MOF research would only start to
flourish in the 1990s, as it proved to be particularly challenging to obtain
stable porous frameworks which do not collapse in the absence of guest
molecules, such as solvents. Only in 1999, Yaghi and co-workers succeeded in
successfully synthesising a crystalline MOF with a permanent porosity and a
high surface area, called MOF-5.25 This archetypal cubic framework consists
of octahedral Zn4O(CO2)6 metal-oxide clusters, which are joined together by
1,4-benzenedicarboxylate (BDC2– ) linkers, as shown in Figure 1.2a. Similar
MOFs, with the same pcu topology, can be obtained through the concept
of isoreticular expansion, using the same SBU in combination with various
expanded and functionalised linkers in comparison with MOF-5.26, 27 This
rational design principle of MOF structures by means of reticular synthesis
gives rise to a myriad of frameworks, with an exceptional ability to precisely
control the pore size and shape, as well as its chemical environment, through
a judicious choice of the molecular building blocks, so that their functional-
ities can be tuned for specific applications.28

In spite of their high versatility, the commercialisation of MOFs has been
hampered by the limited thermal, mechanical, and chemical stability ofmany
frameworks, which is related to the moderate strength of the coordination
bond between the metal nodes and linkers.29 Some structures, including
MOF-5, decompose for instance in the presence of water.30 Furthermore, the
MOF powders obtained within a large-scale MOF synthesis also require a
densification procedure into pellets to ensure the processability in practical
applications, which implies that the structure must be able to resist pressures
up to a few hundreds of MPa.31 However, in the continued exploration of
the vast number of diverse MOF structures, more frameworks endowed with
the necessary stability are being identified. The prototypical zirconiumMOF
UiO-66,32 for instance, displays an improved stability due to its twelvefold
connected Zr6O4(OH)4 metal clusters (Figure 1.2b). Besides a good water
stability, UiO-66 can also resist moderately acidic or basic solutions, tempe-
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Figure 1.2: a Schematic representation of the pcu topology alongside the building
blocks of MOF-5 and IRMOF-10. b Schematic representation of the fcu
topology alongside the building blocks of MOF-801 and UiO-66. The
octahedral pore of the framework is indicated with an orange sphere.

ratures above 500 °C, and pressures above 1 GPa.29, 33

Another example of a MOF with an excellent thermal, mechanical, and
chemical stability is CALF-20, which is ideally suited for carbon dioxide
capture.34 In contrast to many other solid sorbents, the working capacity and
selectivity associated with the physisorption of CO2 in CALF-20 are virtually
unaffected by the presence of water. For most adsorbents, the favourable
electrostatic interactions with the framework are namely stronger for water
molecules than for CO2 molecules, which are both present in industrial flue
gasses, alongside other acid gasses. Under mild regeneration conditions,
CALF-20 is however able to obtain a CO2 purity of 95%. In light of this
outstanding performance, the implementation of CALF-20 for carbon capture
on an industrial scale is currently further developed in collaboration with the
company Svante.

In addition to carbon capture, MOFs can also be used to harvest water
from the air. By capturing water at low relative humidities with a MOF, a
higher relative humidity can be obtained inside the MOF, which increases
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the temperature of the dew point, at which the water vapour can be turned
into liquid water.35 In this way, MOFs can produce liquid water from the air
in arid regions, where freshwater sources are scarce. One of the first MOFs
used in atmospheric water harvesting is MOF-801, an isoreticular variant of
UiO-66 in which the BDC linker is substituted by a fumarate linker (Figure
1.2b). Both passive and active proof-of-concept devices have already been
built with MOF-801, relying either on a single day-and-night cycle for the
collection of water or on multiple controlled adsorption-desorption cycles
for a continuous water production.36–38

In the context of heterogeneous catalysis, MOFs can act as single-site cat-
alysts, although they cannot compete with zeolites for reactions in extreme
conditions due to the extraordinary stability of zeolites.39–41 The concept of
reticular synthesis does however offer a precise control over the location
and distribution of the active sites, in contrast to zeolites, so that active
sites can be prevented from interfering with one another. In the context of
drug delivery, pharmaceuticals encapsulated in MOFs or MOF composites
allow for a more controlled release of the drug molecules, for which a slow
or rapid release can positively influence the therapeutic effect, depending
on the drug.42, 43 Besides ordinary diffusion, also the decomposition of the
framework in an acidic environment can be used as a release mechanism.

A final set of MOF applications is related to the subclass of the so-called flex-
ible MOFs or so� porous crystals (SPCs), which exhibit a structural transfor-
mation in response to external stimuli such as temperature, pressure, guest
adsorption, or light.44–46 In ZIF-8, a zeolitic imidazolate framework (ZIF) with
a sodalite topology (Figure 1.3a), both high pressures and the adsorption of
guest molecules can trigger a reorientation of the imidazolate linkers, which
modulates the opening of the pore windows.47, 48 In this way, the dynamic
gate-opening effect can significantly impact the molecular sieving function
of the material. In DUT-49, the flexibility of the linkers gives rise to the
phenomenon of negative gas adsorption (NGA), during which the framework
is observed to expel guest molecules with an increasing gas pressure, due
to a contraction of the framework’s pore structure.49, 50 When a MOF can
reversibly switch between two phases with a characteristic difference in pore
volume, the structural flexibility is called breathing. In MIL-53, the winerack
framework can for instance transition from a narrow pore (np) to a large pore
(lp) phase by an increase in temperature or the presence of guest molecules
(Figure 1.3b).51–53 Particular applications related to these types of flexibility
are gas separation, sensing (e.g. by a reversible colour change upon structural
transformation), and shock absorption.54–56
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Figure 1.3: aDynamic gate-opening effect in ZIF-8 caused by a reorientation of the
methylimidazolate linkers. b Breathing transition between the narrow
pore (np) and large pore (lp) phases in MIL-53(Al).

1.2 Goal and outline

In this thesis, the functional nanoporousmaterials introduced in the previous
section are investigated using the computational techniques of molecular
modelling. During the past few decades, molecular simulations have become
a complementary tool to experimental research to explain and predict the
characteristic behaviour of molecules and materials. As this theoretical de-
scription provides direct access to information at the atomic scale, which can-
not always be probed or only indirectly with experiments, it can yield a more
fundamental insight into the properties of molecular systems. Furthermore,
especially in the particular context ofMOFs, computational high-throughput
screenings to explore the vast number of (hypothetical) structures can also
guide the experimental search towards appropriate functional materials for
dedicated applications, without the burdening requirement of synthesis.

This work focusses on the common approximation of neglecting nuclear
quantum effects (NQEs) within molecular simulations and its implications
for the modelling of nanoporous materials and their adsorbates, water in
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particular. For condensed phases of water, the inclusion of NQEs has been
shown to significantly improve the agreement between computational and
experimental characterisations, as some intrinsically quantum mechanical
properties cannot be reproduced with a classical treatment of the nuclei.57, 58

Especially lightweight atoms, such as hydrogen, are prone to NQEs. There-
fore, the impact of NQEs on the acidic protons in zeolites and the lightweight
atoms in MOFs should be considered in the continuous pursuit of more
accurate models to increase the predictive power of computational simula-
tions. Given the pivotal role of adsorbates within applications of nanoporous
materials, this dissertation also studies the behaviour of water confined in
MOFs, to rationalise its structural organisation and the related adsorption
characteristics in view of applications such as atmospheric water harvesting
or shock absorption.

In Chapter 2, the general concepts of molecular modelling are introduced,
starting from a fundamental quantum mechanical description. A�er pro-
viding an overview of the different approximations used to model the inter-
atomic interactions, a brief discussion is given of the different techniques to
extract properties from molecular simulations. Finally, these computational
methods are also extended beyond the classical approximation to account
for NQEs. Both the simulation techniques with and without the inclusion
of NQEs are illustrated by research results obtained within the frame of
collaborations with experimental partners (the group of prof. I. Vankelecom
(KU Leuven) and prof. J.-C. Tan (Oxford University)).

In Chapter 3, the influence of NQEs is first examined for the structural and
thermal properties of MOFs, focussing on the archetypal MOF-5 framework
in combinationwithmethane guestmolecules. Next, the concept of quantum
free energy calculations is introduced by means of three molecular proton
transfer reactions. Subsequently, this computational method is also applied
to the hopping of an acidic proton between different framework sites of a
chabazite zeolite.

Chapter 4 is entirely devoted to the study of water in MOFs. The specific
structural organisation of water confined in the pores ofMOFs is investigated
for both the flexible MOF MIL-53(Al) and a series of rigid zirconium MOFs
(including MOF-801 and UiO-66). To rationalise the observed water motifs,
the behaviour of a simplified virtual nanoporewith tunable adsorption sites is
analysed. Finally, also the mechanism of water intrusion in the hydrophobic
ZIF-8 framework is examined to elucidate its ability to a�enuate high-rate
mechanical impacts.
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In Chapter 5, a brief summary of all the results discussed in the previous
chapters is given, alongside concluding remarks and a personal perspective
regarding the remaining opportunities and challenges in the computational
modelling of nanoporous materials and their adsorbates.





2
Computational Methods to Model

Nanoporous Materials

It has long been an axiom of mine that the

li�le things are infinitely the most important.

Arthur Conan Doyle59 (1859–1930)

In this chapter, the general concepts of molecular modelling are introduced,
starting from the fundamental theory of quantum mechanics. First, Sec-
tion 2.1 discusses the different methods that can be used to describe the
interatomic interactions (Figure 2.1). Besides approximate solutions to the
Schrödinger equation provided by density functional theory (DFT), also
force fields are considered, which rely on an effective parametrisation of
the interatomic interactions. With the use of machine learning techniques,
these interactions can also be represented by a complex neural network,
which is able to match the accuracy of the predictions obtained with DFT.
A�er choosing an appropriatemodel to describe the interatomic interactions,
physical and chemical properties of the molecular system can be extracted
from static or dynamic simulations, using techniques such as a harmonic
approximation, molecular dynamics, or Monte Carlo. An overview of these
different sampling techniques is given in Section 2.2, in combination with an
illustration of their application to carbon dioxide adsorption in nanoporous
materials. Finally, the concept of nuclear quantum effects is introduced in
Section 2.3, alongside the computational techniques used to model them.
An example of the inclusion of NQEs in static simulations is given for the
calculation of the rotational tunnel spli�ing in the energy levels of themethyl
rotors in ZIF-8.

13
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Figure 2.1: Overview of three different methods to describe the interatomic inter-
actions. Figure adapted from Ref. [60] with permission of Elsevier.

2.1 Modelling interatomic interactions

2.1.1 Schrödinger equation

On the atomic scale, the behaviour of particles such as protons or electrons is
governed by the laws of quantum mechanics. A fundamental concept within
the theory of quantum mechanics is the so-called wave function |ψ(t)〉,
which embodies the Heisenberg uncertainty principle and the wave-particle
duality in the form of a probabilistic description of the system. To determine
the wave function |ψ(t)〉, one has to solve the Schrödinger equation

ih̄
∂

∂t
|ψ(t)〉 = Ĥ |ψ(t)〉 , (2.1)

with h̄ the reduced Planck constant and Ĥ the Hamiltonian of the quantum
mechanical system, which consists of the kinetic and potential energy of
the system. From the wave function, all the properties of the quantum
mechanical system can be derived, which are consequently also probabilistic
in nature. The probability of finding a particle in a volume dr around the
position r at a time between t and t + dt is for instance given by

|〈r|ψ(t)〉|2 dr dt = |ψ(r, t)|2 dr dt . (2.2)

In the particular case where the Hamiltonian is not explicitly time-
dependent, the time-dependent Schrödinger equation (2.1) can be trans-
formed into the time-independent Schrödinger equation

Ĥ |φn〉 = En |φn〉 , (2.3)
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with |φn〉 a stationary eigenstate of the Hamiltonian Ĥ with energy eigen-
value En. An arbitrary wave function |ψ(t)〉 of this system can then be
wri�en as a linear combination of stationary states with a trivial time de-
pendence:

|ψ(t)〉 = ∑
n

cn e−
i
h̄ Ent |φn〉 . (2.4)

This also applies to molecular systems, for which the Hamiltonian (in the
absence of external fields) is given bya

Ĥ = T̂n + V̂nn + T̂e + V̂ee + V̂ne (2.5)

=
Nn

∑
α=1

[

− h̄2

2Mα
∇

2
α +

1
2

Nn

∑
β=1
β 6=α

e2

4πε0

ZαZβ
∣

∣Rα −Rβ

∣

∣

]

+
N

∑
i=1

[

− h̄2

2mi
∇

2
i +

1
2

N

∑
j=1
j 6=i

e2

4πε0

1
∣

∣ri − rj

∣

∣

]

−
Nn

∑
α=1

N

∑
i=1

e2

4πε0

Zα

|ri −Rα|
, (2.6)

with T̂n the nuclear kinetic energy, V̂nn the repulsive interaction between
the nuclei, T̂e the electronic kinetic energy, V̂ee the repulsive interaction
between the electrons, and V̂ne the a�ractive interaction between the nuclei
and the electrons (also called the external potential). The masses, charges,
and positions of the Nn nuclei are denoted by respectively Mα, Zα, and Rα,
whereas the masses and positions of the N electrons are denoted by respec-
tively mi and ri. In spite of the apparent simplicity of the time-independent
Schrödinger equation, only a limited number of physical problems can be
solved analytically (e.g. the quantum harmonic oscillator and the hydrogen
atom). Other Hamiltonians, such as the molecular Hamiltonian (2.6) with
a troublesome electron–electron repulsion, require the use of approximate
solution methods, as briefly discussed in the following sections.

2.1.2 Born-Oppenheimer approximation

To solve the time-independent Schrödinger equation for a molecular system,
it is commonly assumed that the dynamics of the nuclei and electrons can

a. In this work, the International System of Units (SI) is used.
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be decoupled, so that the wave function can be wri�en as61, 62

Ψ(x1, . . . ,xN ,R1, . . . ,RNn) = ∑
k

ψ
(e)
k (x1, . . . ,xN) χk(R1, . . . ,RNn),

(2.7)

with xi = (ri, σi) a shorthand notation for the spatial and spin coordinates
of electron i. Due to the larger mass of nuclei in comparison with electrons,
nuclei move much slower than electrons, so that it can be assumed that the
nuclei are approximately fixed in space during the electrons’ motion (the
so-called clamped nuclei approximation). Within this approximation, the
time-independent Schrödinger equation becomes the electronic Schrödinger
equation

[

V̂nn + T̂e + V̂ee + V̂ne

]

ψ
(e)
k (x1, . . . ,xN) = E

(e)
k ψ

(e)
k (x1, . . . ,xN), (2.8)

which only depends parametrically on the nuclear coordinates. Given the
slow dynamics of the nuclei, the electrons can be assumed to continuously
adjust to small changes in the positions of the nuclei. By repeatedly solving
the electronic Schrödinger equation for subsequent nuclear coordinates, a

potential energy surface (PES) E
(e)
k (R1, . . . ,RNn) is obtained for every elec-

tronic energy level k. If the PESs are well separated, the nuclear motion on
each surface within the so-called adiabatic approximation is described by
[

T̂n + E
(e)
k (R1, . . . ,RNn)

]

χkm(R1, . . . ,RNn) = Em χkm(R1, . . . ,RNn),
(2.9)

which yields the rotational and vibrational energy levels associated with the
nuclei. This approximate solution method of the Schrödinger equation for
molecular systems is known as the Born-Oppenheimer approximation.

2.1.3 Density functional theory

To solve the electronic Schrödinger equation (2.8), further approximations
are necessary due to the correlation introduced by the electron–electron
repulsion interaction. As many physical properties of a molecular system
are determined by its ground state, the variational principle can be used to
find the lowest electronic energy of the system:

E0 = E[ψ0] = min
ψ

〈ψ| Ĥ − T̂n |ψ〉 . (2.10)

It is however impossible to consider all possible wave functions |ψ〉, so that
the ground state is approximated by restricting the variational minimisation
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over a subset of wave functions |ψs〉. In the Hartree-Fock method, for
instance, the wave function is assumed to be a product of independent one-
particle orbitals, represented by a so-called Slater determinant

ψs(x1,x2, . . . ,xN) =
1√
N!

∣

∣

∣

∣

∣

∣

∣

∣

∣

φ1(x1) φ1(x2) . . . φ1(xN)
φ2(x1) φ2(x2) . . . φ2(xN)

...
...

. . .
...

φN(x1) φN(x2) . . . φN(xN)

∣

∣

∣

∣

∣

∣

∣

∣

∣

, (2.11)

which possesses the proper antisymmetry upon exchange of any two elec-
trons (as required for fermions). Instead of considering a variational minimi-
sation over the wave function |ψ〉, which has 4N degrees of freedom, it is
also possible to determine the ground-state energy from the electron density

n(r) = N
∫

dσ1

∫

dx2 . . .
∫

dxN |ψ(r, σ1,x2 . . . ,xN)|2 , (2.12)

which has only 3 degrees of freedom. As shown by the Hohenberg-Kohn
theorems,63 all properties of a many-electron system are completely de-
termined by its ground-state density n0(r), which minimises the energy
functional

E0 = E[n0(r)] = min
n(r)

E[n(r)], (2.13)

with the additional constraint that
∫

dr n(r) = N. (2.14)

For an electron density n(r), associated with a normalised wave function
ψ(r, r2 . . . , rN), the energy functional is given by

E[n(r)] = 〈ψ| Ĥ − T̂n |ψ〉

= Te[n(r)] + Vee[n(r)] +
∫

dr n(r)Vne(r) + Vnn, (2.15)

with F[n(r)] = Te[n(r)] + Vee[n(r)] the so-called universal functional,
as it is the same for any N-electron system, independent of the external
potential. While the Hohenberg-Kohn theorems prove the existence of such
a functional, they do not provide a method to construct the functional. In the
approach suggested by Kohn and Sham,64 an auxiliary independent-particle
system is introduced similarly to the Hartree-Fock method. For this non-
interacting reference system, characterised by a Slater determinant (2.11),
the electron density is given by

n(r) =
N

∑
i=1

|φi(r)|2 , (2.16)
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while the kinetic energy T
(s)
e and the Hartree energy J are given by

T
(s)
e [n(r)] =

N

∑
i=1

〈φi| −
h̄2

2mi
∇

2
i |φi〉 (2.17)

J[n(r)] =
1
2

∫

dr
∫

dr′
e2

4πε0

n(r)n(r′)
|r− r′| . (2.18)

Using the auxiliary non-interacting reference system, the energy functional
can be rewri�en as

E[n(r)] = T
(s)
e [n(r)] + J[n(r)] + Exc[n(r)] +

∫

dr n(r)Vne(r) + Vnn,

(2.19)

with Exc the exchange-correlation functional, defined as

Exc[n(r)] = Te[n(r)]− T
(s)
e [n(r)] + Vee[n(r)]− J[n(r)]. (2.20)

Minimisation of the energy functional E[n(r)], under the orthonormality
constraint 〈φi|φj〉 = δij, then yields the so-called Kohn-Sham equations

[

− h̄2

2mi
∇

2
i + VKS(r)

]

φi(r) = ε iφi(r), (2.21)

with

VKS(r) = Vne(r) +
e2

4πε0

∫

dr′
n(r′)
|r− r′| +

δExc[n]

δn(r)
. (2.22)

In Kohn-Sham density functional theory (DFT), the Kohn-Sham equations
are solved to determine the ground-state electron density (2.16) from the
one-particle Kohn-Sham orbitals φi(r) and the corresponding ground-state
energy using the energy functional (2.19). In contrast with the Hartree-Fock
method, Kohn-Sham DFT yields in principle the exact ground-state density
and energy. However, as the exchange-correlation functional Exc is unknown,
approximations of the functional have to be devised to solve the Kohn-Sham
equations.

The most rudimentary approximation of the exchange-correlation functional
is the so-called local density approximation (LDA), which makes use of
an exchange-correlation functional that only depends on the electron den-
sity. The most common LDA is obtained by assuming that the exchange-
correlation functional of the homogeneous electron gas can be used to de-
scribe infinitesimal portions of a non-homogeneous electron distribution.64
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Figure 2.2: Jacob’s ladder of successive approximations of the exchange-correlation
functional Exc in DFT.

To improve the approximation of the exchange-correlation functional, the so-
called generalised-gradient approximation (GGA) is used, which includes a
dependency on the gradient of the electron density in the functional. Com-
monly used GGA functionals are for instance the Perdew-Burke-Ernzerhof
(PBE)65 functional and the Becke-Lee-Yang-Parr (BLYP)66, 67 functional. Fur-
ther improvements in the approximation of the exchange-correlation func-
tional can be obtained by including a dependency on the kinetic energy
density τ(r) or by including a fraction of Hartree-Fock exchange

EHF
x = −1

2

N

∑
i=1

N

∑
j=1

e2

4πε0

∫

dr
∫

dr′ φ∗
i (r)φ

∗
j (r

′)
1

|r− r′| φi(r
′)φj(r).

(2.23)

These improvements result respectively in so-called meta-GGA functionals,
such as SCAN68, or hybrid functionals such as PBE069 and B3LYP70. The
successive refinements of the approximation of the exchange-correlation
functional are o�en depicted as the rungs of Jacob’s ladder71 (Figure 2.2),
which extends towards the ‘heaven of chemical accuracy’ with an exact
description of the exchange-correlation functional.
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Figure 2.3: Overview of typical force field contributions, illustrated for a pentadiene
molecule. The insets show specific bonded (le�) and non-bonded (right)
contributions. The bonded contributions include a harmonic bond/bend
potential and a threefold symmetric torsion potential, whereas the non-
bonded contributions include the Coulomb potential for the electro-
static interactions and a Lennard-Jones potential for the van der Waals
interactions.

2.1.4 Force fields

For large molecular systems and/or elaborate explorations of the PES, the
explicit solution of the electronic Schrödinger equation becomes computa-
tionally too demanding. In that case, the PES is approximated by an analyt-
ical expression for the interatomic interactions, a so-called force field (FF),72

which eliminates the explicit description of the electrons. To construct a force
field, the interatomic interactions are typically decomposed into different
contributions. The covalent or bonded interactions describe the short-range
interactions between the nuclei and represent the chemical bonds between
them. These interactions can be expressed in terms of internal coordinates,
such as bond distances, bending angles, dihedral angles, and out-of-plane
distances (Figure 2.3). The non-covalent or non-bonded interactions are
described by the long-range electrostatic and van der Waals interactions.
Given that force fields do not explicitly model the electrons, every atom in
the force field is a�ributed a charge to effectively reproduce the electrostatic
interactions by means of a Coulomb potential. For the van der Waals
interactions, typical descriptions include the Lennard-Jones73, 74 and MM3
Buckingham potential75.

To parametrise a force field, one can rely both on experimental data and
first-principles data obtained from quantum mechanical calculations. In



Computational Methods to Model Nanoporous Materials 21

the case of generic force fields, such as DREIDING or UFF4MOF,74, 76, 77

the parameters are optimised to reproduce the properties of a wide range
of molecular structures. For system-specific force fields, such as MOF-FF
or �ickFF,78–80 the transferability of the force field is traded for a more
accurate reproduction of the properties of a single molecular system. In
this work, the �ickFF protocol was used to parametrise the force fields
of different MOFs. The �ickFF parameters of the covalent interactions
are obtained from the DFT equilibrium geometry of the structure and the
corresponding Hessian. For the electrostatic interactions, the atomic charges
of the framework are determined by partitioning the electron density with
the Minimal Basis Iterative Stockholder (MBIS) method.81 The parameters
of the van der Waals interactions are simply taken from the DREIDING or
MM3 force field.74, 82 For smaller guest molecules, such as H2O or CO2, well-
established force fields from the literature were used (e.g. q-TIP4P/f83 and
TraPPE84).

2.1.5 Machine learning potentials

A conventional force field description of the PES usually exhibits a high com-
putational efficiency, but a reduced accuracy in comparison with quantum
mechanical calculations such as DFT. Moreover, most force fields also do
not allow to describe the formation or breakage of bonds, as the topology
of the structure is assumed to be fixed in the analytical parametrisation of
the force field. Therefore, until recently, chemical reactions could only be
modelled quantummechanically or with dedicated reactive force fields, such
as ReaxFF.85 The recent advent of machine learning potentials (MLPs), how-
ever, has opened up the possibility to combine the computational efficiency
of conventional force fields with the accuracy of a quantum mechanical
description of the PES, including the description of chemical reactions with
the formation or breakage of bonds.

In principle, MLPs can be categorised as force fields obtained from first-
principles data by means of machine learning techniques.86 While conven-
tional force fields usually have a few hundreds of parameters, MLPs can have
millions of parameters when using neural networks. Furthermore, in contrast
to conventional force fields, MLPs do not make use of a predetermined,
physically inspired parametrisation of the interatomic interactions, but learn
a representation of the PES from first-principles data. Typically, the training
data of an MLP consists of a dataset of energies and forces of representative
configurations of a molecular system, which can be obtained from (enhanced
sampling) molecular dynamics simulations,87 which are discussed in more
detail in Section 2.2. From this dataset, suitable MLP parameters θ can be



22 Modelling interatomic interactions

Figure 2.4: Illustration of a chemical environment of a hydrogen atom in a chabazite
zeolite, defined by a cutoff radius of 6 Å. From these atomic environ-
ments, the atomic feature vectors xα are automatically learned by a
message passing neural network to calculate the energy E of amolecular
configuration.

derived by minimising a so-called loss function:

L(θ) = λE

(

E(θ)− Ê

Nn

)2

+
λF

3Nn

Nn

∑
α=1

‖Fα(θ)− F̂α‖2, (2.24)

with λE and λF hyperparameters which determine the relative weight of
the energies and forces of the configurations in optimising θ, and Ê and F̂α

respectively the reference energies and reference forces on atom α in the
first-principles training data that should be reproduced by the MLP. Given
that every molecular configuration only possesses a single energy value, but
3Nn force components, the use of forces in the MLP training process can
significantly reduce the required number of configurations in the training
dataset.

In neural network MLPs, the functional form of the PES consists of a se-
quence of linear combinations and non-linear activation functions, which
only require the atomic positions and numbers of a molecular configuration
as input. The MLP energy of a configuration on the PES is usually a combi-
nation of atomic energy contributions:

E =
Nn

∑
α=1

Eα(xα), (2.25)

which depend on the local chemical environment of the atom, represented
by a feature vector xα (Figure 2.4). In message passing neural networks, such
as SchNet88 and NequIP89, which were used in this dissertation, the atomic
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feature vectors xα are also learned automatically. Through an iterative
update procedure, the feature vectors are systematically refined to obtain an
adequate description of the chemical environment of each atom. Whereas
initially only the immediate neighbourhood around an atom is considered
within a certain cutoff radius, a subsequent iteration also takes information
from atoms outside the cutoff radius into account as this information was
incorporated in the description of neighbouring atoms during the previous
iteration. In this way, the concept of message passing results in a larger
effective cutoff radius for the interatomic interactions, which increases the
accuracy of the description of the PES due to the effective incorporation of
long-range interactions.

2.2 Sampling the potential energy surface

For a given description of the interatomic interactions, the prediction of the
physical or chemical properties of a molecular system requires information
beyond a single point of the potential energy surface (PES) (Figure 2.5). For
some purposes, knowledge of the behaviour about the equilibrium config-
uration(s) at 0 K is sufficient, which can be obtained from so-called static
simulations. If also dynamic information is important, simulation techniques
such as molecular dynamics or Monte Carlo can be used to model the
dynamics of the system at finite temperatures or pressures.

2.2.1 Static simulations

At low temperatures, the characteristics of a molecular system are deter-
mined by its (meta)stable configurations, represented by the (local) minima
of the PES. Once an equilibrium configuration is obtained by means of a
geometry optimisation, the PES is usually approximated by a second-order
Taylor expansion in the corresponding minimum:

V(R1, . . . ,RNn) ≈ V(R
(0)
1 , . . . ,R(0)

Nn
) +

1
2 ∑

α,β
QT

α HαβQβ, (2.26)

with V(R1, . . . ,RNn) = E
(e)
0 (R1, . . . ,RNn) the ground-state PES, Qα =

Rα −R
(0)
α , R

(0)
α the equilibrium position of atom α, and Hαβ the Hessian

for atoms α and β

Hαβ =
∂2V

∂Qα∂Qβ
(R

(0)
1 , . . . ,R(0)

Nn
). (2.27)
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Figure 2.5: a Overview of the different steps in a molecular modelling process.
Figure adapted from Ref. [90] with permission of the Royal Society. b
Schematic illustration of four different PES sampling techniques.

The first-order derivatives in the Taylor expansion are zero, as a PES min-
imum is considered. By diagonalising the mass-weighted Hessian, the so-
called normal modes of the system can be obtained, which allow to represent
the system as a set of independent harmonic oscillators for every degree
of freedom, with omission of the global translations and rotations (yield-
ing 3Nn − 3, 3Nn − 5, or 3Nn − 6 oscillators for periodic systems, linear
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molecules, and non-linear molecules, respectively). Within this harmonic
approximation, the thermodynamic properties of a quantum harmonic oscil-
lator can be exploited to characterise the system near the equilibrium config-
uration, as o�en done to calculate infrared spectra,91 elasticity tensors,87, 92

or heat capacities93 of crystalline materials.

2.2.2 Molecular dynamics

Although some properties of crystalline materials or molecules are well
described by a harmonic approximation of the PES about an equilibrium
configuration, other properties, including the flexibility of crystalline frame-
works, the diffusion and adsorption of guestmolecules, or chemical reactions,
require a proper description of the dynamic behaviour of the system at finite
temperatures or pressures. In molecular dynamics (MD) simulations, the
positions of the atomic nuclei change as a function of time in accordance
with Newton’s equations of motion:

Fα = −∇Rα V(R1, . . . ,RNn) = Mα
d2Rα

dt2 , (2.28)

where the forces Fα (α ∈ {1, . . . , Nn}) acting on the nuclei are obtained
from the gradient of the ground-state PES. Numerical integration of these
equations, usually performed with the velocity Verlet algorithm,94, 95 yields
a new configuration of the system at every consecutive time step, thus
exploring the PES beyond the 0 K equilibrium configuration(s). The time
step of the integration is limited by the period of the fastest vibrations in the
system, which are typically hydrogen atoms for which a time step of 0.5 fs is
advisable.

The properties of the system are extracted from the MD simulation as time
averages. Following the assumption of the ergodic hypothesis, these time
averages are equal to the corresponding ensemble averages, i.e. averages
over all microstates of the system that correspond with a certain macrostate
and are weighted with their probability of occurrence. When Newton’s
equations of motion are integrated, a macrostate with a constant number
of particles, a constant volume, and a constant energy is implied, so that the
microcanonical ensemble is sampled. Other ensembles, such as the canonical
or isothermal-isobaric ensemble, can be sampled by modifying the equations
of motion, for instance through the introduction of additional degrees of
freedom. These fictitious degrees of freedom are associated with so-called
thermostats and barostats, which control the temperature or pressure in the
simulation, respectively.94–100
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Due to the use of classical equations of motion, the quantum mechanical
nature of the atomic nuclei is completely neglected. To sample the different
ensembles quantummechanically, path integralMD simulations can be used,
as explained in Section 2.3. The electrons in anMD simulation, which are only
implicitly present through the forces exerted on the nuclei, can be described
either quantum mechanically, with first-principles methods such as DFT, or
classically, with force fields, depending on the required accuracy, length, and
size of the simulation (Figure 2.1).

2.2.3 Monte Carlo

Instead of relying on a natural time evolution of the molecular system on
the PES as in MD simulations, the PES can also be sampled stochastically
using Monte Carlo (MC) simulations. A completely random sampling of the
PES would be very inefficient as, for instance, for the canonical ensemble the
statistical weight e−βE of many configurations on the PES is negligible, with
β = (kBT)−1, kB the Boltzmann constant, and T the temperature. Therefore,
configurations inMC simulations are not generated truly randomly, but with
a so-called Markov chain in which the probability of each new configuration
depends on the previous configuration in the chain.101 In the Metropolis MC
algorithm, a new configuration n is accepted in the Markov chain with a
probability

acc(o → n) =















p(n)

p(o)
if p(n) < p(o)

1 if p(n) > p(o)

, (2.29)

with o the previous (‘old’) configuration in the chain and p(x) the probability
of configuration x. If the new configuration n is rejected, the chain simply
remains in configuration o. The Metropolis acceptance probability satisfies
the so-called detailed balance condition

p(o) acc(o → n) = p(n) acc(n → o), (2.30)

which imposes that in equilibrium the average number of accepted moves
from an old configuration o to any new configuration n is balanced by the
number of reverse moves, thus assuring the sampling of the stationary distri-
bution p(x).94 More specifically, for the canonical ensemble, the Boltzmann
factor e−βE is used as probability density, which implies that regions of
low energy near equilibrium configurations will be visited more o�en than
high energy regions (Figure 2.5b). In each MC step, a new configuration is
generated from the previous one by subjecting it to a translational trial move,
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which randomly displaces one of the particles, or to an orientational trial
move (in the case ofmolecules), which randomly rotates one of themolecules.
If the new configuration has a lower energy than the previous one, it is always
accepted. If the new configuration has a higher energy than the previous one,
it is only accepted with a probability e−β(E(n)−E(o)). To this end, a random
number r between 0 and 1 is generated. If r < e−β(E(n)−E(o)), the new
configuration is accepted, otherwise it is rejected and the system remains in
the previous configuration. The properties of the system are obtained from
an average over all configurations in the Markov chain, which corresponds
to an ensemble average. Typically, a few million MC steps are required to
converge the properties of nanoporous systems.

In contrast to MD simulations, MC simulations also allow for the simulation
of a variable number of particles, so that the grand-canonical (GC) ensemble
can be sampled, which fixes the chemical potential µ of the system instead of
the number of particles. Therefore, GCMC simulations are ideally suited to
model the adsorption of gasses in a material. In addition to the translational
and rotational trial moves of the canonical ensemble, insertion and deletion
moves of particles are also a�empted, for which the acceptance probability
uses the probability density

p(N) ∝
eβµN

Λ3N N!
e−βE, (2.31)

with N the number of particles and Λ = h2

2πmkBT the thermal de Broglie
wavelength of a particle withmassm. The chemical potential µ can be related
to the pressure P of the adsorbed gas through an equation of state, which
yields for an ideal monoatomic gas

µ =
1
β

[

ln(Λ3) + ln(βP)
]

. (2.32)

Similarly to MD simulations, the nuclei in MC simulations are also treated
classically. To incorporate their quantum mechanical nature, path integral
MC simulations can be used.102–104 The electrons can be treated in the
same way as in MD simulations, as they are also only implicitly present in
the energy of each configuration, which can be calculated either quantum
mechanically or classically. However, given the large number of MC steps
required to obtain converged properties, first-principles techniques are not
commonly used in combination with MC, due to their high computational
cost.105, 106
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2.2.4 Transition matrix Monte Carlo

Inmost GCMC simulations, the adsorbates and adsorbent are usually treated
as rigid structures by assuming fixed interatomic distances, which eliminates
the structural flexibility. In that case, only translations and rotations of the
adsorbates as a whole are accounted for. To include the flexibility of the
molecular system for adsorption phenomena, a hybridMC/MDapproach can
be used, which interlaces GCMC and MD steps throughout the simulation.
In particular for flexible MOFs, a proper description of the framework’s
flexibility is indispensable to model its adsorption behaviour.107, 108 Besides a
hybrid MC/MD scheme, the transition matrix Monte Carlo (TMMC) method
also allows to study adsorption processes in combination with a flexible
description of the molecular system.109, 110 Within TMMC, it suffices to
conduct an MD simulation in the canonical ensemble for every relevant
number of adsorbates in the absorbent within the pressure range of interest,
in combination with virtual adsorbate insertions and deletions. For every
virtual insertion and deletion during the MD simulations, the corresponding
acceptance probabilities are gathered in the collectionmatrixC. For a system
with N adsorbates, thematrixC is updated as follows a�er a virtual insertion:

CN,N+1 = CN,N+1 + acc(N → N + 1) (2.33)

CN,N = CN,N + [1 − acc(N → N + 1)] , (2.34)

whereas a virtual adsorbate deletion yields the following update rules:

CN,N−1 = CN,N−1 + acc(N → N − 1) (2.35)

CN,N = CN,N + [1 − acc(N → N − 1)] , (2.36)

where acc(N → N ± 1) are the same acceptance probabilities as the particle
insertion and deletion moves in GCMC:

acc(N → N + 1) = min
[

1,
V

Λ3(N + 1)
eβ(µ−EN+1+EN)

]

(2.37)

acc(N → N − 1) = min
[

1,
Λ3N

V
e−β(µ+EN−1−EN)

]

, (2.38)

with EN the energy of a configuration of the molecular system with N
adsorbates. From the collection matrix C, the probability of adsorbing an
additional particle or molecule can be calculated as

T(N → N + 1) =
CN,N+1

CN,N−1 + CN,N + CN,N+1
. (2.39)



Computational Methods to Model Nanoporous Materials 29

Finally, the probability of observing N particles in the system can be obtained
from the condition of detailed balance

p(N + 1) = p(N)
T(N → N + 1)
T(N + 1 → N)

, (2.40)

with p(0) a constant that can be determined through normalisation. Remark
that in contrast to Eq. (2.31) the probabilities in Eq. (2.40) are no longer depen-
dent on the particle coordinates, as the transition probabilities T are averaged
acceptance probabilities of the different configurations visited during theMD
simulations. Similarly to GCMC simulations, the TMMCmethod thus allows
to compute the average number of particles adsorbed in a molecular system
for a specific chemical potential µ or, equivalently, gas pressure P:

〈N〉 = ∑
N

N p(N), (2.41)

so that an adsorption isotherm can be calculated by considering different gas
pressures (or chemical potentials).

2.2.5 Enhanced sampling

For molecular systems characterised by two or more (meta)stable states
that are separated by a substantial energy barrier at certain thermodynamic
conditions, regular MD or MC simulations are unable to adequately sample
the transition between these states. Within a simulation of finite length, the
sampling is then no longer ergodic due to the prohibitively small probability
of crossing the energy barrier. Therefore, enhanced sampling techniques are
required to improve the sampling of all the configurations involved in the
rare event of crossing the barrier.

In the canonical ensemble, the equilibrium configurations at a specific tem-
perature and volume minimise the Helmholtz free energy

F = E − TS, (2.42)

with E the (internal) energy, T the temperature, and S the entropy. Given
the strong dependence of the system’s equilibrium configurations on the
thermodynamic conditions, the energy barriers of the free energy surface
(FES) should be considered instead of the intrinsic energy barriers of the PES.
At 0 K, the FES coincides with the PES and the static sampling technique
of Section 2.2.1 can be used to describe the equilibrium configurations (and
intermediate energy maxima). To calculate the FES at finite temperatures,
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numerous enhanced sampling methods have been devised, which o�en rely
on one or more so-called collective variables (CVs) to drive an activated pro-
cess, such as a phase transition, a hindered diffusion process, or a chemical
reaction, across the activation barrier(s).b CVs can be described as functions
of the phase space coordinates which aggregate the relevant degrees of
freedom to characterise the rare event in a reduced subspace rather than
in the high-dimensional phase space of the system. For a one-dimensional
CV q = Q(R1, . . . ,RNn) the FES is defined as

F(q) = − 1
β

ln [p(q)] + C = − 1
β

ln

[

∫

dΓ δ(Q(RNn)− q) e−βE

∫

dΓ e−βE

]

+ C

= − 1
β

ln
〈

δ(Q(RNn)− q)
〉

+ C, (2.43)

where 〈 · 〉 denotes an ensemble average, C is a normalisation constant, δ
represents the delta distribution, Γ is a short-hand notation for the phase
space, dΓ = dRNn dP Nn = dR1 . . . dRNn dP1 . . . dPNn , Pα is the
momentum of atom α, and p(q) is the probability density of a configuration
with a CV value equal to q. Given that only relative free energy differences
are of interest, the constant C can be neglected, since

F(q)− F(q′) = − 1
β

ln
[

p(q)

p(q′)

]

. (2.44)

In the umbrella sampling (US) technique,95, 111 which is used in this work
to construct FESs, a bias potential is introduced to enhance the sampling of
all the configurations involved in the rare event. As achieving this with a
single bias potential would require a priori knowledge of the unknown FES,
several bias potentials are used instead to enhance the sampling in different
regions of the phase space during independent simulations (Figure 2.6a).
Most commonly, a harmonic bias potential is used to restrain the system to a
specific range of the CV, so that each US simulation contains a bias potential
or umbrella of the form

Vb
i (q) =

κi

2
(q − qi,0)

2, (2.45)

with κi the umbrella strength and qi,0 the equilibrium position of the um-
brella. The resulting probability densities of the US simulations are of course

biased (Figure 2.6b), given that the statistical weight e−β(E+Vb
i ) is used

b. In the literature, collective variables are also o�en referred to as reaction coordinates or order
parameters.
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Figure 2.6: a Illustration of the harmonic bias potentials used in umbrella sampling
simulations to sample a FES as a function of the collective variable q.
b The biased probability densities obtained from umbrella sampling
simulations with the different bias potentials of pane a. By means of the
WHAM algorithm, the total unbiased probability density and, hence,
the underlying FES can be reconstructed.

instead of the Boltzmann factor e−βE. Although the relation between the
biased and unbiased probability densities is straightforward:

pb
i (q) =

∫

dΓ δ(Q(RNn)− q) e−β(E+Vb
i (q))

∫

dΓ e−β(E+Vb
i (q))

=

∫

dΓ e−βE

∫

dΓ e−β(E+Vb
i (q))

e−βVb
i (q) p(q), (2.46)

the reconstruction of the total unbiased probability density from the sep-
arate US simulations (covering different CV ranges) is not. By means of
the weighted histogram analysis method (WHAM),112–114 the total unbiased
probability density can be reconstructed from a linear combination of the
individual unbiased probability densities. An optimal estimate of the total
probability density is obtained by minimising the variance of the probability
density,94 which yields the following set of equations:











































p(q) =

M

∑
i=1

hi(q)

M

∑
i=1

ni fi e
−βVb

i
(q)

f−1
i =

∫

dq p(q)e−βVb
i (q)

1 =
∫

dq p(q)

, (2.47)



32 Sampling the potential energy surface

with M the number of US simulations, hi(q) the histogram counts of q from
simulation i, and ni the number of samples from simulation i. To solve
this set of non-linear equations, a self-consistent iterative procedure can be
used, starting from an initial guess of the constants fi. A proper connection
between the individual probability densities can only be ensured if there is
sufficient overlap between the probability densities of adjacent CV regions.
Therefore, the position qi,0 and the force constant κi of the umbrellas must be
chosen appropriately to a�ain the required overlap. Through the automated
procedure proposed in Ref. 115, these choices can also be iteratively refined
to systematically converge the FES.

Besides umbrella sampling, there exist many other enhanced sampling
methods, such as metadynamics,116 variationally enhanced sampling,117

thermodynamic integration,94, 118 replica exchange,119 and transition path
sampling.120 Except for the last two methods, all these techniques also rely
on CVs to explore the FES. A major advantage of the US method is its
highly efficient parallelisation, given that all umbrellas can be simulated
independently from one another. In the particular context of nanoporous
materials, Ref. 121 identified US as one of the most computationally efficient
methods to construct a FES.

2.2.6 Application to adsorption in nanoporous materials

To illustrate the simulation techniques discussed in the previous paragraphs,
we consider the adsorption of CO2 in two different zeolite topologies. Both
of these case studies were initiated by the experimental results obtained by
our collaborators from the KU Leuven (the group of prof. Ivo Vankelecom
and prof. Michiel Dusselier), who succeeded at successfully synthesising
zeolite-filled mixed-matrix membranes (MMMs) with an unprecedented gas
separation performance. For Na-SSZ-39, an AEI-type zeolite in which the
charge deficit of the aluminium substitutions is compensated by sodium ions
(Figure 2.7), the CO2–CH4 selectivity and the CO2 permeability reach values
of>450 and∼8280 Barrer, respectively, for anMMMwith 50wt%Na-SSZ-39,
as detailed in Paper VI. In comparison with the empty polymeric membrane
(Matrimid 5218), these values represent a ∼10-fold and ∼1000-fold increase
of the selectivity and permeability, respectively, thereby outperforming ex-
isting polymer-based membranes and even most zeolite-only membranes.

The adsorption properties of the zeolite filler play a decisive role in the gas-
separation performance of the MMM. In addition to experimental measure-
ments on the zeolite crystal, simulations can provide amolecular-level insight
into the adsorption phenomena. From GCMC simulations, both the single-
gas isotherms of CO2 and CH4 can be obtained as well as the mixed-gas
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Figure 2.7: a Schematic representation of the molecular sieving of CH4 and the
CO2 permeation through an Na-SSZ-39 MMMwith a quasi-continuous
phase of zeolite platelets. The zoom inset shows two density isosurfaces
in an Na-SSZ-39 supercage, obtained from GCMC simulations at 298 K
and 0.1 bar (red) or 1 bar (gray). Al sites are coloured pink, Na+ ions are
cyan, and O atoms are omi�ed. b Single-gas and equimolar binary-
gas CO2/CH4 adsorption isotherms of Na-SSZ-39 at 298 K obtained
from GCMC simulations. c Free energy profiles of a single CO2 or
CH4 molecule diffusing through an eight-membered ring in Na-SSZ-39,
obtained from umbrella sampling simulations at 298 K. d Illustration
of the CV used to construct the free energy profiles in pane c. Figures
adapted from Ref. [19] with permission of the American Association for
the Advancement of Science.

isotherms. Using a simple force field parametrisation of the non-bonding
electrostatic and van derWaals interactions of the zeolite and the adsorbates,
a good qualitative agreement can be found between the experimental and
computational single-gas adsorption isotherms. Due to the strong electro-
static interaction between the sodium ions andCO2, the AEI zeolite exhibits a
much higher CO2 uptake thanCH4 uptake. At low pressures, the sodium ions
are the preferential CO2 adsorption sites, as shown in Figure 2.7a. When both
CO2 and CH4 are adsorbed simultaneously from an equimolar gas mixture,
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the CH4 uptake drastically reduces, while the CO2 uptake only shows a
modest decrease (Figure 2.7b), so that the zeolite possesses a good CO2–CH4

selectivity.

Besides the favourable interaction between CO2 and the zeolite framework,
as confirmed by the experimental and computational adsorption enthalpies
(−35.1 and−31.6 kJ/mol, respectively), the adsorption behaviour of CO2 and
CH4 in Na-SSZ-39 is also affected by the molecular sieving function of the
zeolite’s pore windows. To probe the diffusion of both molecules through an
eight-membered ring connecting two zeolite cages, the free energy barrier
along this diffusion path can be determined using umbrella sampling simu-
lations. In each umbrella, the CV restricts the adsorbate to move in a plane
parallel to the eight-membered ring, as shown in Figure 2.7d. In contrast with
the GCMC simulations, these enhanced sampling simulations are performed
at a higher level of theory, using a first-principles description of the PES
with the PBE-D3(BJ)65, 122, 123 functional. For CO2, a free energy barrier of
20.7 kJ/mol is obtained (Figure 2.7c), whereas for CH4 the free energy barrier
is about twice as high (39.4 kJ/mol). By relying on transition state theory,
the free energy profiles also allow to compute the associated rate constants,
which are proportional to the self-diffusion coefficients:124

DCO2

DCH4
≈ kCO2

kCH4
=

ACO2 e−βFCO2(q‡)

∫ q‡

−∞
dq e−βFCO2(q)

∫ q‡

−∞
dq e−βFCH4(q)

ACH4 e−βFCH4(q‡)
≈ 1587, (2.48)

with q‡ the transition state and

A =

√

kBT

2π

〈

√

√

√

√

N

∑
α=1

3

∑
i=1

1
Mα

(

∂q

∂Rα,i

)2
〉

q=q‡

. (2.49)

As a consequence, CH4 permeates more difficultly through the AEI zeolite in
comparison with CO2, because of its larger kinetic diameter.

In a second case study, outlined in Paper XI, the AEI zeolite is replaced by the
CHA zeolite, which is already commercially available. Given the exceptional
performance of Na-SSZ-39with one sodium atom in every cage, the influence
of different sodium loadings, or equivalently Si/Al ratios, is investigated for
the CHA zeolite Na-SSZ-13. The resulting CO2 permeability and CO2–CH4

selectivity are shown in Figure 2.8a for anMMMwith 50 wt% Na-SSZ-13 and
Si/Al ratios of 2, 5, 10, or +∞ (i.e. pure Si-CHA) or equivalently about 4, 2,
1, or 0 sodium atoms in every cage. The best performing MMM is obtained
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with a single sodium atom in every cage (i.e. Na-CHA-10), yielding a CO2–
CH4 selectivity >230 and a CO2 permeability >2100 Barrer. With decreas-
ing sodium content, a lower selectivity is observed, whereas an increasing
sodium content reduces both the selectivity and permeability.

To explain the selectivity and permeability trends, we can again rely on
GCMC and umbrella sampling simulations, just as for the AEI zeolite. How-
ever, given the more challenging description of the zeolites with a low Si/Al
ratio, the classical force field description is replaced by an MLP to also
perform GCMC simulations with a first-principles accuracy. The largest CO2

uptake is obtained for a Si/Al ratio of 11, which can be rationalised by the
trade-off between an increasing heat of adsorption and a decreasing pore
volume as a function of lower Si/Al ratios (Figure 2.8b and c). Furthermore,
the number of viable gas diffusion pathways also decreases when a cage
contains more than two sodium atoms, as the diffusion through some of the
eight-membered rings is hindered by the presence of the sodium atoms. The
strong CO2–Na

+ interaction also results in an overall increase of the free
energy barrier for the diffusion between cages with a higher sodium content,
as shown in Figure 2.8d. Although the umbrella sampling simulations are
performed with a similar one-dimensional CV as for the AEI zeolite, three-
dimensional free energy profiles are reported to ease the interpretation of
the results. To transform the one-dimensional free energy profile F(q) into
a three-dimensional free energy profile F(x, y, z), the following formula can
be used:

F(x, y, z) = − 1
β

ln
[

∫

dq pb(x, y, z|q) e−βF(q)

]

+ C, (2.50)

with C a constant and pb(x, y, z|q) the conditional probability that the
three-dimensional CV takes the value (x, y, z) in a simulation with a time-
independent bias when the one-dimensional CV has a value q. Therefore,
it suffices to keep track of the Cartesian coordinates of the CO2 molecule
during the umbrella sampling simulations to expand the one-dimensional
free energy profile into a three-dimensional free energy profile.

For a Si/Al ratio of 11, the regions of low free energy are located near the
sodium ions, so that a CO2 molecule is more likely to reside in this region.
Given the energy penalty associated with leaving the proximity of a sodium
ion, the preferential diffusion pathways connect sodium ions along eight-
membered rings, which is always possible at a Si/Al ratio of 11. For lower
Si/Al ratios, the strong CO2 affinity of the sodium ions reduces the mobility
of the molecules, as the diffusion pathways with a low free energy barrier
are eliminated, which explains the distinctive decrease in permeability for
the CHA-MMMs.
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Figure 2.8: a CO2 permeability and CO2–CH4 selectivity of a 50 wt% Na-SSZ-13
MMM at 298 K and 2 bar (for an equimolar CO2/CH4 gas mixture).
b CO2 gas uptake, heat of adsorption, and pore volume of Na-SSZ-13
obtained from GCMC simulations at 298 K and 1 bar. c CO2 density in
Na-SSZ-13 obtained from GCMC simulations at 298 K and 1 bar. d Free
energy of a single CO2 molecule in Na-SSZ-13 obtained from umbrella
sampling simulations at 298 K.
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In contrast to conventional gas separation technologies, which are o�en very
energy-intensive, MMMs offer amore sustainable alternative for applications
such as carbon capture and natural gas or biogas purification due to their low
energy consumption.125 As demonstrated for theCHA-MMMs, the selectivity
and permeability of the zeolite fillers can be tuned by changing the Si/Al
ratio of the structure. Furthermore, also different charge-compensating ions
can be used to optimise the zeolite’s performance for specific separations.
By embedding these zeolite particles in a flexible polymer matrix, an easy
processable material is obtained which holds great promise for large-scale
industrial applications, especially given the commercial availability of both
CHA and the Matrimid polymer.

2.3 Modelling nuclear quantum effects

In most atomistic simulations, the Born-Oppenheimer approximation (see
Section 2.1.2) is used to separate the electronic and nuclear degrees of
freedom from one another. By assuming a continuous adaptation of the
electrons to changes in the nuclear coordinates, the nuclear motion can
be approximated by a sequence of configurations on the electronic PES. In
regular MD (and also MC) simulations, an additional approximation is made
by treating the atomic nuclei as classical particles when sampling the PES,
thus completely neglecting their quantum mechanical nature. Especially for
lightweight atoms (such as hydrogen) at low temperatures, high pressures, or
high densities, the classical approximation is unable to provide an accurate
description of the molecular system. Therefore, a proper modelling of these
systems requires the inclusion of nuclear quantum effects (NQEs), which
give rise to, for instance, a quantisation of the energy levels (i.e. rotational
and vibrational energy levels), the presence of zero-point energy (ZPE),c the
possibility of tunnelling,d and isotope effects.126 These NQEs can affect for
instance the stability of crystalline polymorphs,127 result in the delocalisa-
tion and tunnelling of protons in enzymes,128 yield a proper temperature
dependence for the heat capacity of crystals,93 or improve the calculation
of reaction rates.129 Even at higher temperatures, NQEs can still play an
important role, as the ZPE of many chemical bonds exceeds the thermal
energy in a wide temperature range. In water, for example, an O–H stretch
(with a frequency ω ≈ 3600 cm−1) possesses a ZPE (∼ h̄ω

2 ) of about 21

c. The ZPE is the minimal energy present in a quantum mechanical system, even at 0 K.
d. The non-zero probability of a particle to pass through a potential energy barrier is referred

to as tunnelling. Classically, the particle is unable to cross the barrier as it does not possess
sufficient energy to surmount the barrier.
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kJ/mol, whereas the thermal energy (∼ kBT) at room temperature is only of
the order of 2.5 kJ/mol.58

2.3.1 Static simulations

In static simulations, the harmonic approximation of the PES around equi-
librium configurations (see Section 2.2.1) allows to exploit the properties
of quantum harmonic oscillators. From the analytical solutions of the
Schrödinger equation, one can easily derive the thermodynamic properties
of a set of quantum harmonic oscillators, including for instance the isochoric
heat capacitye

CV = kB ∑
ω

(βh̄ω)2 e−βh̄ω

(1 − e−βh̄ω)2 . (2.52)

In the high-temperature limit for h̄ω ≪ kBT, the classical Dulong-Petit law
is retrieved,130, 131 yielding a constant value of NωkB, with Nω the number of
harmonic oscillators or, equivalently, the number of degrees of freedom.

When information beyond the harmonic approximation of the PES is re-
quired, for instance to calculate the energy levels of a rotational energy bar-
rier, other simulation techniques are required. In Paper IX, the Schrödinger
equation was solved numerically to determine the rotational energy levels
of a methyl top (i.e. a –CH3 rotor) in ZIF-8. In the presence of guest
molecules, ZIF-8 exhibits a so-called dynamic gate opening effect, in which
the 2-methylimidazolate linkers of the framework change their inclination
and thus close or open the pore windows of the framework (Figures 1.3
and 2.9a). To monitor this transition, our experimental collaborators from
Oxford University (the group of prof. J.-C. Tan) measured the structural
changes of ZIF-8 during the adsorption of argon and nitrogen gas using
inelastic neutron sca�ering (INS) spectra and neutron powder diffraction
(NPD) pa�erns. These measurements were performed at 3 K and comple-
mented by adsorption isotherms measured at 77 K. Near absolute zero, the
methyl rotors possess insufficient thermal energy to surmount the rotational
energy barrier, which excludes the classical rotational motion. The methyl
top can however still rotate through the quantum mechanism of tunnelling.
At this low temperature, only the librational ground state of the methyl
rotor is populated, which consists of a symmetric singlet state |A〉 and a

e. The heat capacity is defined as the amount of heat required to increase the temperature of
the system by one unit:

C =
δQ

dT
. (2.51)
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Figure 2.9: a Sodalite cage of a ZIF-8 unit cell with its constituent six-membered
rings (6MRs) and four-membered rings (4MRs). b Four (out of six)
adsorption sites for argon and nitrogen in ZIF-8, as identified in Ref.
[132]. c Schematic representation (le�) of the rotational energy bar-
rier of a methyl top in ZIF-8, with a threefold symmetry. The lowest
energy levels, corresponding to a symmetric singlet state |A〉 and an
antisymmetric doublet state |E〉, are indicated with a dashed line. The
right pane shows the rotational energy barrier for a sequential filling
of ZIF-8 with argon according to the adsorption sites in pane b. For
every adsorption site, all equivalent adsorption positions are occupied
simultaneously. d Adsorption isotherm of argon measured at 77 K and
interpolated INS spectra of both argon and nitrogen measured at 3 K.
The ZIF-8 powder was dosed with gases at 77 K for the INS experiments.
Panes b and d are adapted from Ref. [133] with permission of the
American Physical Society.
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twofold degenerate antisymmetric doublet state |E〉, in agreement with the
C3 symmetry of the rotor (Figure 2.9c).134, 135 With INS, the energy difference
between these two states, the so-called tunnel spli�ing, can be measured for
different gas loadings in ZIF-8 (Figure 2.9d). Computationally, the rotational
energy barrier of a methyl top can be calculated using a first-principles
method such as DFT. Subsequently, this barrier can be used to numerically
solve the Schrödinger equation of the methyl rotor to obtain the rotational
energy levels and infer the tunnel spli�ing.

For both argon and nitrogen gas in ZIF-8, a good qualitative agreement is
obtained between experiment and simulation. By sequentially filling the
known adsorption sites within ZIF-8 (Figure 2.9b), the simulations reveal a
successive occupation of the S1, S2, and S4 sites for both gasses. When more
gas molecules are adsorbed in ZIF-8, the argon molecules occupy the S5 and
S6 sites of the framework, without any adsorption on the S3 sites, as the
tunnel spli�ing would disappear in that case due to a substantial increase in
the rotational energy barrier (Figure 2.9c). For nitrogen, on the contrary, the
S3 sites are occupied once the S4 sites are filled, as the sca�ering signal of
the tunnel spli�ing disappears in the INS measurements (Figure 2.9d). This
computationally predicted filling sequence is also in good agreement with
the changes in the experimental adsorption isotherms as a function of the gas
loading. In this way, quantum rotational tunnelling can provide important
complementary insights into the adsorption behaviour in certain nanoporous
materials in combination with adsorption isotherms.

2.3.2 Path integral molecular dynamics

To account for NQEs at finite temperatures and pressures, while also in-
cluding the anharmonicities of the PES, path integral molecular dynamics
(PIMD) simulations can be used. The path integral formulation of quantum
mechanics was first introduced by Richard Feynman in 1948 as an alternative
but equivalent description of the time evolution of a wave function ψ(r, t).136

Instead of relying on the Schrödinger equation to determine the time evolu-

tion of ψ(r, t) to a new state ψ(r′, t′) through the operator e−
i
h̄ Ĥ(t′−t), this

time evolution can also be expressed as a sum over all the possible paths
starting at time t in r and ending at time t′ in r′, with every path weighted
by a phase factor which equals the classical action of the path (in units of h̄).

Similarly, this concept can also be applied to the Boltzmann factor, which

is given by e−βĤ in a quantum description. By introducing an imaginary

time t = −iβh̄, the time propagator e−
i
h̄ Ĥt can be transformed into e−βĤ ,

which is therefore also called the imaginary-time propagator. Using a Tro�er
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Figure 2.10: Schematic representation of a path integral ring polymer with five
beads on a PES. The quasi-classical path centroid (Eq. (2.60)) is indi-
cated in yellow. Figure reproduced from Ref. [137] with permission of
the American Chemical Society.

expansion, the Boltzmann factor can be rewri�en as

e−βĤ = lim
P→∞

[

e−
β

2P V̂e−
β
P T̂n e−

β
2P V̂
]P

, (2.53)

with T̂n the nuclear kinetic energy and V̂ the ground-state PES of the nuclei.
Through the insertion of completeness relations between all the exponential
factors in Eq. (2.53),95 a statistical weight e−βHP = e−β(H0

P+VP) is obtained,
with

H0
P =

P

∑
k=1

Nn

∑
α=1

[

P
(k)2

α

2Mα
+

1
2

Mαω2
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(
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(k)
α
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(2.54)

VP =
1
P

P

∑
k=1

V(R
(k)
1 , . . . ,R(k)

Nn
), (2.55)

where ωP =
√

P
βh̄ and R

(P+1)
α = R

(1)
α . Therefore, the quantum statistical

weight e−βĤ can be replaced by a classical Boltzmann factor e−βHP , with a
classical Hamiltonian HP, which describes a ring polymer with P beads that
interact with one another through a harmonic nearest-neighbour coupling
with angular frequencyωP (Figure 2.10). This so-called classical isomorphism
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thus allows to describe the quantum nature of the nuclei by means of a
classical system in an extended phase space, which is exploited in PIMD
simulations. Given that this classical isomorphism only replicates the appro-
priate quantum statistics of molecular configurations, imaginary-time PIMD
only allows for the calculation of static properties, as the sampling dynamics
remain classical and thus neglect the quantum mechanical time evolution
of the system.126, 138 A more elaborate mathematical derivation of the path
integral formalism can be found in the Supporting Information of Paper I.

In the limit of an infinite number of beads (P → ∞), exact quantum statistics
are obtained. PIMD simulations are of course limited to a finite a number
of beads, for which a converged value strongly depends on the property of
interest and the thermodynamic conditions. For most properties at room
temperature, a total of 16 to 64 beads is usually sufficient. In comparisonwith
a regular MD simulation, the computational cost of a PIMD simulation is P
times higher, as P replicas of the system are simulated in parallel. To reduce
this computational cost, several acceleration techniques have been devised
to lower the number of beads.126 The harmonic NQEs can for instance be
mimicked by a coloured-noise thermostat,139, 140 which uses the generalised
Langevin equation (GLE) to impose a frequency-dependent effective temper-
ature for every harmonic mode in accordance with their quantum statistical

weight. A more accurate factorisation of the Boltzmann weight e−βĤ instead
of the second-order Tro�er factorisation (Eq. (2.53)) can also improve the
bead convergence. An example of such a high-order path integral method is
the fourth-order Suzuki-Chin method, which approximates the Boltzmann
weight as

e−βĤ =
[

e−
β
P Ĥ
]P

=
[

e−
β
P

V̂e
3 e−

β
P T̂n e−

β
P

4V̂o
3 e−

β
P T̂n e−

β
P

V̂e
3

]

P
2
+O

(

P−5) ,
(2.56)

with

V̂e = V̂ +
α

6

(

β

P

)2

[V̂, [T̂n, V̂]] and V̂o = V̂ +
1 − α

12

(

β

P

)2

[V̂, [T̂n, V̂]],

(2.57)

where V̂e represents the potential energy of the even beads, V̂o the potential
energy of the odd beads, [T̂n, V̂] the commutator between the nuclear kinetic
energy and the ground-state PES of the nuclei, and α ∈ [0, 1] is an arbitrary
parameter. In the classical isomorphism, the potential of the ring polymer is
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then given by

VP =
1
P

P
2

∑
k=1

[

2
3

V(R
(2k−1)
1 , . . . ,R(2k−1)

Nn
) +

α

9ω2
P

Nn

∑
µ=1

∣

∣

∣
F

(2k−1)
µ

∣

∣

∣

2

Mµ
+

4
3

V(R
(2k)
1 , . . . ,R(2k)

Nn
) +

1 − α

9ω2
P

Nn

∑
µ=1

∣

∣

∣
F

(2k)
µ

∣

∣

∣

2

Mµ

]

, (2.58)

withF
(k)
µ = − ∂V(R

(k)
1 ,...,R(k)

Nn
)

∂R
(k)
µ

the force on bead k of atom µ. These high-order

path integrals were used in Paper II, which is further discussed in Chapter 3.

Similarly to classicalMD simulations, the electronic PES in PIMD simulations
can be described either quantum mechanically, using first-principles meth-
ods, or classically, using force fields. However, empirical force fields that are
parametrised on experimental data are not suitable for PIMD simulations, as
the inherent presence of NQEs in experimental measurements implies an ef-
fective inclusion of NQEs in the force field parameters (up to a certain extent),
which leads to a double counting of NQEs in PIMD simulations.83 Therefore,
only first-principles-based force fields can be used or empirical force fields
which have been refi�ed for PIMD simulations, such as q-TIP4P/f83.

2.3.3 Ring polymer molecular dynamics

As mentioned in the previous section, imaginary-time PIMD simulations can
only be used to calculate time-independent equilibrium properties, as it is

merely a sampling technique for the quantum Boltzmann distribution e−βĤ .

To obtain quantum dynamics, the time propagator e−
i
h̄ Ĥt should be taken

into account, either by solving the time-dependent Schrödinger equation or
bymeans of real-time Feynman path integrals. However, in the limit of short-
time scales, the classical ring polymer isomorphism can also provide a heuris-
tic method to approximate quantum dynamics. In particular for condensed
phase systems, which o�en display a rapid quantum decoherence, these ap-
proximations have already been proven to yield reasonable results.126, 141, 142

Using the ring polymer Hamiltonian introduced in the previous section, it is
therefore also possible to calculate real-time correlation functions, by means
of the so-called Kubo-transformed correlation function141, 142

cAB(t) =
1
β

∫ β

0
dλ tr

[

e−(β−λ)Ĥ Â(0)e−λĤ B̂(t)
]

tr
[

e−βĤ
] , (2.59)
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with tr[ · ] the trace of the operator. This method is referred to as ring
polymer molecular dynamics (RPMD) and allows for instance to compute
diffusion coefficients, reaction rates, and infrared spectra. In the limit of high
temperatures (β → 0), zero time (t → 0), and a harmonic potential, RPMD
can be shown to reproduce the exact quantum correlation function for both
linear and non-linear operators.138 In Paper VIII, the RPMD method was
used to calculate quantum rate constants, as discussed in Section 3.2.2.

Besides RPMD, another frequently used ring polymer approximation to
quantum dynamics is centroid molecular dynamics (CMD),143, 144 in which
the so-called path centroid (Figure 2.10), defined as the geometrical average
of all the ring polymer beads

R
(c)
α =

1
P

P

∑
α=1

R
(k)
α , (2.60)

is propagated on an effective centroid potential. Similarly to RPMD, CMD
satisfies the same limits for the exact quantum correlation functions, but
only for linear operators. Heuristically, both methods could therefore be
regarded as interpolating between these limits, while conserving the quan-
tum Boltzmann distribution.138 Each method has its own distinct advantages
and disadvantages. CMD predicts for instance an infrared spectrum of
liquid water that is in close agreement with experimental results at room
temperature.145 At lower temperatures, however, the so-called curvature
problem results in an artificial redshi� and broadening of the spectral peaks,
because an angular spread of the ring polymer (e.g. for a delocalised proton)
artificially shortens the centroid bond length and thus so�ens the bond
stretch mode.138, 146, 147 RPMD, by contrast, can accurately estimate the rates
of tunnelling reactions,148 but produces spurious resonances in the infrared
spectra due to a coupling with internal ring polymer modes. To mitigate
the spurious resonances within RPMD, thermosta�ed RPMD (TRPMD) can
be used, which thermostats the internal ring polymer modes to dampen the
resonances and conceptually holds the middle ground between CMD and
RPMD.146
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Nuclear �antum Effects in

Metal–Organic Frameworks and
Zeolites

Nature isn’t classical, dammit, and if

you want to make a simulation of nature,

you’d be�er make it quantum mechanical.

Richard P. Feynman149 (1918–1988)

With the use of the modelling techniques introduced in the previous chapter,
this chapter discusses the importance of nuclear quantum effects (NQEs)
in modelling nanoporous materials. In Section 2.3.1, a nuclear quantum
description was already applied to the methyl rotors in ZIF-8 to calculate the
rotational tunnelling spli�ing near absolute zero. In the following sections,
the influence of NQEs at finite temperatures is considered for different
properties andmaterials. In Section 3.1, the structural and thermal properties
of the archetypal MOF-5 are discussed, both in the absence and presence
of guest molecules. Besides NQEs, also the role played by anharmonicities
is assessed. In Section 3.2, the concept of quantum free energy profiles is
introduced together with an elegant procedure to construct these profiles, as
proposed in Paper VII. A�er illustrating the concept for molecular proton
transfer reactions, it is applied to the proton hopping of a Brønsted acid site
(BAS) in the chabazite zeolite.

45
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3.1 Interplay between NQEs and anharmonicities

As mentioned in Section 2.3.2, PIMD simulations can be used to model NQEs
and anharmonicities at finite temperatures and pressures. To assess their
importance in predicting the properties of MOFs, the archetypal MOF-5
framework was simulated with both classical and quantum nuclei in Paper I
and Paper II, in collaboration with the group of prof. M. Cerio�i at the
EPFL. The role of anharmonicities is evaluated by considering both a static
(harmonic) and dynamic sampling of the PES. Furthermore, the anharmonic
description of the PES itself is also analysed by considering two different
force field parametrisations: (i) a ‘harmonic’ force field with quadratic bond
and bend potentials and (ii) an ‘anharmonic’ force field with higher-order
polynomial bond and bend potentials.

Within a temperature range of 100–500 K, the average bond lengths of the
framework are virtually unaffected by the inclusion of NQEs. The bond
length fluctuations do however increase, with a more substantial increase for
bonds characterised by a high frequency, as the lightweight atoms involved
in these bonds are more susceptible to NQEs. The temperature dependence
of these bond fluctuations is also modified by NQEs, due to the dominant
contribution of the ZPE. The high-frequency C–H stretch of the BDC linkers
in MOF-5 (ω > 3000 cm−1), for instance, is observed to be more or less tem-
perature independent below 500 K, due to its high ZPE (≈ h̄ω

2 ) in comparison
with the thermal energy kBT. Therefore, the C–H stretch is not yet thermally
active within this temperature range, in contrast to the classical description.

The volume of the framework is affected by both anharmonicities and NQEs,
as shown in Figure 3.1a. When adopting an anharmonic parametrisation of
the bonds for the PES, larger equilibrium bond lengths are obtained as higher
vibrational energy levels are occupied (Figure 3.1b). The additional increase in
volume upon inclusion of NQEs can be related to the large volume-dependent
ZPE of the structure. For an anharmonic PES, this effect is perceivable over
a wide volume range and as a consequence, also over a wide temperature
range, since the increase in ZPE is about one order of magnitude larger than
the corresponding thermal energy (i.e. 41.2 kJ/mol versus 4 kJ/mol). For a
PES with harmonic bond contributions, the ZPE effect remains limited to
the lowest temperatures. The volumetric thermal expansion coefficient of
MOF-5, defined as the relative change in volume with respect to temperature
at constant pressure:

αV =
1
V

(

∂V

∂T

)

P

, (3.1)
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Figure 3.1: a Volume of MOF-5 as a function of temperature, calculated with
(PI)MD simulations using the harmonic (‘harm. FF’, bo�om curves)
and anharmonic (‘anh. FF’, top curves) force field of MOF-5. The data
points at 0 K were obtained from geometry optimisations. b Schematic
representation of the quantum mechanical energy levels of a harmonic
potential (le�) and an anharmonic Morse potential (right). The expec-
tation value of the position is represented by the dashed line. c Heat
capacity ofMOF-5 as a function of temperature, calculated with (PI)MD
simulations and a harmonic approximation (Eq. (2.52)) or measured
experimentally (indicated with squares,150 stars,151 and triangles152).
d Heat capacity of MOF-5 loaded with 100 methane molecules as a
function of temperature, calculated with (PI)MD simulations and a
harmonic approximation (Eq. (2.52)). Panes a and b are adapted from
Ref. [153] with permission of the American Institute of Physics. Panes
c and d are adapted from Ref. [93] with permission of the American
Chemical Society.

is primarily determined by the description of the anharmonicities. Only
when the PES properly accounts for anharmonicities, one retrieves a thermal
expansion coefficient in line with experimental measurements. The inclusion
of NQEs merely plays a secondary role.
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In view of the use ofMOFs in gas storage and gas separation applications, the
response of the MOF to thermal fluctuations induced by the adsorption and
desorption processes constitutes an elemental material property.154 To probe
the ability of a material to cope with thermal fluctuations, the heat capacity,
as defined in Section 2.3.1, can be used. Classical MD simulations yield a
nearly constant heat capacity (Figure 3.1c), in line with the Dulong-Petit law,
which predicts a heat capacity contribution of kB for every degree of freedom.
A proper temperature dependence of the heat capacity is obtained both
with PIMD simulations and a simple harmonic description of the NQEs (as
introduced in Section 2.3.1). As both quantum descriptions agree well with
the experimental results, the influence of an adequate anharmonic sampling
is small for the heat capacity of the MOF framework. Therefore, the use of
the simple harmonic approximation is preferred for this purpose, as the PIMD
simulations require at least 64 beads to converge the heat capacity, even in
combination with a fourth-order Suzuki-Chin path integral method.

When the MOF-5 framework is loaded with methane molecules, NQEs con-
tinue to play a minor role in the prediction of the structural properties of the
system, just as for the empty framework. For the heat capacity, the inclusion
of NQEs remains crucial, but in contrast to the empty framework, the har-
monic approximation no longer yields the same results as PIMD simulations.
Due to the mobility of the adsorbates, a dynamic sampling is required,
which accounts for the low-frequency anharmonicmotions of the adsorbates.
Even within classical MD simulations, the anharmonicities associated with
the methane guest molecules give rise to a temperature dependent heat
capacity. As the adsorbates are primarily affected by anharmonicities, while
the description of the framework itself is most susceptible to NQEs, the
heat capacity of the methane-loaded framework can be determined in good
approximation by combining a harmonic quantum description of the frame-
work with an anharmonic description of the guest–guest and guest–host
interactions. Especially within the context of high-throughput screenings,
this approximation can be of interest due to its limited computational cost.

3.2 �antum free energy profiles

To simulate activated processes within PIMD, classical enhanced sampling
techniques are most o�en applied to the ring polymer centroids, which
contract the beads of the ring polymer to a single particle (Figure 2.10). The
resulting free energy profile is then given by

Fcentroid(q
(c)
cl ) = − 1

β
ln
〈

δ(Q(R(c)Nn
)− q

(c)
cl )
〉

, (3.2)
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with R
(c)
i = 1

P ∑
N
P=1 R

(k)
i and q

(c)
cl a CV that only depends on the centroid

positions. However, this centroid free energy profile provides only a quasi-
classical approximation to the quantum free energy profile, as only the ring
polymer beads adequately sample the appropriate quantum statistics.155, 156

Therefore, a quantum free energy profile relies on a CV that explicitly de-
pends on the positions of the beads:

Fquantum(q) = − 1
β

ln

〈

1
P

P

∑
k=1

δ(Q(R(k)Nn
)− q)

〉

, (3.3)

where an average is taken over all the beads to improve the statistical
convergence, as is commonly done for thermodynamic quantities in PIMD.
Due to the equivalence of the beads, the quantum free energy profile can
in principle be determined by performing enhanced sampling simulations in
which the rare event is sampled by biasing a single bead. However, this is
most likely to result in a deficient sampling, in particular around free energy
maxima. When restraining a single bead around a free energy maximum, the
ring polymer namely possesses the freedom to orient itself toward either side
of the barrier, so that only one side of the barrier will be sampled for maxima
with a certain height and steepness. In this respect, applying a bias to the
centroid is more convenient to circumvent these sampling difficulties, similar
to the calculation of rate constants (see Section 3.2.2).148 Given the implicit
dependence of the centroid coordinates on the positions of the beads, Paper
VII demonstrated that the quantum free energy profile can be obtained from
the centroid free energy profile by means of a transformation of the CV:

Fquantum(q) = − 1
β

ln

[

1
P

P

∑
k=1

∫

dq
(c)
cl pb(q

(k)|q(c)cl ) e−βFcentroid(q
(c)
cl )

]

+ C,

(3.4)

with C is a negligible constant and pb(q
(k)|q(c)cl ) the conditional probability

that the CV takes the value q for bead k when the centroid CV has a value

q
(c)
cl in a simulation with a time-independent bias. As a consequence, the
quantum free energy profile of a rare event can be calculated by driving the
system across the free energy barrier with a centroid CV, followed by a post-
processing step in which the centroid CV is transformed into a bead CV. To

construct the conditional probability pb(q
(k)|q(c)cl ), it suffices to keep track of

the correspondence between q(k) and q
(c)
cl throughout the biased simulations.
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By relying on the equivalence of the beads, the quantum free energy profile
can also be obtained by averaging the free energy profiles of all the beads:

Fquantum(q) =
1
P

P

∑
k=1

F(k)(q) = − 1
Pβ

P

∑
k=1

ln
〈

δ(Q(R(k)Nn
)− q)

〉

(3.5)

= − 1
Pβ

P

∑
k=1

ln
[

∫

dq
(c)
cl pb(q

(k)|q(c)cl ) e−βFcentroid(q
(c)
cl )

]

+ C.

Theoretically, both expressions of the quantum free energy (Eqs. (3.4) and
(3.5)) are equivalent, but mathematically, Eq. (3.4) is more sensitive to in-
equivalences in the sampling of the beads, as illustrated in Section 3.2.1.
Therefore, Eq. (3.5) is the preferred transformation approach.

3.2.1 Molecular proton transfers

To assess the importance of NQEs in free energies and the difference between
quasi-classical centroid free energy profiles and proper quantum free energy
profiles, three molecular proton transfers were examined in Paper VII. Aside
from the ubiquitous nature of proton transfer reactions in chemical pro-
cesses, these reactions are specifically chosen because of theNQEs associated
with the low mass of the proton and the wide variety in shape and height of
the free energy barriers (ranging from about 25–275 kJ/mol). To obtain a
truly quantum free energy profile, both the electrons and nuclei have to be
described quantum mechanically. Given the required 64 beads (or more at
lower temperatures) to converge the energy, the computational cost of PIMD
simulations in combination with umbrella sampling is still substantial, even
for small molecular systems. Therefore, these simulations were performed
with neural network MLPs to model the PES of the reactions at a PBE0 level
of theory.

In Figure 3.2, the three proton transfer reactions are depicted alongside the
corresponding free energy profiles. The first reaction is the concerted double
proton transfer in the formic acid dimer. This simultaneous proton transfer
can be elicited by means of a CV that uses a difference in coordination
numbers (Figure 3.2a):

CV1 = CNO1,H1 − CNO2,H1 − CNO3,H2 + CNO4,H2 , (3.6)

with

CNi,j =
1 −

(

rij

r0

)6

1 −
(

rij

r0

)12 , (3.7)
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Figure 3.2: Free energy profiles and corresponding CV definitions of a the double
proton transfer in a formic acid dimer at 200 K, b a sigmatropic proton
rearrangement in pentadiene at 450 K, and c the tautomerization of
acetaldehyde to vinyl alcohol at 450 K. For each proton transfer, both
the classical free energy (MD) and the quantum free energy (PIMD) are
reported. The PIMD (centroid) profile represents the free energy that is
directly obtained when sampling along the centroid CV, before applying
the appropriate transformation of Eq. (3.4) or (3.5). Figure adapted from
Ref. [137] with permission of the American Chemical Society.
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where rij is the interatomic distance between atoms i and j, and r0 = 1.4 Å.
Classically, a free energy barrier of 24.1 kJ/mol is obtained at 200 K. When
accounting for NQEs, the barrier height reduces to 7.3 kJ/mol, which only
differs marginally from the centroid free energy barrier height of 8.5 kJ/mol.
The second reaction is a sigmatropic proton rearrangement in pentadiene
(Figure 3.2b), which can be instigated by a CV that uses a difference in
interatomic distances:

CV2 = |rC1−H1 | − |rC2−H1 | . (3.8)

By exchanging a classical description for a quasi-classical centroid descrip-
tion, the free energy barrier decreases by about 11 kJ/mol (from 144.2 to
133.5 kJ/mol at 450 K). A subsequent transformation to a bead CV further
lowers the barrier to 93 kJ/mol, resulting in a total reduction of 35% with
respect to the classical description. The final reaction is the tautomerization
of acetaldehyde to vinyl alcohol (Figure 3.2c), which can also be steered by a
CV based on interatomic distances:

CV3 = |rC1−H1 | − |rO−H1 | . (3.9)

Due to the higher and steeper classical free energy barrier (275.1 kJ/mol
at 450 K), the difference with the centroid free energy further increases to
about 17 kJ/mol at the maximum value. For the bead free energy profile, the
effect is even more pronounced, as the barrier height drops to 163.5 kJ/mol, a
diminution of 40%with respect to the classical barrier. This distinct difference
between the free energy profiles obtained for the centroid and the beads can
be explained by the spatial extension of the path integral ring polymer of the
transitioning proton(s). In Figure 3.3, the probability density of the radius
of gyration rgyr and the maximal extent rmax of the proton ring polymer are
shown as a function of the CV for each of the three reactions, with

rgyr =

√

√

√

√

1
P

P

∑
k=1

∣

∣r
(k)
H − r

(c)
H

∣

∣

2
(3.10)

rmax = max
k∈{1,...,P}

∣

∣r
(k)
H − r

(c)
H

∣

∣. (3.11)

Around the free energy maximum, the probability densities are observed to
become sparser and possess a larger average value. This implies that the ring
polymer of the proton is stretched around the transition state, so that the
individual beads experience a lower free energy than the centroid when it is
fixed to the free energy maximum. For higher and more sharply peaked free



Nuclear �antum Effects in Metal–Organic Frameworks and Zeolites 53

Figure 3.3: The conditional probability density p(rgyr/max|CVi) of the radius of
gyration (top row) and maximal ring polymer extent (bo�om row) (Eqs.
(3.10) and (3.11)) of the transitioning proton(s) in formic acid, pentadi-
ene, and acetaldehyde/vinyl alcohol as a function of the CV. The average
of the probability density as a function of the CV is indicated by a
dashed black line. Figure reproduced from Ref. [137] with permission
of the American Chemical Society.

energy barriers, the ring polymer of the proton is further extended, thereby
increasing the dissimilarity between the centroid and the beads.

The theoretically equivalent transformations for the quantum free energy
profile, given by Eqs. (3.4) and (3.5), are in excellent agreement for the
proton transfers in the formic acid dimer and pentadiene (Figure 3.2). For
acetaldehyde, however, a small deviation of the order of 5 kJ/mol is present
in the transition state region. To put the equivalence between both trans-
formations further to the test, the role of NQEs is enhanced by decreasing
the temperature from 450 K to 100 K for the proton transfer in pentadiene.
From 200 K onwards, the required number of beads in the PIMD simulations
is doubled to 128 to converge the energy. The resulting free energy profiles
are reported in Figure 3.4a. Classically, the free energy barriers vary only by
about 5 kJ/mol across the temperature range between 100 K and 450 K. The
centroid free energy profiles, by contrast, exhibit a reduction in the free en-
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ergy barrier of almost 50% (or 62.5 kJ/mol) and display a systematic fla�ening
with decreasing temperatures. A�er applying transformation (3.5), the shape
of the free energy barrier is again preserved as a function of temperature for
the bead free energy profiles. Besides an overall reduction in the height of the
free energy barrier, a similar temperature effect is observed as for the centroid
(i.e. a decrease from 94 kJ/mol to 45 kJ/mol). When using transformation (3.4),
large deviations occur at lower temperatures in comparison with transforma-
tion (3.5), yielding an irregularly jagged profile with large error bars (Figure
3.4b), which indicates a lack of convergence. Given that both profiles are
constructed with the same underlying data, this discrepancy must be related
to the specific form of both transformation formulas. To this end, Figure
3.4c shows the integral figuring in both transformations as a function of the
bead CV for every bead in PIMD simulations at 100 K. Notwithstanding the
apparent similarity of the integral for all beads, the inset of Figure 3.4c reveals
that the region of low probability around the transition state actually spans
several orders of magnitude. As a consequence, every outlier will heavily
influence the average value of the integral, resulting in an outcome that is
very sensitive to inequivalences in the sampling of the beads. If, however, one
first takes the logarithm and then an average over the beads (as in Eq. (3.5)),
normal distributions are averaged (Figure 3.4d) and the average becomes
more robust with respect to inequivalences in the sampling of the beads.
Therefore, Eq. (3.5) is the preferred transformation approach.

To rationalise the fla�ening of the centroid free energy profiles with decreas-
ing temperatures, the spatial extension of the ring polymer of the transition-
ing proton must be considered. As shown in Figure 3.4e, the prominent NQEs
at lower temperatures significantly increase the radius of gyration in a large
region around the transition state (from about 0.15 Å at 450 K to about 0.6 Å
at 100 K). As the ring polymer is maximally stretched out for a broader range
of CV values around the transition state at low temperatures, the free energy
barrier is fla�ened across the same CV range.

3.2.2 Zeolite proton hopping

Also in the field of zeolite catalysis, proton transfer reactions play an essential
role. One the most fundamental proton transfer reactions, the so-called pro-
ton hopping reaction, consists of an exchange of the Brønsted acid site (BAS)
between the oxygen atoms neighbouring an Al3+ substitution in the zeolite.
In spite of the apparent simplicity of this reaction, both experimentally and
computationally reported activation energies for proton hopping of the BAS
exhibit a large spread.157, 158 For the CHA zeolite, experimental activation
energies obtained with infrared spectroscopy cover a range of about 15–25
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Figure 3.4: a Classical (dash-do�ed line), centroid (solid line), and quantum (do�ed
Eq. (3.4) or dashed Eq. (3.5) lines) free energy profiles of a sigmat-
ropic proton rearrangement in pentadiene at different temperatures.
b �antum free energy profiles of pentadiene at 100 K, with 2σ error
bars obtained via bootstapping with random subsets of 16 beads. c-
d Integral (c) and cumulative distribution function (CDF) of the nor-
malised integral (d) from Eqs. (3.4) and (3.5) from umbrella sampling
PIMD simulations at 100 K. The coloured curves in pane d represent
CDFs of normal distributions (with zero mean and standard deviation
σ). e Conditional probability density p(rgyr/max|CV2) of the radius
of gyration of the transitioning proton in pentadiene as a function of
the CV and temperature. The average of the probability density is
indicated by a dashed black line. Figures reproduced from Ref. [137]
with permission of the American Chemical Society.
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kJ/mol (for a wide temperature range), whereas computational activation
energies are situated in the range of about 65–80 kJ/mol. Possible expla-
nations for this discrepancy include the residual presence of water or extra-
framework aluminium species in the experimental samples, which are known
to alter the behaviour of the BAS. Furthermore, computational characterisa-
tions of the proton hopping reaction usually neglect the NQEs associated
with the BAS or only approximately take them into account. To elucidate
the impact of NQEs on the proton hopping reaction, Paper VIII investigated
the proton hopping around an isolated aluminium substitution in H-CHA (H-
SSZ-13), with a rigorous treatment of the NQEs using PIMD. This work was
performed in collaboration with my colleagues Massimo Bocus and Ruben
Goeminne at the CMM. Just as for the molecular proton transfer reactions,
a neural network MLP was required to keep the computational cost of the
PIMD simulations tractable in combination with a revPBE-D3159, 160 level of
theory and umbrella sampling at different temperatures.

In Figure 3.5a, the free energy profiles between two of the four oxygen atoms
neighbouring the aluminium substitution are shown for a temperature of
273 and 573 K. In comparison with a classical treatment of the nuclei, both
the centroid and quantum free energy barrier show a substantial reduction
at 273 K (from 74.6 kJ/mol to 64.5 or 55.1 kJ/mol, respectively). At 573 K, the
influence of the NQEs diminishes, but still remains present with a∼ 5 kJ/mol
difference for the centroid and a ∼ 9 kJ/mol difference for the beads.

From these free energy profiles, the rate constant of the proton hopping can
be calculated for each pair of oxygen atoms around the aluminium defect
(Figure 3.5b). To go beyond the transition state approximation and take the
possibility of barrier recrossings into account, the long-time limit of the time-
dependent rate constant is used,94, 161 which is given by

k = lim
t→+∞

k(t) = lim
t→+∞

∫

dNnP

∫

dNnR e−βH δ(q − q‡) q̇ θ(q(t)− q‡)
∫

dNnP

∫

dNnR e−βH θ(q‡ − q)

= lim
t→+∞

〈

q̇(0) θ(q(t)− q‡)
〉

q(0)=q‡

e−βF(q‡)

∫ q‡

−∞
dq e−βF(q)

, (3.12)

with q̇ the time derivative of the CV, δ(q) the delta distribution, and θ(q)
the Heaviside function. Using this expression, the classical rate constant can
be obtained from a series of short MD simulations in which the system is
initialised in the transition state q‡. Only the simulations which end up in the
product state (defined as q > q‡) contribute to the ensemble average, which
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Figure 3.5: a Classical, centroid, and quantum free energy profiles for proton hop-
ping between two oxygen atoms (O2 and O3, see pane (b)) neighbour-
ing an aluminium defect in H-CHA, calculated with (PI)MD umbrella
sampling simulations at 273 and 573 K. The PIMD simulations were
performed with 16 beads. b Molecular representation of a part of the
H-CHA framework around the aluminium defect (blue), labelling the
neighbouring oxygen atoms. c Equilibrium coverages of the four oxygen
atoms surrounding the aluminium defect as a function of temperature,
calculated from the classical (MD) or quantum (RPMD) rate constants.
Figures adapted from Ref. [157] with permission of Springer Nature.

thus establishes a correlation between the initial velocity at the transition
state q̇(0) and the probability of reaching the product state. Given the fast
convergence of the time-dependent rate constant for substantial free energy
barriers, only short MD simulations are required of about 50 ps.

To obtain a quantum rate constant, the approximate quantum dynamics of
RPMD are used, as explained in Section 2.3.3. Similarly to the calculation
of free energy profiles, either the ring polymer centroid or one of the beads
can be initialised in the transition state for the rate calculation. Due to the
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large conformational freedom of the ring polymer with only one of beads
located in transition state, the convergence of the rate constant using a bead
CV is very challenging and requires at least a few hundred thousand RPMD
trajectories. Just as for free energy profiles, the use of a centroid CV allows
for a more efficient sampling, as conformations in which the ring polymer
is entirely oriented towards either side of the transition state are avoided.
Furthermore, as rate constants are independent of the CV used to sample
the free energy, the bead and centroid CV can be shown to yield the same
rate constant,148 so that the quantum rate constant is given by

kq = lim
t→∞

〈

q̇(c)(0) θ(q(c)(t)− q(c)‡)
〉

q(c)(0)=q(c)‡

e−βF(q(c)‡)

∫ q(c)‡

−∞
dq(c) e−βF(q(c))

.

(3.13)

To combine the rate constants of the six possible proton hopping paths in
H-CHA, a total rate constant r can be defined:

r =
4

∑
i=1

4

∑
j=1
j 6=i

kijνi, (3.14)

with νi the equilibrium coverage of oxygen atom i, so that

dνi

dt
= 0 and

4

∑
i=1

νi = 1. (3.15)

The classical and quantum equilibrium coverages in H-CHA are shown in
Figure 3.5c for a temperature range of 273–873 K. Classically, the O3 site
is most probable at the lowest temperature of 273 K, while for all other
temperatures the O1 and O3 sites are equally probable to carry the BAS.
When including NQEs, the O3 site distinctly becomes the most probable
location for the BAS across the entire temperature range, which appears to be
related to a strengthening of the weak interactions between the proton and
non-adjacent oxygen atoms of the zeolite framework. The resulting overall
hopping rate (3.14) is reported in Figure 3.6a using an Arrhenius plot. From
the slope of the curves, a classical activation energy of 67.1 kJ/mol is obtained
and a quantum activation energy of 55.8 kJ/mol, so that NQEs reduce the
activation energy by about 11 kJ/mol or 17%. At 273 K, the reaction proceeds
65 times faster in the presence of NQEs (Figure 3.6b), whereas at 473 K, a
7-fold speed-up of the proton hopping still remains noticeable.
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Figure 3.6: a Arrhenius plot of the overall hopping rate (Eq. (3.14)) as a function
of 1/RT. b Speed-up of the overall hopping rate due to the inclusion of
NQEs as a function of temperature. c Kinetic isotope effect for protium
versus deuterium as a function of temperature. Figures adapted from
Ref. [157] with permission of Springer Nature.

Finally, the RPMD simulations also allow to study the kinetic isotope effect
of the proton transfer by replacing the hydrogen atom by deuterium, which
is a commonly used experimental technique to probe the impact of NQEs.
Compared to protium, the quantum activation energy only increases by 2.6
kJ/mol, so that the increase in mass is insufficient to retrieve a classical
behaviour. At 273 K, the reaction progresses three times slower for the heavier
isotope, whereas at 573 K the difference in reaction speed is already halved
and steadily fades away as the temperature further increases.





4
Water Confined in Metal–Organic

Frameworks

Nature uses only the longest threads to weave

her pa�erns, so each small piece of her fabric

reveals the organization of the entire tapestry.

Richard P. Feynman162 (1918–1988)

As mentioned in Chapter 1, many of the potential applications of metal-
organic frameworks (MOFs) involve the adsorption of guest molecules in
the nanopores of the framework. For water-stable MOFs, these applications
also include atmospheric water harvesting, 6, 38, 163 water purification,164–166

shock adsorption,167 and adsorbent-based heat-pumps and chillers with wa-
ter as a green working fluid.168–171 In comparison with bulk water, nanocon-
fined water exhibits many deviating properties, due to the strong disrup-
tion of the intricate hydrogen bond network. For both carbon nanotubes
and MOFs, highly ordered water structures have been observed, which are
reminiscent of ice, but remain stable at various (moderate) thermodynamic
conditions.172–177 In addition to the dimensions of the nanopore, the combi-
nation of hydrophilic and hydrophobic sites in many MOFs further shapes
the confined water and decisively determines the adsorption behaviour of
the material. The initial adsorption of water typically occurs at hydrophilic
adsorption sites such as open metal sites or hydroxyl groups, during the so-
called seeding stage of the adsorption process.178 Subsequently, additional
water molecules can be adsorbed at these seeds, so that they steadily grow

61



62 Framework-induced water motifs

into water clusters. A�er the clustering stage, the successive adsorption of
water molecules will eventually lead to the coalescence of clusters into an
extended hydrogen-bonded network during the networking stage. This ad-
sorption mechanism is present in many MOFs, including MOF-303,178 CAU-
10-H,177, MOF-801,168, 179, 180 MIL-101,181, and Co2Cl2BTDD.

182 ForMOF-303,
the specific location and strength of the adsorption sites give rise to an ideal
adsorption behaviour for the application of atmospheric water harvesting.

In the first section of this chapter, the water network in different zirconium
MOFs, such asMOF-801 andUiO-66, is examined to gain insight into theway
in which a framework templates confined water. From the primary and sec-
ondary adsorption sites identified in these materials, the interplay between
these sites and the resulting adsorption isotherms are studied by means of
a virtual nanopore with precisely controlled adsorption sites. In particular
within the context of atmospheric water harvesting, cleverly engineered
adsorption sites have the potential to further enhance the performance of
MOF adsorbents. In Section 4.2, the mechanism of water intrusion in the
hydrophobic pores of ZIF-8 is investigated, in view of its potential application
to absorb mechanical impacts.

4.1 Framework-induced water motifs

4.1.1 Structural response to water adsorbates

When water molecules are adsorbed in the nanopores of a MOF, the frame-
work is observed to adapt to their presence. In the case of rigid MOFs with
nanopores that can host at least a fewwatermolecules, such as the zirconium
MOFs considered in the following paragraphs (including MOF-801, UiO-66,
UiO-67, and MOF-808), the structural response of the framework is limited
to a small volume contraction which increases with the water loading until a
reduction of about 1–2% is reached. A further increase of the water loading
causes the framework to expand, so that the material can eventually exceed
the initial volume of the empty framework.

For flexible MOFs, such as MIL-53(Al), the presence of water adsorbates
influences the relative stability of the (meta-)stable phases of the framework.
As the transition between the narrow-pore (np) and large-pore (lp) phases of
MIL-53(Al) is well described using the volume as a CV, the relative stability of
both phases can be assessed by constructing free energy profiles as a function
of the volume for different water loadings, as done inPaper III. In Figure 4.1a,
the classical and quantum free energy profiles of the empty framework are
reported. Given that the volume does not explicitly depend on the atomic
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Figure 4.1: a Free energy profile ofMIL-53(Al) as a function of volume at 100 and 300
K, calculated with both MD and PIMD umbrella sampling simulations.
b Free energy profile of MIL-53(Al) as a function of volume at 300 K for
water loadings of 2.5, 7.5, and 22.5watermolecules per conventional unit
cell, calculatedwith bothMDand PIMDumbrella sampling simulations.
c Water density in MIL-53(Al) projected onto the xz-, xy-, and yz-plane
for 7.5 water molecules per unit cell at different volumes. The densities
are symmetrised using the space group of the framework. For the xy-
and yz-planes, only the upper half of the simulation cell is shown, as
the bo�om half is its symmetrical equivalent. d Illustration of the one-
dimensional water wires formed in MIL-53(Al). Figures a–c reproduced
from Ref. [183] with permission of the Royal Society of Chemistry.

positions, there is no distinction to be made between the centroid and bead
free energy profiles, so that also the quantum free energy profile is readily
obtained from PIMD umbrella sampling simulations which bias the volume.
Both at a temperature of 100 and 300 K, the impact of NQEs on the relative
phase stability is very modest as it only amounts to about 3–4 kJ/mol. This
minor influence on the phase stability can be ascribed to the small quantum
effects associated with low-frequency modes (i.e. below 100 cm−1), which
dominate the lp-to-np transition.52
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Also for water-loaded frameworks, the contribution of NQEs in the free
energy remains small (Figure 4.1b). For the lowest loading (2.5 H2O/unit
cell), the free energy profile roughly preserves the shape obtained in the
absence of water, but it is shi�ed towards higher equilibrium volumes by
about 200 Å3 and the lp phase is no longer a stable phase. For intermediate
and high water loadings (7.5 and 22.5 H2O/unit cell, respectively), the profile
continues to shi� towards larger equilibrium volumes while the former lp
minimum gradually disappears until a profile with a sharp single minimum
is obtained.

4.1.2 Water organisation in nanoconfinement

Depending on the pore size of the channels of the flexible MIL-53(Al) frame-
work, different water organisations can be discerned. At smaller volumes,
one-dimensional water wires are formed along the channels (Figure 4.1c–
d).184, 185 As the volume of the channels increases, the water molecules take
advantage of the additional spatial freedom in the pores and are less organ-
ised, yielding a more dilute density profile.

In the cage-type pores of the zirconiumMOFs investigated in Paper X, three-
dimensionally templated water clusters are encountered. To systematically
probe the influence of nanoconfinement on the formation of water clusters
in the presence of hydrophilic adsorption sites, seven different zirconium
MOFs were considered to maximally vary the topology and pore size for
similar chemical building bricks: MOF-801, UiO-66, UiO-67, MOF-808, UiO-
68, MOF-841, and NU-1000 (Figure 4.2). For the clarity of discussion, the
ensuing paragraphs will however only focus on the first four frameworks.

To characterise the structure of nanoconfined water, one can start by
analysing the connectivity of the hydrogen bond network. For bulk liquid
water, every water molecule tends to engage in 2 to 4 hydrogen bonds, re-
sulting in an average of 2.7 hydrogen bonds per molecule, as shown in Figure
4.3. In nanoconfinement, the compartmentalisation of the water molecules
imposed by the framework strongly alters the opportunities for hydrogen
bonding, especially in smaller pores. At low water loadings, the formation
of hydrogen bonds is limited by the limited presence of water molecules,
which skews the hydrogen bond distribution towards 0 or 1 hydrogen bond
per molecule. At higher water loadings, only frameworks which primarily
consist of large pores (with a diameter > 10 Å, such as UiO-67 and MOF-808)
approach the hydrogen bond distribution of bulk water. For frameworks with
smaller pore sizes, a disrupted hydrogen bond network also persists at the
highest water loadings (cf. UiO-66 and MOF-801).
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Figure 4.2: Overview of the structures of the zirconium MOFs investigated in this
work. The pores of each framework are indicated with coloured spheres
and the corresponding pore diameters are listed below the figure. Note
that the structure of NU-1000 is rescaled with a factor of 0.65 compared
to the other structures.

The water structure beyond the first hydrogen-bonded neighbours can be
probed with radial distribution functions (RDFs). The first RDF peak repre-
sents the hydrogen bonds across the water network, which are only minorly
affected by confinement given the good resemblance with the RDF of bulk
liquid water, apart from amodulation in the peak intensity (Figure 4.4). From
the first RDF minimum onwards, significant deviations from the structure in
bulk water are observed for the smaller UiO-66 and MOF-801 frameworks.
The second solvation shell, represented by the second RDF peak, is for in-
stance shi�ed to larger distances by 0.4–0.5 Å and comprises a smaller range
of interatomic distances. In UiO-67 and MOF-808, just as for the hydrogen
bond distributions, the larger pores allow to retrieve a bulk-like organisation
of water, with only small shi�s in the RDF peak positions.

To explain the deviating water structure in MOF-801 and UiO-66, the water
density in the frameworks is examined in Figure 4.5, to discern the preferen-
tial adsorption sites and thewater structures that emerge from it. BothMOF-
801 and the UiO-type MOFs have an fcu topology, which gives rise to an
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Figure 4.3: Probability distribution of the number of hydrogen bonds per water
molecule for confinement in four different MOFs, obtained from PIMD
simulations at 300 K with 32 beads. For each framework, a gradient
colour scale is used to indicate the water loading in the unit cell. The
highest water loading was determined fromGCMC simulations at 1 bar.
The hydrogen bond distribution of bulk water is indicated with a grey
dashed line. The specific volume of each framework is indicated in the
upper right corner of every pane.

octahedral pore and two types of tetrahedral pores in their unit cell. The first
tetrahedral pore, labelled T1 in Figure 4.5, is characterised by the presence of
µ-OH moieties on the zirconium bricks, which constitute the corners of the
tetrahedron. In the T1 pores of MOF-801 and UiO-66, cubic water clusters
are formed, which nucleate at the µ-OH groups. A�er the initial adsorption
of water molecules at the four µ-OH groups in the corners of the pore (site
1 in Figure 4.5), these molecules serve as seeds for the additional adsorption
of four more water molecules (site 2 in Figure 4.5), which complete the cubic
cluster. In their turn, the water molecules at site 2 can further expand the
cluster by means of a hydrogen bond that connects the tetrahedral cage with
the octahedral cage (site 3 in Figure 4.5).

The second tetrahedral pore, labelled T2 in Figure 4.5, contains µ-O instead
of µ-OH groups on the cornering metal nodes. In UiO-66, these pores give
rise to a different density pa�ern compared to the T1 pores. Due to a different
interaction with the µ-O groups, the primary adsorption sites in the corners
of the pore are displaced, therebymisaligning the anchoring points for a cubic
water cluster. In the absence of an optimal pore-filling water cluster, the
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Figure 4.4: Radial distribution functions (RDFs) between the oxygen atoms of the
water molecules in four differentMOFs. For each framework, a gradient
colour scale is used to indicate the water loading in the unit cell. The
O–O RDF of bulk water is indicated with a grey dashed line. The
insets for UiO-66 and MOF-801 (labelled 1–3) show the contributions
of representative O–O pairs to the second peak of the RDF. The inset
for UiO-67 shows the bulk-like shell structure in the octahedral pore.

hydrogen bond network freely changes its configuration in the pore, resulting
in a sparser density around the primary adsorption sites. In MOF-801, the
cubic water clusters do occur in the T2 pores, as they can be stabilised by the
smaller pore size in comparison with UiO-66 (whose tetrahedral pores have a
diameter that is about 2 Å larger). Experimentally, these water clusters have
also been resolved in MOF-801 through X-ray diffraction,179 but could not
be directly connected with the specific terminations of the cornering metal
nodes.

When further increasing the pore size by going from UiO-66 to UiO-67,
the water density is further a�enuated by the additional spatial freedom
in the pores (Figure 4.5). The primary µ-OH adsorption sites in the T1
pores continue to branch out cubically, but no longer yield a unique pore-
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Figure 4.5: Density plots of water molecules confined in three different MOFs,
alongside a schematic representation of a water-filled MOF with an
fcu topology. Two exemplary water clusters, present in the T1 and T2
pore, are shown at the bo�om of the figure, with the following labelled
adsorption sites: (1) adsorbed at a µ-OH group of the metal node, (2)
hydrogen bonded to sites 1, (3) connecting tetrahedral and octahedral
pores, and (4) adsorbed at a µ-O group of the metal node. Densities
lower than 0.001 g/cm3 are a�ributed the colour black. The densities of
the MOFs are symmetrised using the space group of the framework, so
that only four slabs of one half of the framework are shown.

filling cluster. In the T2 pores, the dilution of the density is even higher,
although some of the framework induced structure remains present. For
the even larger pores of UiO-68, the thinning trend of the density continues
and the MOF framework no longer provides a strong template for the water
organisation in the pores.

4.1.3 Adsorption site arrangements and water isotherms

As demonstrated in the previous section for MOF-801 and UiO-66, the
presence of hydrophilic adsorption sites plays a pivotal role in shaping the
structure of nanoconfined water. During the pore filling process, the water
structure induced by the framework will also decisively determine its adsorp-
tion properties. For MOF-303, which possesses ideal adsorption characteris-
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tics for atmospheric water harvesting, experimental isotherm measurements
showed a decrease in water uptake at low pressures when the pyrazole
linkers of the framework are substituted by less hydrophilic furan (MOF-
333)178 or thiopene (CAU-23)186 linkers, due to the altered primary adsorption
sites. Similarly, the water uptake at low pressures in UiO-66 can also be
enhanced or reduced by the incorporation of hydrophilic or hydrophobic
linker functionalisations.187, 188

To rationalise the water structures observed in MOF-801 and UiO-66, and
disentangle the effects of confinement and hydrophilic adsorption sites, a
virtual cubic nanopore is considered, as depicted in Figure 4.6. For this
repulsive cubic box, the pore parameters, such as the pore size and the
location of the adsorption sites, can be precisely controlled and varied, which
allows for a systematic exploration of their impact on the resulting water
structures and adsorption isotherms.

In the absence of adsorption sites, an ordered water structure can only be
imposed by very small box sizes (with a side length below 6 Å), which are
unlikely to contain sufficient watermolecules to form a cubic cluster. Starting
from a box length of 6 Å, the water molecules move freely within the box
and eventually yield a spherically symmetric density, as shown in Figure
4.6a. When introducing tetrahedrally arranged adsorption sites in the pore,
a cubic water cluster can be formed for box lengths varying from 6 to 10 Å, if
the primary adsorption sites outline a cube with a side of about 3 Å. In that
case, the primary adsorption sites induce secondary adsorption sites on the
remaining, ‘empty’ corners of the cube, as they are located within a hydrogen
bond distance from the primary adsorption sites. With this configuration of
tetrahedral adsorption sites, the virtual pore can thus mimic the adsorption
behaviour of the T1 pore in MOF-801 and UiO-66. When the tetrahedral
adsorption sites are placed further apart, the adsorption pa�ern of the T2
pore in UiO-66 can be reproduced. Due to the absence of unique secondary
adsorption sites, the additional water molecules can now hydrogen bond to
the primary adsorption sites in a wider region around each site, yielding a
more distributed density. If the tetrahedral adsorption sites are replaced by
a cubic arrangement of primary adsorption sites, the cubic water clusters can
be stabilised over a broader range of intersite distances (i.e. cubes with a side
of 3–4 Å) for lower adsorption energies.

The connection between the location of the adsorption sites and the resulting
adsorption behaviour as a function of pressure is investigated by constructing
water isotherms using the TMMCmethodology (Section 2.2.4). In Figure 4.6b,
the water isotherms of a repulsive box with a side of 6 Å and tetrahedrally
arranged adsorption sites with a strength of 35 kJ/mol are reported for three
different locations of the adsorption sites. When focussing on the particular
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Figure 4.6: a Symmetrised density of eight water molecules in a repulsive cubic box
with a side of 8 Å and differently placed adsorption sites of 20 kJ/mol.
b Water adsorption isotherms for a repulsive cubic box with a side of 6
Å and tetrahedrally arranged primary adsorption sites with a strength
of 35 kJ/mol (indicated in red). c–d Water adsorption isotherms for a
repulsive cubic box with a side of 8 Å and tetrahedrally (c) or cubically
(d) arranged adsorption sites with a strength of 35 kJ/mol. In pane c the
influence of the adsorption site strength is also shown.
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context of atmospheric water harvesting, the ideal adsorption behaviour is
characterised by a step-shaped isotherm with a steep uptake at a relative
pressure P/P0 between 0.1 and 0.3. In that way, water can be easily adsorbed
at low pressures, while retaining moderate regeneration conditions.6, 36 For
the tetrahedrally arranged adsorption sites in the virtual pore, this behaviour
is only obtained for ε = 1.5 Å, when the primary adsorption sites induce a
cubic structure with secondary adsorption sites through hydrogen bonding.
When the adsorption sites are placed further apart, in the corners of the box
(ε = 1.0 Å), the isotherm is fla�ened across a wide pressure range due to
the absence of localised secondary adsorption sites and a lack of cooperative
adsorption among the sites, which limits the working capacity associated
with the pore. Similarly, a closer spacing of the adsorption sites (ε = 2.0
Å) also reduces the working capacity of the pore, as the total uptake of the
pore decreases and the adsorption at very low pressures implies that these
molecules cannot be desorbed at moderate conditions.

For a larger repulsive box, with a side of 8 Å (Figure 4.6c), a comparable trend
is observed for the isotherms and the underlying structure of the adsorption
sites. The preferred adsorption behaviour is again obtained in the presence
of secondary adsorption sites (ε = 2.5 Å), whereas a larger spacing between
the adsorption sites (ε < 2.5 Å) decreases the steepness of the isotherm and
shi�s it towards higher pressures, thus reducing the working capacity of the
pore.

To consider the effect of a higher number of adsorption sites, the tetragonal
configuration is replaced by a cubic arrangement of adsorption sites (Figure
4.6d). In contrast to the tetrahedral arrangement, placing the eight primary
adsorption sites at a hydrogen bond distance from one another (ε = 2.5 Å)
results in an immediate occupation of the sites at the lowest pressures. The
four additional primary adsorption sites yield a too strong cooperative inter-
action in comparison with the secondary adsorption sites in the tetrahedral
arrangement. For larger spacings between the adsorption sites (ε < 2.0 Å), the
suitable isotherm shape for atmospheric water harvesting can be retrieved.
The most beneficial arrangement of the adsorption sites is obtained when
they are located in the corners of the box, so that the volume of the pore
can be maximally exploited, which increases the water uptake. In particular
for ε = 1.0 Å, where the distance between the adsorption sites equals two
hydrogen bond lengths, the adsorption of water molecules in between the
primary adsorption sites has a favourable effect on the uptake (Figure 4.6d),
similar to the secondary adsorption sites in the case of tetrahedrally arranged
adsorption sites. Therefore, larger pores can be more efficiently filled with a
higher number of adsorption sites located near the edges of the pore, than
with a small cubic water cluster stabilised in the centre of the pore.
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As demonstrated by the different arrangements of hydrophilic adsorption
sites in the virtual nanopore, the precise location of these sites and the in-
terplay between them give rise to a specific water organisation, which deter-
mines the adsorption characteristics of the pore. For certain configurations
of the primary adsorption sites, secondary adsorption sites emerge in be-
tween these sites through the completion of the hydrogen bond network. In
particular for the application of atmospheric water harvesting, the presence
of secondary adsorption sites can have a favourable influence on the water
adsorption isotherm, as these sites can improve the adsorption capacity of
the pore while maintaining modest desorption energies. Therefore, the water
structure induced by a MOF framework constitutes an important design
parameter in the further development of MOFs with an enhanced efficiency
for atmospheric water harvesting.

4.2 Shock absorption through water intrusion

Besides different types of polymeric foams, which rely on mechanisms such
as plastic deformation, elastic buckling, or viscoelastic dissipation to absorb
the energy of a mechanical impact,189 also hydrophobic nanoporous mate-
rials can be used for this purpose. Through the forced intrusion of liquid
water or aqueous solutions in these hydrophobic materials, their resistance
against water intrusion can be harnessed to a�enuate a mechanical impact.
For the hydrophobic ZIF-8 framework, the water intrusion and extrusion at
different strain rates were experimentally measured by our collaborators at
the University of Oxford (the group of prof. J.-C. Tan). The resulting stress-
strain curves are reported in Figure 4.7. Initially, the combined system of
ZIF-8 and the surrounding water displays an elastic compression, with a
linear decrease in volume as a function of increasing pressure. Next, thewater
starts to intrude the hydrophobic cages of ZIF-8 and the pressure remains
constant while the volume of the system further decreases. A�er filling the
accessible pores of the framework with water, the system again shows an
elastic compression. The unloading of ZIF-8 follows a similar pa�ern, but
with an extrusion pressure that is lower than the intrusion pressure, so that
energy is dissipated during each intrusion-extrusion cycle.

Using a dedicated experimental setup, the influence of different strain rates
ranging from 10−3 to 103 s−1 were examined in Paper IV, to approach realis-
tic strain rates for impact-a�enuating materials. As the strain rate increases,
the hysteresis of the intrusion-extrusion cycle also strongly increases, due to
a significantly higher intrusion pressure (which almost triples from 25 MPa
to 70 MPa) and a lower extrusion pressure. As a consequence, the energy ab-
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Figure 4.7: a Schematic overview of the different stages during the compression
(top) and expansion (bo�om) of a hydrophobic nanoporous material in
a water intrusion/extrusion experiment. b Compressive stress–strain
curves for water intrusion/extrusion in ZIF-8 at three different strain
rates. The unloading part of the high-rate experiment is uncontrolled
(that is, without external driving force), so only part of the extrusion
plateau can be recorded. c Intrusion pressure, extrusion pressure, and
energy absorption density as a function of the intrusion and extrusion
strain rates. The error bar represents the uncertainty due to the incom-
plete unloading curve at high strain rate. Figures reproduced from Ref.
[167] with permission of Springer Nature.

sorption capacity of thematerial is also strongly enhanced (Figure 4.7c): from
about 3 J/g at quasi-static conditions to about 47 J/g at high-rate impacts,
which correspond with 17% and 85% of the mechanical energy, respectively.
Furthermore, in contrast to a mechanism such as plastic deformation which
can only a�enuate a single impact, the ZIF-8 system can withstand multiple
impact cycles, as the appliedmechanical pressure is below the amorphisation
pressure.

To deduce the molecular origin of this intrusion phenomenon, MC and
MD simulations were performed for different water distributions. At low



74 Shock absorption through water intrusion

water loadings, canonical MC simulations indicate that the water molecules
preferentially occupy the regions near the six- (6MR) and four-membered
(4MR) rings (i.e. sites S2 and S4 in Figure 2.9c). At higher water loadings, the
water molecules tend to cluster around the centre of the ZIF-8 cages, as the
formation of a hydrogen-bonded network is energetically more favourable
than interacting with the hydrophobic framework. Furthermore, MD simu-
lations at these high loadings also reveal that the dynamic gate opening effect
of the ZIF-8 structure is not at the basis of the intrusion phenomenon, as the
gate is observed to further close in the presence of the water molecules. To
gain insight into the water mobility in ZIF-8 and the associated cage filling
process, the spontaneous diffusion of water is monitored for a saturation
loading of 42 water molecules in a single cage (cage 1 in Figure 4.8a). During
the first 0.45 ns of the simulation, the water gradient between the cages
leads to the diffusion of water molecules to the neighbouring cages 2 and
3. Subsequently, the cluster of six water molecules in cage 2 continues to
grow throughout the simulation, whereas the two water molecules in cage 3
are insufficiently stabilised and rejoin the larger water cluster in cage 1. The
timescale associated with the spontaneous nucleation and growth process of
a stable water cluster in cage 2 is of the order of nanoseconds, as inferred
from the exponential fit to the water occupation of cage 2 in Figure 4.8a.

Using umbrella sampling MD simulations, the free energy barrier of the
nucleation process of a water cluster can be quantified as a function of the
water distribution. To bias the simulations, the same CV can be used as
in Section 2.2.6, which restrains the transitioning water molecule to move
in a plane parallel to the 6MR between the cages (Figure 4.8b). Starting
from a critical-sized cluster of five water molecules in cage 1, with an ad-
ditional transitioning water molecule, and an empty cage 2, a free energy
difference ∆F1 of about 15 kJ/mol is obtained between the two cages. As
more watermolecules are added to cage 2, the free energy difference between
the cages starts to decrease and eventually disappears for a cluster of four
water molecules. Also for a larger number of water molecules in cage 2,
the free energy difference between the cages remains negligible. When the
critical-sized cluster in cage 1 is replaced by a supercritical cluster of thirty
water molecules, similar results are obtained. Therefore, in line with the
spontaneous diffusion process considered in Figure 4.8a, the free energy
profiles confirm the pivotal role played by critical-sized water clusters to fill
the hydrophobic cages of ZIF-8.

For sufficiently low strain rates, the water intrusion process in ZIF-8 will thus
occur through the spontaneous nucleation of critical-sized water clusters in
cages neighbouring already filled cages. As the strain rate associated with
the impact increases, the diffusion process eventually becomes too slow to
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Figure 4.8: a Evolution of the number of water molecules in a ZIF-8 supercell with
four inequivalent cages (at 300 K and 0MPa). In the initial configuration,
cage 1 contains 42 water molecules and all other cages are empty. The
best exponential fit of a(1 − e−t/τ) to the filling of cage 2 (red line)
yields a time constant τ ≈ 1 ns. b Free energy profiles for the transition
of a water molecule from cage 1, containing a critical-sized water cluster
of five additional molecules, to cage 2, containing zero (first transition)
to five (sixth transition) water molecules. The CV (inset) used to bias
the umbrella sampling simulations is similar to the one used in Section
2.2.6. Figures reproduced from Ref. [167] with permission of Springer
Nature.

form critical-sized water clusters and the water molecules are forced into
the neighbouring hydrophobic cages, thereby dissipating the energy of the
impact to overcome the free energy barrier between the cages.

Apart from ZIF-8, this rate dependent behaviour of water intrusion is also
present in other hydrophobic ZIFs, such as ZIF-67 and ZIF-71. In ZIF-7 and
ZIF-9, by contrast, a strong hysteresis effect is absent as water molecules
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Figure 4.9: Identification of promising high-rate impact-a�enuating materials
among the 105 ZIFs tabulated in Ref. 190, using four design rules. The
eligiblematerials are a�ributed a colour according to their pore size. The
uncolouredmaterials are excluded because they are not hydrophobic (as
determined by their linkers, shown with circles), not cage-type (trian-
gles), or have a too small PLD (diamonds). Experimentally validated
materials are bold-faced (stars). Figure reproduced from Ref. [167] with
permission of Springer Nature.

remain trapped in the framework, due to their small pore-limiting diameters
(PLDs). Also for zeolites such as ZSM-5, zeolite-β, and mordenite, the rate
dependence of the intrusion-extrusion cycle is small, due the higher mobility
of water inside the channels of the zeolites. Based on these experimental ob-
servations, four design rules can be proposed to identify promising materials
for high-rate impact a�enuation through water intrusion. First, a hydropho-
bic material is required. Second, the material should possess a structure
of nanocages, with a largest cavity diameter (LCD) that is strictly larger
than the PLD. Third, the pore windows should be sufficiently large to allow
for a spontaneous diffusion of water between the cages of the framework
during extrusion. Otherwise, the shock absorber is not reusable. Finally,
for materials with larger cages, a higher energy absorption density can be
achieved, as the pores can accommodate larger water clusters. In Figure 4.9,
these design rules are applied to a set of 105 ZIF-like materials, which reveals
an additional 17 eligible materials for high-rate shock absorption through
water intrusion.



5
Conclusions and Perspectives

We can only see a short distance ahead, but

we can see plenty there that needs to be done.

Alan Turing191 (1912–1954)

Through the rational design of functional nanoporous materials, their per-
formance can be optimised for many different applications, ranging from
carbon capture or the sustainable production of building-block chemicals
to shock absorption and atmospheric water harvesting. To cleverly guide
this design at the nanoscale, a profound molecular-level understanding of
the material’s fundamental properties and their influence on the various
physical or chemical processes of interest is required. While experimental
characterisation techniques can easily study the overall functional behaviour
of these materials, the underlying molecular mechanisms can o�en only be
probed indirectly with, for instance, spectroscopic techniques. A theoretical
description of these materials through molecular modelling, by contrast,
offers both direct access to an atomic-scale resolution and a precise con-
trol over their molecular design. In this PhD dissertation, computational
modelling was used to examine the properties of two classes of nanoporous
materials: zeolites and metal-organic frameworks (MOFs). Due to their
high stability and exceptional catalytic performance, zeolites are widely used
within the petrochemical industry and can play an important role in future
technologies such as biomass conversion. Furthermore, these porous alumi-
nosilicate structures have also emerged in many commercial applications,
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ranging from cat li�er to water purification or gas separation. The more
recent material class of MOFs is yet to reach industrial scale applications, but
holds great promise to contribute to solutions for current societal challenges,
as exemplified by proof-of-concepts for carbon dioxide capture from flue
gasses or atmospheric water harvesting in arid regions. To explore the nearly
endless possibilities to createMOF structures, by combining different organic
linkers with various metal clusters in search of optimal functional materials,
molecular modelling can offer guidance through high-throughput screenings
and fundamental insights into structure–property relations which can serve
as material design principles. A prerequisite for reliable computational pre-
dictions is the use of accurate simulation techniques to model molecular
systems. Therefore, this dissertation focussed on the impact of the common
approximation to treat atomic nuclei as classical particles, in spite of their
quantum mechanical nature. As lightweight atoms are most susceptible to
these so-called nuclear quantum effects (NQEs), the behaviour of an acidic
proton on a zeolite framework (Chapter 3) or the structural organisation of
water molecules confined in the pores of a MOF (Chapter 4) are of particular
interest.

In each molecular simulation, approximations in the computational descrip-
tion of the system are inevitable, due to the impossibility of exactly solv-
ing the quantum mechanical Schrödinger equation for realistic molecular
systems. Using the Born-Oppenheimer approximation, the electronic and
nuclear degrees freedom can be separated from one another and can subse-
quently be described at various levels of accuracy, as outlined in Chapter 2.
Approximate quantum mechanical solutions for the electrons can be ob-
tained with density functional theory (DFT), whereas force fields rely on
an effective parametrisation of the interatomic interactions to reduce the
computational cost of the simulations. In conventional force fields, a limited
number of parameters is used in combination with physically inspired in-
teraction potentials, whereas machine learning potentials (MLPs) use neural
networks with millions of parameters to increase the correspondence with
quantum mechanical electronic structure calculations. Irrespective of the
description of the electronic degrees of freedom, the nuclei in a molecular
system are most o�en treated as classical particles. For quite somemolecular
systems, this is a perfectly reasonable approximation within a certain range
of thermodynamic conditions. In Paper VI and Paper XI, classical simula-
tion techniques were used to model the adsorption and diffusion of carbon
dioxide and methane in zeolite frameworks containing sodium ions. The
molecular insights obtained from these simulations contributed in explaining
the performance of the zeolite-filled mixed-matrix membranes synthesised
by our experimental collaborators at the KU Leuven (the group of prof. I.
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Figure 5.1: Schematic representation of the importance of including nuclear quan-
tum effects (NQEs) in a molecular simulation for different parameters,
properties, and methods.

Vankelecom), including the molecular sieving of carbon dioxide and the op-
timal sodium content associatedwith a high carbon dioxide permeability. For
other molecular systems, a classical description of the nuclei is insufficient
and NQEs have to be taken into account, in particular for processes that
involve light atoms or occur at low temperatures (Figure 5.1). A first example
which necessitates the inclusion of NQEs is the study of the rotational
tunnelling of methyl rotors in ZIF-8, as tunnelling is a purely quantum
mechanical phenomenon without classical analogue. For both argon and
nitrogen adsorption in ZIF-8, experimental measurements at 3 K revealed
a change in the tunnel spli�ing of the rotational energy levels as a function
of the number of adsorbates. To explain these experimental observations of
our collaborators at the University of Oxford (the group of prof. J.-C. Tan),
a computational description combining DFT and NQEs related the different
tunnel spli�ings to the occupation of specific adsorption sites in ZIF-8, as
discussed in Paper IX. In this way, quantum rotational tunnelling can be
used as a sensitive atomistic probe for guest adsorption in MOFs.

In Chapter 3, the influence of NQEs in MOFs and zeolites was examined
at higher temperatures, corresponding with realistic operating conditions.
For the archetypal MOF-5 framework, studied in Paper I and Paper II,
only minor influences were perceivable in the structural properties of the
material. To accurately reproduce its negative thermal expansion, a proper
inclusion of anharmonicities in the force field proved to be of primary im-
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portance, whereas NQEs only play a secondary role. The main effect of
accounting for the quantum mechanical zero-point energy is a change in
the absolute volume of the framework when using a proper anharmonic
description. In the estimation of the heat capacity, by contrast, NQEs are
essential to reproduce the correct temperature dependence. While harmonic
NQEs are sufficient to yield a satisfactory agreement with experiments for
the framework itself, the presence of methane guest molecules also requires
the inclusion of anharmonicities, for which path integral molecular dynamics
(PIMD) simulations can be used. Within PIMD, the quantum statistics of
the nuclei are mimicked by simultaneously simulating multiple replicas of
the molecular system. The quantum mechanical properties of the system
are then obtained by averaging over the different replicas of each nucleus.
However, in most enhanced sampling techniques, which are used to simulate
activated processes and calculate free energy barriers between (meta)stable
configurations of the molecular system, a quasi-classical approach is com-
monly used to derive properties from the so-called path integral centroids,
which geometrically average the different replicas of every atom. Depending
on the activated process under investigation, Paper VII demonstrated that
this quasi-classical characterisation of a free energy barrier can significantly
deviate from the purely quantum mechanical description. By means of an
elegant sampling protocol devised in Paper VII, both quantum and quasi-
classical centroid free energy profiles can be obtained from a single set of
simulations by making use of a post-processing transformation. For the
three molecular proton transfer reactions used as case studies to assess the
difference between both approaches, higher and steeper free energy barriers
are observed to be more prone to NQEs, which increases the discrepancy
between both descriptions. For the proton transfer with the highest free
energy barrier, the appropriate quantum method yields a reduction of about
60% of the classical free energy barrier at 450 K, whereas the centroid method
only yields a reduction of about 6%. As the free energy barrier grows higher
and becomes more sharply peaked, the inequivalence between the PIMD
replicas and centroid becomesmore pronounced, resulting in larger quantum
corrections, which also affect the overall shape of the free energy profile.

In Paper VIII, this protocol was applied to the proton hopping reaction of a
Brønsted acid site (BAS) around an aluminium defect in a chabazite zeolite.
As large deviations between experimental and computational activation en-
ergies have been reported for the proton hopping of the BAS, it is instructive
to evaluate the impact of a rigorous treatment of NQEs for this reaction. To
maximally limit the approximations within the computational description,
the electronic degrees of freedom are preferably described by means of
DFT. Given the size of the molecular system in combination with numerous
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enhanced sampling simulations employing the computationally costly PIMD
technique, DFT accuracy can only be obtained by training an MLP to DFT
reference data of a feasible number of system configurations. With this MLP,
both classical and quantum free energy profiles and reaction rate constants
can be determined at different temperatures, to extract the activation energy
of the hopping reaction and the equilibrium occupation of the BAS on the
oxygen atoms neighbouring the aluminium defect. In the presence of NQEs,
the simulation results displayed a different preferential oxygen occupation
and a reduction of the activation energy of the hopping by about 11 kJ/mol
(or 17%) in comparison with a classical description. Furthermore, the MLP
also allows to calculate kinetic isotope effects, for which a substitution with
deuterium yields the expected moderation of the NQEs due its heavier mass.

Within the context of accurate simulation techniques, water is a prominently
researched molecular system, as its many anomalous properties over a large
range of thermodynamic conditions turn out to be very complex to reproduce
accurately with a singlemodel or common level of theory. In this respect, also
NQEs can contribute to a more accurate modelling of water, which initiated
the study of water in MOFs outlined in Chapter 4. For water confined in the
flexible MOF MIL-53(Al), the inclusion of NQEs was however observed to
have a very modest impact on the relative stability of the two phases of MIL-
53(Al) within a force field description, as discussed in Paper III. In particular
near room temperature, competing NQEs can weaken the impact on the
intricate hydrogen bond network of water and thus also reduce its effect
on water properties. Apart from NQEs, the confinement effects associated
with the MOF’s nanopores have a decisive impact on the behaviour of the
adsorbed water molecules. In MIL-53(Al), for instance, water can form one-
dimensional water wires along the framework’s pore channels. Furthermore,
in Paper X, zirconium MOFs with moderate pore sizes were shown to shape
water through a beneficial positioning of hydrophilic adsorption sites. One
of these MOFs, MOF-801, exhibits suitable water adsorption characteristics
for the application of atmospheric water harvesting, which can be related to
the formation of cubic water clusters. By means of an analytical toy model,
the favourable influence of an advantageous placement of water adsorption
sites was demonstrated to positively impact the adsorption behaviour of
water through the cooperative formation of secondary adsorption sites via
directional hydrogen bonds. By exploiting this templating mechanism of
water in nanopores, involving a meticulous design of primary adsorption
sites and secondary induced adsorption sites, one can imagine a further
improvement and tailoring of the water adsorption characteristics of new
MOFs towards specific applications, such as atmospheric water harvesting.

Besides hydrophilic adsorption sites, also hydrophobic frameworks can direct
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the organisation of water at the nanoscale. For ZIF-8, examined in Paper IV,
high-rate water intrusion experiments performed by our collaborators at the
University of Oxford revealed a strong hysteresis in the intrusion-extrusion
cycle, which results in a seventeenfold increase of the energy absorption
capacity, so that 85% of the mechanical energy is dissipated (compared to
17% at low impact rates). The molecular origin of this high-rate impact at-
tenuation can be traced back to the formation of critical-sized water clusters.
For sufficiently low impact rates, the hydrophobic cages of ZIF-8 can be se-
quentially filled through the spontaneous nucleation of water clusters, which
can steadily grow to fill a pore of ZIF-8 a�er reaching a certain critical size.
If the impact rate becomes too high, however, the spontaneous organisation
of water into clusters is too slow to fill the hydrophobic pores of ZIF-8, so
that water molecules are forced into the pores, which involves crossing a free
energy barrier, so that the energy of the impact is dissipated. In addition to
ZIF-8, the design rules extracted from this case study also revealed 17 other
ZIF materials that could be eligible for high-rate shock absorption through
water intrusion.

In summary, NQEs have been shown to be indispensable in modelling proton
transfer reactions over a wide range temperatures. Through the simulation
approach proposed in Paper VII, the impact of NQEs on the free energy
barriers of these reactions can be made explicit by constructing quantum
free energy profiles instead of quasi-classical centroid free energy profiles.
However, given the significant increase in computational cost to include
NQEs by means of PIMD simulations (which are at least one order of mag-
nitude more costly than a classical treatment of the nuclei), MLPs play a
crucial role in making PIMD simulations with a first-principles accuracy
affordable, especially for large molecular structures and in combination with
enhanced sampling techniques to calculate free energy barriers. Within
a force field description of MOFs, NQEs appear to only have a moderate
influence on most structural and thermal properties, except for the heat
capacity (Figure 5.1). A proper anharmonic description of MOFs and their
adsorbates is o�en more important than the inclusion of NQEs, even in the
presence of water. The properties of water confined in the pores of a MOF
can however be distinctly different, due to the altered shape of the hydrogen
bond network imposed by the framework. As demonstrated by the analytical
toy model devised in Paper X, the specific structure of water clusters that
nucleate at hydrophilic adsorption sites strongly determines the material’s
water adsorption behaviour. Through a more fundamental understanding
of this structure–property relation, including the role of secondary induced
adsorption sites, the water adsorption characteristics of MOFs can be further
tuned for water applications such as atmospheric water harvesting.
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In the ceaseless quest for more accurate and reliable modelling techniques,
the inclusion of NQEs is destined to become a standard molecular modelling
approach for certain material properties in the near future. This evolution
will be further driven by the continued increase in computational power
and the advances in MLPs, which keep the computational cost of a first-
principles description in combination with techniques such as PIMD afford-
able, while also allowing for the simulation of reactive events. In addition
to NQEs, a further improvement of the description of physical and chemical
processes, such as proton transfers, will also require the use of more accurate
first-principles methods within the training of the MLP, as different DFT
exchange-correlation functionals can yield a large spread on the free energy
barriers of these reactions.192

Similarly, the development of MLPs based on accurate first-principles data
can also improve the description of the adsorption of water in MOFs.193 To
obtain a closer agreement with the experimental water adsorption studies,
the perfect and infinite MOF crystals within simulations should be replaced
by crystals of finite size which contain defects. For MOF-801, defect-rich
crystals were shown to exhibit a different water uptake in comparison to
single crystals, due to the adsorption of water on defects such as open metal
sites and the interparticle condensation of water in the bulk material.180

Through this continuous pursuit of more realistic computational models
described with a higher accuracy, the remaining gap between experimental
and computational material characterisation can be further reduced to a�ain
a more complete understanding of these materials and advance their rational
design in view of new technological applications.
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ABSTRACT

In this article, we investigate the influence of anharmonicities and nuclear quantum effects (NQEs) in modelling the structural
properties and thermal expansion of the empty MOF-5 metal-organic framework. To introduce NQEs in classical molecular
dynamics simulations, two different methodologies are considered, comparing the approximate, but computationally cheap,
method of generalised Langevin equation thermostatting to the more advanced, computationally demanding path integral
molecular dynamics technique. For both methodologies, similar results were obtained for all the properties under investi-
gation. The structural properties of MOF-5, probed by means of radial distribution functions (RDFs), show some distinct
differences with respect to a classical description. Besides a broadening of the RDF peaks under the influence of quantum
fluctuations, a different temperature dependence is also observed due to a dominant zero-point energy (ZPE) contribution.
For the thermal expansion of MOF-5, by contrast, NQEs appear to be only of secondary importance with respect to an
adequate modelling of the anharmonicities of the potential energy surface (PES), as demonstrated by the use of two differ-
ently parametrised force fields. Despite the small effect in the temperature dependence of the volume of MOF-5, NQEs do
however significantly affect the absolute volume of MOF-5, in which the ZPE resulting from the intertwining of NQEs and
anharmonicities plays a crucial role. A sufficiently accurate description of the PES is therefore prerequisite when modelling
NQEs.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/1 0.1 063/1 .5085649

I. INTRODUCTION

Within the past few decades, the field of atomistic
computer simulations has established itself as an impor-
tant and complementary tool to experimental research in
the characterisation of various types of materials. This
computational approach does not only provide informa-
tion about the fundamental molecular features underlying
the material’s properties but also allows for a large scale
screening of potentially interesting materials, where new
material designs can be assessed without the burdening

requirement of synthesis that precedes experimental char-
acterisation.1 For metal-organic frameworks (MOFs),2–4 in
particular, a screening by means of atomistic simulations is
recommended as these crystalline materials are built up out of
inorganic building blocks that are connected to one another
through organic linkers, giving rise to a virtually unlimited
number of possible frameworks that can be constructed out
of the vast amount of building blocks.5–7 The designer aspect
of MOFs along with the versatility in properties of the differ-
ent MOF structures makes this class of nanoporous materi-
als most attractive for industrial applications,8 ranging from
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gas storage and gas separation9,1 0 over heterogeneous catal-
ysis1 1 to shock absorption for the more flexible framework
materials.1 2

Computationally, material properties can be obtained
from molecular dynamics (MD) simulations as time averaged
quantities by integrating the equations of motion through-
out time. By relying on the Born-Oppenheimer approxima-
tion, as is usually done in MD simulations, one can separate
the dynamics of the nuclei from the dynamics of the elec-
tronic structure of the system. Depending on the required
length of the simulation and the size of the molecular sys-
tem, the potential energy surface (PES) is then described
ab initio, typically by means of density functional theory (DFT),
or analytically, using force fields. However, irrespective of the
description of the PES, a vast majority of the MD simula-
tions treats the atomic nuclei as classical particles, in spite
of their quantum mechanical nature. For sufficiently heavy
atoms at sufficiently high temperatures, subjected to moder-
ate interatomic interactions, this approximation is expected
to be reasonable. Lighter atoms at lower temperatures or
atoms subjected to strong interatomic interactions on the
contrary cannot be described as classical particles, but have to
be treated quantum mechanically as nuclear quantum effects
(NQEs) such as zero-point energy (ZPE) and tunnelling can
induce significant deviations from the classical behaviour. For
water, a prototypical case study within the context of NQEs,
the importance of NQEs has been demonstrated for ample of
aspects,1 3,1 4 including the occurrence of transient autopro-
tolysis events in liquid water1 5 and a proper description of the
heat capacity of both liquid water and ice.1 6 Given the large
ZPE of about 21 kJ/mol per O−−H stretch,1 3 which is in sharp
contrast with the classical contribution to the kinetic energy
of only 3.7 kJ/mol at 300 K (as predicted by the equipar-
tition law), the importance of NQEs in water is abundantly
clear.

Within the context of MOFs, NQEs are hardly ever taken
into account, despite the presence of many light framework
atoms, such as hydrogen and carbon. Only when studying
water molecules confined in the pores of a framework, NQEs
have been included to some extent.1 7,1 8 In this work, the
importance of NQEs in the structural and thermal properties
of the empty framework of MOF-51 9 is assessed by means of
MD simulations. In this way, the NQEs inherent to the MOF
itself are investigated rather than the NQEs associated with
water present in its pores, using MOF-5 as a prototypical rigid
framework (Fig. 1). The structural properties of MOF-5 are
probed by means of radial distribution functions (RDFs), which
yield information about the interatomic equilibrium distances
and the thermal activation of bond stretches of different atom
pairs. The thermal property under review is the well-known
negative thermal expansion of MOF-5,20–25 for which a deli-
cate interplay between the modelling of anharmonicities and
NQEs is demonstrated.

For each of these properties, the importance of NQEs is
assessed by comparing ordinary, classical MD simulations to
MD simulations including NQEs, where the quantum mechan-
ical description of the nuclei is pursued using two different
methodologies. The first method is the so-called generalised

FIG. 1. (a) Conventional unit cell of MOF-5, with the ZnO4 tetrahedra indicated
in light blue. (b) Zn4O(CO2)6 metal oxide cluster. (c) 1,4-benzenedicarboxylate
(BDC) linker.

Langevin equation (GLE) quantum thermostat,26 which allows
us to include harmonic NQEs at virtually no additional com-
putational cost. The second method that will be considered is
the more advanced technique of path integral MD (PIMD),27,28

which entails a more rigorous description of both harmonic
and anharmonic NQEs, at a sometimes considerable addi-
tional computational expense. By combining both methods,
the computational cost of PIMD simulations can however be
reduced by a factor of about four29,30 and therefore, this
synergistic approach will also be considered, alongside the
GLE quantum thermostat and regular PIMD, as explained in
Sec. II.

II. METHODOLOGY: MODELLING NUCLEAR
QUANTUM EFFECTS

A. GLE quantum thermostat

A first, but approximate technique to include NQEs in
MD simulations is the so-called generalised Langevin equation
(GLE) quantum thermostat.26 Just as any other thermostat, the
GLE thermostat imposes a sampling of the canonical ensemble
instead of the microcanonical ensemble by adapting Hamil-
ton’s equations of motion, to allow for an exchange of heat
with the system’s surroundings

q̇(t) = p(t), (1)

ṗ(t) = −
dV(q)
dq

−

∫ t

−∞
K(t − τ)p(τ) dτ + ζ (t), (2)

with q the generalised coordinate describing the position of a
particle with a unit mass, p the conjugate momentum, V(q) the
potential energy, K(t) the memory kernel of the GLE, and ζ (t)
a random Gaussian distributed force. To impose a canonical
sampling, the time correlation function H(t) =

〈

ζ (t)ζ (0)
〉

of the
random force ζ (t) has to be related to the memory kernel K(t)
by means of the fluctuation-dissipation theorem31 ,32

H(ω) = kBTK(ω), (3)
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with kB the Boltzmann constant, T the temperature, and H(ω)
and K(ω) the Fourier transforms of, respectively, H(t) and K(t).
However, if one wants to turn the GLE thermostat into a GLE
quantum thermostat, which can be used as a tool to intro-
duce NQEs in MD simulations, the constraint imposed by the
fluctuation-dissipation theorem has to be relaxed to provide
the necessary freedom to include harmonic NQEs. To that end,
an effective temperature T⋆, given by

T⋆
=

~ω

2kB
coth

(

~ω

2kBT

)

, (4)

is introduced in order to match the probability distribution ρ

of the displacement q of a classical harmonic oscillator with
frequency ω and mass m,

ρ(q) ∝ exp
(

−
mω2q2

2kBT

)

, (5)

to the quantum mechanical probability distribution of the
displacement (see Sec. S1), which is proportional to

ρ(q) ∝ exp

−
1
2
mω2q2

1
~ω
2 coth

(

~ω
2kBT

)


. (6)

In this way, the classical canonical sampling imposed by
the Boltzmann distribution [Eq. (5)] can be transformed into
a quantum mechanical sampling that is in accordance with
the probability distribution of the quantum harmonic oscilla-
tor [Eq. (6)] and as a consequence introduces a sampling of the
harmonic NQEs. Therefore, one should picture the GLE quan-
tum thermostat as a thermostat that excites every vibrational
mode present in a molecular system to an effective temper-
ature T⋆, which is the temperature the mode is supposed to
have according to the probability distribution of the quantum
harmonic oscillator.

The appropriate canonical sampling is then once again
obtained by imposing the fluctuation-dissipation theorem,
where the effective, frequency-dependent temperature T⋆

now takes the role of the physical temperature T so that

H(ω) = kBT
⋆K(ω). (7)

However, since the GLE quantum thermostat is a
so-called non-equilibrium thermostat that violates the
fluctuation-dissipation theorem (i.e., the fluctuation-
dissipation theorem for the physical temperature T), one now
also needs to explicitly impose the equipartition theorem, as
this cannot longer be taken for granted for a non-equilibrium
thermostat. In view of an adequate modelling of harmonic
NQEs, one therefore also has to satisfy the equipartition the-
orem for the quantum harmonic oscillator, which requires
that

〈

p2
〉

= m2ω2
〈

q2
〉

=

~mω

2
coth

(

~ω

2kBT

)

. (8)

The only difference between an ordinary GLE thermo-
stat and the GLE quantum thermostat is hence the way in
which the memory kernel K(t) and the random force ζ (t) are
related to one another so that the GLE thermostat allows us

to include harmonic NQEs in MD simulations without almost
any additional computational cost. For a more detailed discus-
sion of the GLE quantum thermostat, the reader is referred to
Refs. 26, 33, and 34

B. Second order path integral MD

A more rigorous method to model NQEs in MD simula-
tions is given by the path integral MD formalism.35 In this
formalism, which can be traced back to Feynman’s path inte-
gral formulation of quantum mechanics,36 NQEs are evoked
by replacing every atom of the molecular structure by a
so-called ring polymer that consists of P atom replicas,
called beads, that interact with one another via a harmonic
nearest-neighbour interaction, as depicted schematically in
Fig. 2.

For an N-atom molecular system characterised by the
Hamiltonian

H =
N

∑

i=1

p2
i

2mi
+ V(r1, . . . , rN), (9)

with pi and ri, respectively, the momentum and position of
the ith particle and V(r1, . . ., rN) the potential energy, this
more rigorous introduction of NQEs can be readily obtained
by means of a Trotter factorisation of the quantum mechan-
ical canonical partition function Z = Tr[e−βĤ], expanding the
canonical density matrix e−βĤ as follows:

e−βĤ =
[
e−

β

2P V̂e
− β

P

N
∑

i=1

p̂2
i

2mi e−
β

2P V̂
]P

+O(P−2), (10)

with β = (kBT)−1 the inverse temperature and P the number of
beads. The resulting expression for the quantum mechanical
canonical partition function Z then becomes (see Sec. S2)

ZP =

P
∏

k=1

N
∏

i=1

∫
dp(k)

i

∫
dr(k)

i
e−βHP , (11)

where the Hamiltonian of the N-atom system is replaced by
the Hamiltonian of an extended molecular system given by

FIG. 2. Schematic representation of the time evolution of a 6 bead ring polymer
with centroid ri ,c.
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HP = H0
P + VP, (12)

with

H0
P =

P
∑

k=1

N
∑

i=1



p
(k)2

i

2mi
+
1
2
miω

2
P

(

r
(k+1)
i
− r

(k)
i

)2


(13)

and

VP =
1
P

P
∑

k=1

V(r(k)1 , . . . , r(k)
N
), (14)

with r
(k)
i

and p
(k)
i
, respectively, the position and momentum of

the kth bead of the ith particle, ωP =

√
P

β~
the angular frequency

of the harmonic interaction between the neighbouring beads
of the ring polymer, and r

(P+1)
i
= r

(1)
i
.

The higher the number of beads P, the smaller the error in
the Trotter factorisation of Eq. (10), yielding quantummechan-
ically exact results in the limit of an infinite number of beads.
PIMD is therefore not only more accurate than the GLE
quantum thermostat, as it takes both harmonic and anhar-
monic NQEs into account, but it also allows us to systemat-
ically increase the accuracy with which NQEs are modelled
by increasing the number of beads, a desirable feature that is
lacking for the GLE quantum thermostat.

The major downside of PIMD when compared to the GLE
quantum thermostat is the considerable computational over-
head that is induced by substituting every atom in the sys-
tem by multiple bead replicas. Given the efficiency of the
GLE quantum thermostat in modelling harmonic NQEs, it is
however possible to develop a hybrid PI + GLE scheme,29,30

combining PIMD with a GLE quantum thermostat in order to
reduce the number of beads required to converge PIMD sim-
ulations. In the so-called PIGLET thermostatting scheme,30

the potential and kinetic energy of the system are enforced
to match the harmonic quantum limit by subjecting the path
centroid, defined as

ri,c =
1
P

P
∑

k=1

r
(k)
i
, (15)

to classical thermostatting, while the individual beads are sub-
jected to a GLE quantum thermostat. As a consequence, the
required number of beads to converge the energy is reduced
by a factor of about four since the GLE quantum thermo-
stat already takes care of the harmonic NQEs so that higher
bead multiples are only necessary to converge the remaining
anharmonic NQEs.1 3

Besides PIGLET thermostatting, there also exist other
cost reducing techniques for PIMD,37 such as multiple time
stepping (MTS),38 ring polymer contraction (RPC),28,39 and
perturbed path integrals (PPI).40,41 In the MTS algorithm, an
algorithm first devised for classical MD, a more efficient force
evaluation is obtained by separating the slowly varying long-
range interactions from the rapidly varying short-range inter-
actions. Given their different characteristic time scales, the
long-range interactions only need to be evaluated at fixed
time multiples of the short-range interactions, which are

calculated at every time step. A similar splitting of the interac-
tion is used in RPC, where the long-range part of the potential
is evaluated on a contracted ring polymer containing fewer
than P beads. In the limit of contraction to a single bead, the
classical long-range force evaluation is retrieved. A different
approach is used in PPI, where the theory of Feynman path
integrals is combined with quantum mechanical perturbation
theory to reduce the required number of beads by means of
an a posteriori correction to the canonical partition function
[Eq. (11)].

Finally, the convergence of PIMD simulations can also
be accelerated by so-called high-order PI schemes, which
rely on a more accurate decomposition of the canonical
density matrix than the second-order Trotter factorisation
[Eq. (10)]. A more accurate decomposition scheme such as
the Suzuki-Chin (SC) scheme42,43 then reduces the error to
O(P−4), which also reduces the required number of beads to
reach convergence. The force evaluation in SC PIMD is, how-
ever, more expensive than in Trotter PIMD,44 as the equivalent
of Eq. (14) not only depends on the physical potential energy,
but also on the derivative of the physical potential energy.
Nonetheless, SC PIMD becomes very advantageous at low
temperatures or when a high accuracy is required. Therefore,
this technique is used to validate our results, as outlined in
Sec. IV.

III. COMPUTATIONAL DETAILS

As already mentioned in the Introduction, the importance
of NQEs in MOF-5 will be assessed within this work by com-
paring ordinary, classical MD simulations to MD simulations
including NQEs, using either a GLE quantum thermostat or
PIMD. Given the rather large conventional unit cell of MOF-5,
containing 424 atoms, an ab initio description of the PES is
to be viewed as computationally too expensive, especially in
combination with PIMD, so that all MD simulations within this
work are performed using an in-house developed force field,
generated from ab initio data using the in-house developed
software package QuickFF.45,46 In view of recent publications
exemplifying a delicate interplay between a correct descrip-
tion of anharmonic force field contributions and NQEs,1 4,47–49

the bond and bend contributions in the force field of MOF-5
are parametrised both by harmonic potentials, resulting in
a “harmonic” force field, and by higher order polynomials,
resulting in an “anharmonic” force field (see Sec. S3). For both
types of force fields, the simulation results are discussed in
Sec. IV.

All MD simulations are furthermore conducted in theNPT
ensemble at a pressure of 1 bar, using a cut-off radius of 15 Å
for the long-range interactions. For the classical and GLE
quantum thermostatted MD simulations, the in-house MD
code Yaff50 is used in combination with LAMMPS,51 which
allows us to speed up the evaluation of the non-covalent force
field contributions. The PIMD simulations on the other hand
are performed with the iPI software package,52,53 delegating
the force evaluation to Yaff.

In the classical MD simulations, temperature and pres-
sure are, respectively, controlled by a three bead Nosé-Hoover
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chain (NHC) thermostat54–56 and a Martyna-Tuckerman-
Tobias-Klein (MTTK) barostat.57,58 For the GLE quantum ther-
mostatted MD simulations, a Langevin barostat is employed,
whereas the PIMD simulations use white noise Langevin27 or
PIGLET thermostatting30 in combination with a Bussi-Zykova-
Parrinello barostat.52 The relaxation times of the different
thermostats and barostats are set to, respectively, 0.1 ps and
1 ps.59 For all simulations, except for the ordinary PIMD sim-
ulations using a white noise Langevin thermostat, an MD
integration step of 0.5 fs is used. The ordinary PIMD sim-
ulations require a smaller integration step of 0.25 fs due to
the presence of artificial high-frequency modes introduced by
the harmonic nearest neighbour coupling.28 The total sim-
ulation time of all PIMD simulations is 1.25 ns, whereas the
classical and GLE quantum thermostatted simulations have a
total simulation time of 3 ns. The equilibration time is set to
150 ps.

Finally, to fix the number of replicas in the PIMD simula-
tions, the convergence of the volume was tested as function
of the number of beads (Fig. S1), reaching convergence at,
respectively, 8 beads for PIGLET thermostatted PIMD simu-
lations and 32 beads for ordinary PIMD simulations.

IV. RESULTS AND DISCUSSION

A. Structural properties: RDFs

To evaluate the influence of NQEs upon the structural
properties of MOF-5, a series of radial distribution functions
(RDFs) is constructed, focussing on two different atom pairs.
On the one hand, we consider C−−H pairs of atoms, as the C−−H
bonds in MOF-5 have the highest characteristic frequency,
i.e., about 3195 cm−1, as obtained from a normal mode anal-
ysis performed with TAMkin.60 On the other hand, we also
consider Zn−−O pairs of atoms, as the Zn−−O bond in MOF-5
is characterised by a much lower characteristic frequency
of about 450 cm−1 and the low-frequency modes involving
ZnO4 tetrahedra are believed to contribute to the negative
thermal expansion of MOF-5.20 Based on their characteris-
tic frequency, these bonds can also be attributed a so-called
characteristic temperature or Debye temperature

ΘD =
~ω

kB
, (16)

which can be used as a measure to quantify the importance of
NQEs, as it represents the temperature at which the quantum
mechanical energy quantum ~ω equals the thermal energy
quantum kBT and NQEs are only expected to be of impor-
tance for temperatures T ≪ ΘD. For the C−−H and Zn−−O bonds
in MOF-5, the characteristic temperatures are, respectively,
given by 4600 K and 650 K.

For both types of atom pairs, the RDFs are shown in
Fig. 3, comparing classical MD simulations to MD simulations
including NQEs at different temperatures, using the anhar-
monic force field of MOF-5. The first peak of each RDF is
always located at the equilibrium bond distance of the atom
pair in MOF-5. The atom pairs contributing to the other RDF
peaks are indicated on Fig. S2. For the C−−H pairs of atoms,

the equilibrium bond length is observed to increase by an
amount of about 0.02 Å when including NQEs (see Table S2
and Fig. S6), shifting the first RDF peak towards slightly higher
equilibrium distances. This shift is also present for the more
distant RDF peaks, indicating that the molecular structure as
a whole is affected by the presence of NQEs. Furthermore,
the RDF peaks are also observed to be much broader when
modelled quantum mechanically instead of classically, yield-
ing widths that are more than twice as large (see Fig. S3). In
addition, the quantum mechanical widths appear to be more
or less temperature independent so that, in contrast to the
classical description, the C−−H stretch is not yet thermally
active at temperatures below 500 K. Quantum mechanically,
the behaviour of the C−−H stretch is therefore dominated by
the ZPE it possesses, as it is significantly larger than the ther-
mal energy up to temperatures as high as ΘD/2 = 2300 K
(within a harmonic approximation).

For the Zn−−O pairs of atoms, the differences between
the RDFs with and without NQEs are less pronounced, but
nevertheless still present. Given the much lower character-
istic temperature of the Zn−−O stretch in comparison with the
C−−H stretch, the ZPE associated with the Zn−−O bond only
dominates the thermal energy up to a temperature of about
300 K. Contrary to the C−−H pairs of atoms, the first RDF peak
of the Zn−−O pairs of atoms shows no appreciable shift when
including NQEs (see Table S3 and Fig. S6), as it is comprised of
two overlapping RDF peaks corresponding to the Zn−−O1 and
Zn−−O2 bonds [see Fig. 4(a)], limiting the peak’s resolution. If
the probability distribution of the Zn−−O1 bond is however iso-
lated, as done in Fig. 4(b), one does observe a minor shift in the
equilibrium bond length, just as for the C−−H atom pairs. The
different RDF peaks are furthermore also observed to broaden
under the influence of NQEs, albeit by less than half their
classical width (see Fig. S4).

When comparing the RDFs obtained using differentmeth-
ods to model NQEs, as shown for GLE quantum thermostatted
MD simulations and PIGLET thermostatted PIMD simulations
in the right column of Fig. 3, the different methods are found
to agree well with one another. For the Zn−−O pairs of atoms,
there is almost no observable difference between the RDFs,
whereas for the C−−H pairs of atoms only minor differences
are present, which are limited to the first RDF peak. The GLE
quantum thermostat therefore performs remarkably well in
comparison with PIMD, given its approximate nature and low
computational cost. In order to benchmark the accuracy of the
PIGLET thermostatted PIMD simulations, a 16 bead SC PIMD
simulation was performed at 300 K,44 confirming the validity
of the results obtained with PIGLET thermostatting, as shown
in Fig. S5.

Performing the above mentioned simulations with a har-
monic force field of MOF-5 instead of an anharmonic force
field leads to similar results (see Sec. S5). The inclusion of
anharmonic contributions in the force field mainly causes the
RDF peaks to shift towards larger interatomic distances, as
the equilibrium bond lengths are larger for anharmonic poten-
tials with the same force constant, as illustrated by Fig. 5.
When including NQEs, this effect becomes even more pro-
nounced for the bonds with a high characteristic frequency.
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FIG. 3. RDFs of C−−H pairs of atoms (top row) and Zn−−O pairs of atoms (bottom row) of MOF-5 as obtained using classical MD simulations (left column) and MD simulations
including NQEs (right column) at different temperatures, using the anharmonic force field of MOF-5.

For the Zn−−O RDFs, there is no additional shift due to NQEs,
as a consequence of the low characteristic temperature of
the Zn−−O stretch (Table S3). For the C−−H RDFs, by con-
trast, the difference in peak positions is about 0.02 Å for the
first peak at 100 K, a value that further increases both with
the peak number and the temperature, reaching a value of
0.06 Å for the sixth peak at 500 K (Table S2), a value that
is two times larger than in classical simulations. This corre-
lated effect between the inclusion of anharmonicities in the
bond description and an adequate modelling of NQEs can
be inferred from the quantum mechanical description of an
anharmonic potential such as the well-known Morse poten-
tial. In comparison with a harmonic potential, the anhar-
monic potential systematically yields a larger equilibrium bond
distance, even at the lowest vibrational energy level, where
the bond only possesses a ZPE (Fig. 5). As higher vibrational
energy levels of the anharmonic potential are occupied, the
equilibrium bond distance increases up to a point where the
occupation of additional vibrational energy levels no longer
affects the equilibrium bond distance, explaining the observed

temperature dependence of the RDF peak shifts. The more
distinct differences for the C−−H RDFs can be related to the
higher characteristic frequency of the C−−H bond, resulting
in a larger ZPE and a larger separation between the vibra-
tional energy levels. The higher the peak number, the larger
the peak shift due to the accumulated effect of increased equi-
librium bond lengths for the intermediate atoms. This cou-
pling between the description of anharmonicities and NQEs
will also prove to be important in an accurate description
of the negative thermal expansion of MOF-5, as explained in
Sec. IV B.

Apart from RDFs, the structural properties of MOF-5 can
also be characterised by other means such as probability dis-
tributions of internal coordinates including (dihedral) angles,
X-ray diffraction (XRD) patterns, or pore volume sizes. An
example of an interesting internal coordinate is the C1−−C2−−C2
angle [Fig. 4(d)], which can be viewed as a measure for the
transverse translational motion of the benzene ring, an impor-
tant motion in the negative thermal expansion of MOF-5.20

Just as for atomic bonds, the probability distribution of the
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FIG. 4. (a) Labelling convention of the atoms in MOF-5. (b) Probability distribution of C1−−C2 and Zn−−O1 distances. (c) Probability distribution of C2−−C2 and C3−−C3

distances. (d) Probability distribution of O2−−C1−−O2 and C1−−C2−−C2 angles. Solid lines indicate classical MD results, whereas dotted lines indicate PIGLET thermostatted
PIMD results.

angle is observed to have a differentmean value and to become
noticeably broader when including NQEs, especially at lower
temperatures. The XRD pattern by contrast shows no appre-
ciable differences (Fig. S7), as its resolution is less adequate
to identify smaller structural changes. Similarly, also the pore

FIG. 5. Schematic representation of the energy levels of a harmonic potential (left)
and an anharmonic Morse potential (right). The expectation value of the position
is represented by the dashed black line.

volume of MOF-5 is observed to change only marginally when
including NQEs.

B. Thermal expansion

The second property of MOF-5 for which the impor-
tance of NQEs is examined is the negative thermal expansion
of MOF-5.20–25 Quantitatively, the thermal expansion can be
characterised by the volumetric thermal expansion coefficient
αV , defined as the relative change in volume with respect to
temperature at constant pressure, that is,

αV =
1
V

(

∂V

∂T

)

P

=

(

∂ lnV

∂T

)

P

. (17)

Within first order, the volumetric thermal expansion
coefficient αV is then obtained as the slope of a linear fit to the
logarithm of the volume as a function of temperature. For peri-
odic framework materials such as MOF-5, one can also define
a lattice thermal expansion coefficient αa, which is related
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to the volumetric thermal expansion coefficient by αV = 3αa,
assuming an isotropic thermal expansion.

In Fig. 6, the temperature dependence of the volume of
MOF-5 is shown for (PI)MD simulations performed with both
the harmonic and anharmonic force fields, for which the cor-
responding lattice thermal expansion coefficients are listed in
Table I. As all the thermal expansion coefficients calculated
with the anharmonic force field lie within the experimental
range, including the value derived from classical MD simu-
lations, NQEs appear to be only of secondary importance in
modelling the thermal expansion of MOF-5. A proper descrip-
tion of the anharmonicities of the underlying PES is observed
to be far more important, as evidenced by the simulation
results obtained with the harmonic force field of MOF-5. Also
in the harmonic case, NQEs only yield small corrections to the
classically obtained results, which does however partly correct
for the overestimation of the lattice thermal expansion coef-
ficient in comparison with experimental values (see Table I
and Fig. S11). As a consequence, more accurate MD simulations
accounting for NQEs are only useful if the PES is modelled suf-
ficiently accurately, as the most decisive contribution to the
thermal expansion stems from an adequate modelling of the
anharmonicities, reducing the thermal expansion coefficient
by about 20%–30% for MOF-5.

The absolute volume on the other hand is significantly
affected by the presence of NQEs in an anharmonic descrip-
tion of the atomic bonds, yielding differences of the order of
150 Å3 with respect to the classically predicted volume, an
effect which is completely absent within a harmonic descrip-
tion of the atomic bonds (Fig. 6). To explain this interplay
between NQEs and anharmonicities, the equilibrium volume
at 0 K is determined by means of a series of fixed vol-
ume geometry optimisations, as shown in Fig. 7. NQEs are
then only accounted for within the harmonic limit, yield-
ing a ZPE contribution of

∑

k
~ωk
2 , with ωk the normal mode

FIG. 6. Volume of MOF-5 as a function of temperature as obtained from (PI)MD
simulations using the harmonic (“harm. FF,” bottom curves) and anharmonic (“anh.
FF,” top curves) force field of MOF-5. The data points at 0 K were obtained from
geometry optimisations with Yaff.

TABLE I. Lattice thermal expansion coefficient of MOF-5. (PI)MD simulations per-
formed with the harmonic force field of MOF-5 are indicated by “harm. FF,” whereas
the anharmonic force field simulations are indicated by “anh. FF.”

αa (10−6 K−1)

Classical MD (harm. FF) −21.5
GLE (harm. FF) −19.1
PIGLET PIMD (harm. FF) −19.5
PIMD (harm. FF) −19.9

Classical MD (anh. FF) −14.2
GLE (anh. FF) −15.3
PIGLET PIMD (anh. FF) −16.0
PIMD (anh. FF) −16.4

Literature21 ,61 [−13.3, −5.3]
Experimental (Ref. 24) [−16, −10]
Experimental (Ref. 20) −13.1(1)

frequencies as determined with TAMkin. The resulting equi-
librium volumes, with and without NQEs, are indicated in
Fig. 6 and are observed to agree well with the extrapolated
(PI)MD simulation data so that the explanation for the dif-
ference in volumes is to be found within the phenomenon of
ZPE.

In the harmonic limit, the ZPE only depends on the
normal mode frequencies of the structure so that it is
instructive to determine how those frequencies depend on the
volume of the structure. For a harmonic potential, the nor-
mal mode frequencies as given by the second order positional
derivative of the potential are volume independent, yielding a
constant ZPE contribution as a function of volume (see Sec.
S6). An anharmonic potential by contrast has a second order
positional derivative that depends on the position, due to
the presence of higher order polynomial contributions to
the potential, and is hence characterised by a set of vol-
ume dependent normal mode frequencies. As a consequence,

FIG. 7. Potential energy, ZPE, and the sum of both energies as a function of the
volume of MOF-5, obtained using Yaff geometry optimisations with the harmonic
(top figure) and anharmonic (bottom figure) force fields of MOF-5.
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also the ZPE becomes volume dependent, which translates
into a temperature dependence within the context of thermal
expansion. With decreasing volumes, the normal mode fre-
quencies of MOF-5 are observed to increase up to 30 cm−1

(Fig. S8), resulting in an increase of the corresponding ZPE
contributions. As the total increase in ZPE is about one order
of magnitude larger than the corresponding increase in ther-
mal energy (i.e., 41.2 kJ/mol versus 4.0 kJ/mol), the difference
in volume due to the presence of NQEs is perceived within
a wide temperature range. Only at very high temperatures,
classical and quantum mechanical volumes can be observed
to converge to one another (Fig. S10).

The volume dependence of the ZPE of MOF-5 in the har-
monic force field (Fig. 7) is to be attributed to other energy
contributions in the force field that have an anharmonic char-
acter, such as the non-covalent electrostatic and van der
Waals contributions. With decreasing volume, or equivalently
increasing temperature, the normal mode frequencies are now
observed to decrease (Fig. S8) so that also the ZPE decreases
with temperature and the thermal energy becomes the domi-
nant energy contribution. The difference in volume due to the
presence of NQEs is therefore only noticeable in a relatively
small low temperature range, in contrast with the anharmonic
case.

To conclude, we also evaluate the different method-
ologies used to model NQEs in the thermal expansion of
MOF-5. Just as for the RDFs, the GLE quantum thermostat
performs well when compared to the more demanding PIMD
simulations, yielding similar absolute volumes and a matching
volumetric temperature dependence. Only at the lowest tem-
peratures, below 100 K, the GLE quantum thermostat pre-
dicts a deviating behaviour from the PIMD results, as for the
GLE thermostat the volume is observed to saturate. Given
the approximate nature of the GLE quantum thermostat,
modelling only harmonic NQEs, this saturation of the crys-
tal volume can be understood as an artefact of the con-
stant harmonic ZPE, which causes the bond length fluctu-
ations to become constant and thus saturates the crystal
volume.

V. CONCLUSIONS

In this article, we examined the influence of anharmoni-
cities and NQEs upon an accurate modelling of the structural
and thermal properties of MOF-5. The structural properties,
probed by means of RDFs, were shown to be significantly
affected by the presence of NQEs. Under the influence of
quantum fluctuations, the RDF peaks tend to broaden and
show furthermore a small shift towards larger interatomic dis-
tances, due to a coupling between NQEs and the anharmo-
nicities of the PES. Also for the temperature dependence of
the RDFs and hence, the structure itself, a different picture
emerges. At lower temperatures, the ZPE becomes the most
dominant energy contribution and as a consequence, reduces
the importance of the thermal energy. For the highest char-
acteristic frequencies in MOF-5, this effect is perceivable up
to very high temperatures, making the C−−H bond virtually

temperature independent below 500 K. For the negative ther-
mal expansion of MOF-5, by contrast, the inclusion of NQEs
appears to be only of secondary importance with respect to
a proper modelling of the anharmonicities of the PES, as it
yields only small corrections to the thermal expansion coeffi-
cient. The interplay between NQEs and anharmonicities does
however affect the absolute volume, as volume dependent
characteristic frequencies lead to a volume dependent ZPE,
resulting in a different equilibrium volume. A sufficiently accu-
rate description of the PES is therefore prerequisite when
modelling NQEs.

A comparison of different methodologies capable of mod-
elling NQEs furthermore showed an excellent agreement
between the approximate technique of GLE thermostatting
and the more rigorous framework of PIMD, at least for the
structural properties and the negative thermal expansion of
MOF-5. Therefore, the inclusion of NQEs in MD simulations
of MOF-5 can be achieved most efficiently by means of a
GLE thermostat, which produces almost no computational
overhead.

SUPPLEMENTARY MATERIAL

In the supplementary material, a more elaborate dis-
cussion of the GLE quantum thermostat and PIMD can be
found, as well as additional information concerning the RDFs
and thermal expansion of MOF-5. Also the convergence of
the PIMD simulations and the force field parametrisation are
addressed, providing a force field parameter input file for
MOF-5.
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S1 GLE quantum thermostat

Starting from the coordinate representation of the canonical density matrix ρ(q, q′) of a quantum harmonic

oscillator with mass m and frequency ω, which can be derived within the path integral formalism of

quantum mechanics1 and is given by

ρ(q, q′) =
[

mω

2πh̄ sinh(βh̄ω)

]1/2
exp

[

− mω

2h̄ sinh(βh̄ω)

(

(q2 + q′2) cosh(βh̄ω)− 2qq′
)

]

, (S1.1)

the quantum mechanical probability distribution of the displacement q of the harmonic oscillator can be

determined as ρ(q) = ρ(q, q). From Equation (S1.1), it then follows that

ρ(q) =

[

mω

2πh̄ sinh(βh̄ω)

]1/2
exp

[

− mωq2

h̄ sinh(βh̄ω)

(

cosh(βh̄ω)− 1
)

]

=

[

mω

2πh̄ sinh(βh̄ω)

]1/2
exp

[

mωq2

ih̄ sin(iβh̄ω)

(

cos(iβh̄ω)− 1
)

]

=

[

mω

2πh̄ sinh(βh̄ω)

]1/2
exp



−mωq2

ih̄

2 sin2
(

iβh̄ω
2

)

2 sin
(

iβh̄ω
2

)

cos
(

iβh̄ω
2

)





=

[

mω

2πh̄ sinh(βh̄ω)

]1/2
exp



− mωq2

h̄ coth
(

βh̄ω
2

)





=

[

mω2

2πh̄ sinh(βh̄ω)

]1/2

exp



−1
2

mω2q2 1
h̄ω
2 coth

(

βh̄ω
2

)



 . (S1.2)

As the corresponding classical probability distribution is proportional to a Boltzmann factor:

ρ(q) ∝ exp
(

−ω2q2

2kBT

)

, (S1.3)

both probability distributions can be related to one another by defining an effective, ω-dependent temper-

ature T⋆ given by

T⋆ =
h̄ω

2kB
coth

(

h̄ω

2kBT

)

, (S1.4)

which allows to transform the classical Boltzmann distribution into the corresponding quantum mechan-

ical distribution.
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S2 Path integral MD

S2.1 Real time path integrals

For a single particle, restricted to move in one dimension, the path integral formulation of quantum

mechanics can be derived straightforwardly from the well-known Schrödinger formulation of quantum

mechanics1. In the Schrödinger formulation, the wave function ψ(x, t) of the particle satisfies the time-

dependent Schrödinger equation

ih̄
∂ψ

∂t
= Ĥψ, (S2.1)

with Ĥ the Hamiltonian given by

Ĥ =
p̂2

2m
+ V(x̂), (S2.2)

with p and x respectively the momentum and position of the particle and V(x) the potential energy. A

formal solution to the Schrödinger equation is then given by

|ψ(t)〉 = e−
i
h̄ Ĥ(t−t′) |ψ(t′)〉 = U (t, t′) |ψ(t′)〉 , (S2.3)

with U (t, t′) = e−
i
h̄ Ĥ(t−t′) the so-called time evolution operator or quantum propagator. In the coordinate

representation, this equation can be rewritten in the following way by making use of a completeness

relation Î =
∫

dx′ |x′〉 〈x′| :

ψ(x, t) = 〈x|ψ(t)〉 = 〈x| e−
i
h̄ Ĥ(t−t′) |ψ(t′)〉

=
∫

dx′ 〈x| e−
i
h̄ Ĥ(t−t′) |x′〉 〈x′|ψ(t′)〉

=
∫

dx′U (x, t; x′, t′)ψ(x′, t′), (S2.4)

with U (x, t; x′, t′) = 〈x| e−
i
h̄ Ĥ(t−t′) |x′〉 a matrix element that represents the probability amplitude of finding

the particle initially in x′ at time t′, in x at time t. In the path integral formulation of quantum mechanics,

this probability amplitude can be shown to equal a sum over all the possible paths starting at time t′ in

x′ and ending at time t in x, where every path is weighted by a phase factor whose phase is given by the

classical action in units of h̄. To prove this statement, we expand the time evolution operator into a Trotter

factorisation, yielding

e−
i
h̄ Ĥt = lim

P→∞

[

e−
iV̂t
2h̄P e−

i p̂2t
2mh̄P e−

iV̂t
2h̄P

]P

, (S2.5)

where t′ was taken to be zero, since the time evolution operator only depends on the time difference

between the initial and final state. If we then insert a completeness relation between every factor of the

Trotter factorisation, the probability amplitude U (x, t; x′, 0) can be rewritten as

U (x, t; x′, 0) = 〈x| e−
i
h̄ Ĥt |x′〉 = lim

P→∞
〈x|
[

e−
iV̂t
2h̄P e−

i p̂2t
2mh̄P e−

iV̂t
2h̄P

]P

|x′〉
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= lim
P→∞

∫

dx2 . . . dxP 〈x| e−
iV̂t
2h̄P e−

i p̂2t
2mh̄P e−

iV̂t
2h̄P |xP〉 〈xP| ... |xP−1〉

〈xP−1| . . . |x2〉 〈x2| e−
iV̂t
2h̄P e−

i p̂2t
2mh̄P e−

iV̂t
2h̄P |x′〉 , (S2.6)

with

〈xk+1| e−
iV̂t
2h̄P e−

i p̂2t
2mh̄P e−

iV̂t
2h̄P |xk〉 = 〈xk+1| e−

i p̂2t
2mh̄P |xk〉 e−

it
2h̄P (V(xk)+V(xk+1)), (S2.7)

since V(x̂) |xk〉 = V(xk) |xk〉. The only remaining matrix element, involving the kinetic energy p̂2

2m , can

subsequently be evaluated by switching to the momentum representation:

〈xk+1| e−
i p̂2t

2mh̄P |xk〉 =
∫

dp 〈xk+1| e−
i p̂2t

2mh̄P |p〉 〈p|xk〉

=
∫

dp 〈xk+1|p〉 〈p|xk〉 e−
ip2t

2mh̄P

=
1

2πh̄

∫

dp e
ip(xk+1−xk)

h̄ e−
ip2t

2mh̄P , (S2.8)

with

〈x|p〉 = 1√
2πh̄

e
ipx
h̄ , (S2.9)

which yields an integration that can be performed analytically by making use of the following Gaussian

integral
∫ +∞

−∞
dye−ay2+by =

√

π

a
e

b2
4a , (S2.10)

with a = it
2mh̄P and b =

i(xk+1−xk)
h̄ , so that the matrix element is given by

〈xk+1| e−
i p̂2t

2mh̄P |xk〉 =
1

2πh̄

√

2mπh̄P

it
exp

[

−2mh̄P

4ih̄2t
(xk+1 − xk)

2
]

=

√

mP

2πih̄t
exp

[

− mP

2ih̄t
(xk+1 − xk)

2
]

. (S2.11)

By setting x1 = x′ and xP+1 = x, the probability amplitude U (x, t; x′, 0) of finding the particle initially in

x′, in x at time t can finally be written as

U (x, t; x′, 0) = lim
P→∞

(

mP

2πih̄t

)
P
2 ∫

dx2 . . . dxP exp

{

−
P

∑
k=1

[

mP

2ih̄t
(xk+1 − xk)

2 +
it

2h̄P
(V(xk) + V(xk+1))

]

}

.

(S2.12)

To investigate the formal limit of this expression for P → ∞, we introduce a parameter ǫ = t
P , that allows

us to rewrite the equation as

U (x, t; x′, 0) = lim
P→∞
ǫ→0

( m

2πih̄ǫ

)
P
2
∫

dx2 . . . dxP exp

{

iǫ

h̄

P

∑
k=1

[

m

2

(

xk+1 − xk

ǫ

)2
− V(xk) + V(xk+1)

2

]}

.

(S2.13)

By letting P approach infinity and, equivalently, ǫ approach zero, the time interval separating the space
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points x1, ..., xP+1 becomes infinitely small and the number of points discretising the interval [xP+1, x1]

becomes infinite, so that the position of the particle can be described as a continuous function of time

x(τ), with x(0) = x′ and x(t) = x. The same reasoning also allows to identify xk+1−xk
ǫ as the velocity of

the particle,

lim
ǫ→0

(

xk+1 − xk

ǫ

)

=
dx

dτ
= ẋ(τ), (S2.14)

so that the argument of the exponential in equation (S2.13) contains the classical action S[x] of the particle

in a Riemann sum integral representation:

lim
ǫ→0

ǫ
P

∑
k=1

[

m

2

(

xk+1 − xk

ǫ

)2
− V(xk) + V(xk+1)

2

]

=
∫ t

0
dτ

[

1
2

mẋ2(τ)− V(x(τ))

]

= S[x]. (S2.15)

Finally, as the the number of points discretising the interval [xP+1, x1] becomes infinite, the integration

over x2, ..., xP is to be regarded as an integration over all the possible functions x(τ) starting in x′ at τ = 0

and ending in x at τ = t, since all the points of the function x(τ) are being varied except for the endpoints

x and x′, a type of integration that is also known as functional integration. The integration measure is

then symbolically written as

lim
P→∞
ǫ→0

( m

2πih̄ǫ

)
P
2 dx2 . . . dxP ≡ Dx(τ), (S2.16)

so that the continuous limit or functional integral representation of the time evolution operator in the

coordinate space is given by

U (x, t; x′, 0) =
∫ x(t)=x

x(0)=x′
Dx(τ) exp

{

i

h̄

∫ t

0
dτ

[

1
2

mẋ2(τ)− V(x(τ))

]}

=
∫ x

x′
Dx e

i
h̄ S[x], (S2.17)

proving the earlier statement that the probability amplitude U (x, t; x′, 0) can be written as a sum over

paths starting in x′ at time 0 and ending in x at time t, where every path is weighted by a phase factor

whose phase is the classical action in units of h̄.

S2.2 Imaginary time path integrals

From the real time path integral formulation of the time evolution operator Û (t) = e−
i
h̄ Ĥt, the imaginary

time path integral formulation of the canonical density matrix ρ̂(β) = e−βĤ can be straightforwardly

derived by means of a Wick rotation, according to which

ρ̂(β) = Û (−iβh̄) and Û (t) = ρ̂

(

it

h̄

)

. (S2.18)

The canonical density matrix can hence be obtained from the time evolution operator by evaluating Û at

an imaginary time t = −iβh̄. Conversely, the time evolution operator can be obtained from the canonical

density matrix by evaluating ρ̂ at an imaginary inverse temperature β = it
h̄ , a transformation which can

be graphically depicted as a rotation between the real and imaginary axis of the plane spanned by the

S-5

Publications in International Peer-Reviewed Journals 109



complex variable θ = t + iβh̄ 1. The resulting path integral representation of the canonical density matrix

is then given by

ρ(x, x′; β) = lim
P→∞

(

mP

2πβh̄2

)
P
2 ∫

dx2 . . . dxP exp

{

−β
P

∑
k=1

[

1
2

mω2
P(xk+1 − xk)

2 +
1

2P
(V(xk) + V(xk+1))

]

}

,

(S2.19)

with x′ = x1, x = xP+1, and ωP =
√

P
βh̄ the angular frequency of the harmonic nearest-neighbour coupling

between the points along the path. The corresponding expression of the quantum mechanical canonical

partition function is given by

Z = Tr
[

e−βĤ
]

=
∫

dx 〈x| e−βĤ |x〉 =
∫

dxρ(x, x; β)

= lim
P→∞

(

mP

2πβh̄2

)
P
2 ∫

dx1 . . . dxP exp

{

−β
P

∑
k=1

[

1
2

mω2
P(xk+1 − xk)

2 +
1
P

V(xk)

]

}∣

∣

∣

∣

∣

xP+1=x1

, (S2.20)

where we made use of the cyclic boundary condition, which requires that x = x′ (or equivalently xP+1 =

x1), so that
1

2P

P

∑
k=1

(V(xk) + V(xk+1)) =
1
P

P

∑
k=1

V(xk). (S2.21)

If we then rewrite the prefactor in equation (S2.20) as a product of Gaussian integrals:

(

mP

2πβh̄2

)
P
2

=
∫

dp1 . . . dpP exp

{

−
P

∑
k=1

2π2βh̄2 p2
k

mP

}

, (S2.22)

a set of conjugate momenta variables p1, ..., pP can be introduced in the partition function, so that

Z =
∫

dp1 . . . dpP

∫

dx1 . . . dxP exp

{

−β
P

∑
k=1

[

p2
k

2m̃
+

1
2

mω2
P(xk+1 − xk)

2 +
1
P

V(xk)

]}∣

∣

∣

∣

∣

xP+1=x1

, (S2.23)

with m̃ = mP
(2πh̄)2 . In this way, it becomes possible to use the imaginary time path integral formulation

in MD simulations (PIMD), as the quantum mechanical partition function Z can now be mapped onto a

classical partition function, that describes the system by means of a fictitious necklace of P system replicas,

called beads, that interact with one another via a harmonic nearest-neighbour coupling with frequency ωP

(Figure 2). This mapping is also known as the classical isomorphism. The Hamiltonian of the simulated

system is then given by

HP =
P

∑
k=1

[

p2
k

2m̃
+

1
2

mω2
P(xk+1 − xk)

2 +
1
P

V(xk)

]∣

∣

∣

∣

∣

xP+1=x1

, (S2.24)

an expression which can straightforwardly be generalised to a collection of N distinguishable particles in
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3 dimensions:

HP =
P

∑
k=1





N

∑
i=1

p(k)2

i

2m̃i
+

N

∑
i=1

1
2

miω
2
P

(

r(k+1)
i − r(k)i

)2
+

1
P

V(r(k)1 , ..., r(k)N )



 . (S2.25)

S3 Force field parametrisation

All the force fields used within this work were derived from ab initio data, using our in-house developed

software package QuickFF2,3. The force field parameters are provided in Yaff input format in Table S1.

The atom types defined in the force field are the same as the ones used in Ref. 2. The covalent part of the

force field, which describes the interactions between chemically bonded pairs of atoms, is parametrised in

the following way

VFF
cov = Vbond + Vbend + Vtorsion + Voopdist + Vcross (S3.1)

= Vbond + Vbend + ∑
i

Kd,i

2
(di − di,0)

2 + ∑
i

Kφ,i

2
[1 − cos(mφ,i(φi − φi,0))] + ∑

i,j
(i 6=j)

Krr
i,j(ri − ri,0)(rj − rj,0),

with Vbond, Vbend, Vtorsion, Voopdist, and Vcross the force field contributions of the bonds, bends, torsion angles,

out-of-plane distances (oopdist), and cross terms respectively. Each of these contributions is parametrised

as a function of the appropriate internal coordinates, including the bond distances ri, the bend angles

θi (vide infra), the out-of-plane distances di, and the dihedral angles φi. The rest values of these internal

coordinates are denoted by ri,0, θi,0, di,0, and φi,0. The multiplicity of the dihedral angles is denoted by mφ,i

and the force constants are labelled Kr,i, Kθ,i, Kd,i, Kφ,i, and Krr
i,j. In the so-called ‘harmonic’ MOF-5 force

field, the bonds and bends are parametrised by

Vbond = ∑
i

Kr,i

2
(ri − ri,0)

2 (S3.2)

Vbend = ∑
i

Kθ,i

2
(θi − θi,0)

2, (S3.3)

whereas the ‘anharmonic’ MOF-5 force field makes use of the following definitions

Vbond = ∑
i

Kr,i

2
(ri − ri,0)

2
[

1 − 2.55 (ri − ri,0) +
7
12
(

2.55 (ri − ri,0)
)2
]

(S3.4)

Vbend = ∑
i

Kθ,i

2
(θi − θi,0)

2
[

1 − 0.14 (θi − θi,0) + 5.6 · 10−5(θi − θi,0)
2 − 7 · 10−7(θi − θi,0)

3 + 2.2 · 10−8(θi − θi,0)
4
]

.

(S3.5)

The non-covalent part of the force field consists of the electrostatic and van der Waals contributions, which

describe the Coulomb interaction between the Gaussian distributed charge densities, the Pauli repulsion,

and the dispersion interaction. Using the MM3 Buckingham potential for the description of the van der
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Waals interactions, the non-covalent part of the force field takes the following form

VFF
noncov =

1
2 ∑

i,j
(i 6=j)

qiqj

4πε0rij
erf

(

rij

dij

)

+
1
2 ∑

i,j
(i 6=j)

εij



1.84 · 105 e
−12

rij
σij − 2.25

(

σij

rij

)6


 , (S3.6)

with qi the charge of atom i, rij the distance between atoms i and j, dij =
√

d2
i + d2

j a mixed charge radius

derived from the individual Gaussian charge distribution radii di and dj, erf the error function, σij the

equilibrium distance of the MM3 potential, and εij the well depth of the MM3 potential. Just as for the

Lennard-Jones potential, empirical mixing rules are used for the interaction between atoms i and j, given

by σij = σi + σj and εij =
√

εiε j, as tabulated in Ref. 4.

S4 Convergence of the PIMD simulations

In order to obtain fully converged RDFs and thermal expansion coefficients including NQEs, 8 beads were

used for the PIGLET thermostatted PIMD simulations, whereas 32 beads were used for the regular PIMD

simulations to assure convergence of the volume of MOF-5, as shown in Figure S1.

20 21 22 23 24 25 26

Number of beads

18000

18100

18200

18300

18400

V
(Å

3
)

GLE 100 K

GLE 300 K

GLE 500 K

PIGLET 100 K

PIGLET 300 K

PIGLET 500 K

PIMD 100 K

PIMD 300 K

PIMD 500 K

Figure S1: Convergence of the volume of MOF-5 as a function of the number of beads, comparing
GLE thermostatted MD simulations and PIGLET thermostatted PIMD simulations (8 beads) to ordinary,
Langevin thermostatted PIMD simulations (32 beads).
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Table S1: Force field parameters of the anharmonic MOF-5 force field in Yaff input format.

# MM3QUART

#---------

MM3QUART:UNIT K kjmol/A**2

MM3QUART:UNIT R0 A

MM3QUART:PARS C_ph C_ph 4.0235900412e+03 1.3930859155e+00

MM3QUART:PARS C_ph H_ph 3.4057330879e+03 1.0847740222e+00

MM3QUART:PARS O_ce Zn 8.9239440814e+02 2.0347161610e+00

MM3QUART:PARS O_ca Zn 9.7852145881e+02 1.9169097752e+00

MM3QUART:PARS C_ca O_ca 5.6935698009e+03 1.2739271271e+00

MM3QUART:PARS C_ca C_pc 2.8198115487e+03 1.4961158143e+00

MM3QUART:PARS C_pc C_ph 3.8832500884e+03 1.4001340079e+00

# MM3BENDA

#----------

MM3BENDA:UNIT K kjmol/rad**2

MM3BENDA:UNIT THETA0 deg

MM3BENDA:PARS C_ph C_ph H_ph 2.9053440775e+02 1.2013974500e+02

MM3BENDA:PARS C_ph C_ph C_ph 6.1864845083e+02 1.1996439539e+02

MM3BENDA:PARS O_ca Zn O_ca 3.6359512585e+01 1.3438117178e+02

MM3BENDA:PARS Zn O_ce Zn 1.7593552737e+02 1.0946606702e+02

MM3BENDA:PARS C_ca O_ca Zn 1.1700257032e+02 1.3918065078e+02

MM3BENDA:PARS O_ca C_ca O_ca 7.3935359520e+02 1.2272556049e+02

MM3BENDA:PARS C_pc C_ca O_ca 6.6190055195e+02 1.1860003768e+02

MM3BENDA:PARS C_pc C_ph C_ph 5.8816132569e+02 1.2031868523e+02

MM3BENDA:PARS C_pc C_ph H_ph 3.0051887407e+02 1.1908053083e+02

MM3BENDA:PARS C_ca C_pc C_ph 3.9260965985e+02 1.2020872432e+02

MM3BENDA:PARS C_ph C_pc C_ph 5.6358621584e+02 1.1953360720e+02

# TORSION

#--------

TORSION:UNIT A kjmol

TORSION:UNIT PHI0 deg

TORSION:PARS C_ph C_pc C_ph C_ph 2 3.0928632221e+01 0.0000000000e+00

TORSION:PARS C_ph C_ph C_ph H_ph 2 3.1967987548e+01 0.0000000000e+00

TORSION:PARS C_ph C_ph C_ph C_ph 2 3.2165172488e+01 0.0000000000e+00

TORSION:PARS C_ca C_pc C_ph C_ph 2 4.5636248064e+01 0.0000000000e+00

TORSION:PARS C_pc C_ca O_ca Zn 2 1.3791713490e+01 0.0000000000e+00

TORSION:PARS C_ph C_pc C_ca O_ca 2 2.7501306061e+00 0.0000000000e+00

TORSION:PARS C_pc C_ph C_ph H_ph 2 3.1096578757e+01 0.0000000000e+00

TORSION:PARS C_ph C_pc C_ph H_ph 2 3.1835635613e+01 0.0000000000e+00

TORSION:PARS C_ca C_pc C_ph H_ph 2 1.5445488413e+01 0.0000000000e+00

TORSION:PARS H_ph C_ph C_ph H_ph 2 1.3292476591e+01 0.0000000000e+00

TORSION:PARS C_pc C_ph C_ph C_ph 2 2.8105763227e+01 0.0000000000e+00

# OOPDIST

#--------

OOPDIST:UNIT K kjmol/A**2

OOPDIST:UNIT D0 A

OOPDIST:PARS C_ca C_ph C_ph C_pc 2.5088068557e+02 0.0000000000e+00

OOPDIST:PARS C_ph C_ph H_ph C_ph 2.5888197721e+02 0.0000000000e+00

OOPDIST:PARS C_pc C_ph H_ph C_ph 3.1677202316e+02 0.0000000000e+00

OOPDIST:PARS C_pc O_ca O_ca C_ca 1.7360630145e+03 0.0000000000e+00
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#Fixed charges

#---------------

FIXQ:UNIT Q0 e

FIXQ:UNIT P e

FIXQ:UNIT R angstrom

FIXQ:SCALE 1 1.0

FIXQ:SCALE 2 1.0

FIXQ:SCALE 3 1.0

FIXQ:DIELECTRIC 1.0

# Atomic parameters

# ----------------------------------------------------

# KEY label Q_0A R_A

# ----------------------------------------------------

FIXQ:ATOM Zn 0.0000000000 2.0730000000

FIXQ:ATOM H_ph 0.0000000000 0.7240000000

FIXQ:ATOM C_ca 0.0000000000 1.1630000000

FIXQ:ATOM C_pc 0.0000000000 1.1630000000

FIXQ:ATOM O_ca 0.0000000000 1.1180000000

FIXQ:ATOM C_ph 0.0000000000 1.1630000000

FIXQ:ATOM O_ce 0.0000000000 1.1180000000

# Bond parameters

# ----------------------------------------------------

# KEY label0 label1 P_AB

# ----------------------------------------------------

FIXQ:BOND C_ph C_ph -0.0000000000

FIXQ:BOND C_ca C_pc -0.1800000000

FIXQ:BOND O_ce Zn -0.4450000000

FIXQ:BOND C_ph H_ph -0.1200000000

FIXQ:BOND C_ca O_ca 0.3950000000

FIXQ:BOND C_pc C_ph -0.0000000000

FIXQ:BOND O_ca Zn -0.3250000000

# van der Waals

#==============

# The following mathemetical form is supported:

# - MM3: EPSILON*(1.84e5*exp(-12*r/SIGMA)-2.25*(SIGMA/r)^6)

# - LJ: 4.0*EPSILON*((SIGMA/r)^12 - (SIGMA/r)^6)

#

# Remark:

# In MM3, if ONLYPAULI=1 then only the pauli term will be used.

# If ONLYPAULI=0, the full MM3 expression is used with 12.

MM3:UNIT SIGMA angstrom

MM3:UNIT EPSILON kcalmol

MM3:SCALE 1 0.0

MM3:SCALE 2 0.0

MM3:SCALE 3 1.0

# ---------------------------------------------

# KEY ffatype SIGMA EPSILON ONLYPAULI

# ---------------------------------------------

MM3:PARS Zn 2.290 0.276 0

MM3:PARS O_ce 1.820 0.059 0

MM3:PARS O_ca 1.820 0.059 0

MM3:PARS C_ca 1.940 0.056 0

MM3:PARS C_pc 1.960 0.056 0

MM3:PARS C_ph 1.960 0.056 0

MM3:PARS H_ph 1.620 0.020 0
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S5 RDFs and XRD patterns

In Figure S2, the atom pairs contributing to the different RDF peaks are indicated for both Zn–O pairs

of atoms and C–H pairs of atoms. For each RDF peak, the peak position and peak width obtained from

(PI)MD simulations with the harmonic and anharmonic force field of MOF-5 are compared to one another

in Tables S2–S3 and Figures S3-S4. A more detailed visual comparison between the first RDF peak as

obtained from MD and PIMD simulations is given in Figure S6 for the anharmonic force field.

In Figure S5, the accuracy of the PIGLET thermostatted PIMD simulations is verified by comparing the C–

H and Zn–O RDFs of the 8 bead PIGLET thermostatted PIMD simulations to 16 bead Suzuki-Chin PIMD

simulations. As both simulation techniques yield identical results, the efficient PIGLET thermostatting

scheme can be used without any loss of accuracy.

The XRD pattern of MOF-5 obtained from classical MD simulations and GLE thermostatted MD simula-

tions at 300 K is shown in Figure S7. As there are no major alterations in the crystal structure of MOF-5

when accounting for NQEs, there are no appreciable differences between both XRD patterns. The differ-

ences that are observed in the RDFs are simply too small to be noticeable at the resolution scale of the

XRD pattern.

First RDF peak

Second RDF peak

Third RDF peak

Fourth RDF peak

Fifth RDF peak

Sixth RDF peak
C-H pairs of atoms

Zn-O pairs of atoms

(a) (b)

Figure S2: Schematic overview of the atom pairs contributing to the different RDF peaks for (a) the Zn–O
pairs of atoms and (b) the C–H pairs of atoms.
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Figure S3: Gaussian peak width σx of the first six C–H RDF peaks in MOF-5, comparing different method-
ologies (classical MD, GLE thermostatted MD, and 8 bead PIGLET thermostatted PIMD) for three different
temperatures (△ = 100 K, � = 300 K, and ◦ = 500 K). The results obtained with the harmonic force field of
MOF-5 are indicated by harm., whereas the results obtained with the anharmonic force field are indicated
by anh.
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Figure S4: Gaussian peak width σx of the first three Zn–O RDF peaks in MOF-5, comparing different
methodologies (classical MD, GLE thermostatted MD, and 8 bead PIGLET thermostatted PIMD) for three
different temperatures (△ = 100 K, � = 300 K, and ◦ = 500 K). The results obtained with the harmonic
force field of MOF-5 are indicated by harm., whereas the results obtained with the anharmonic force field
are indicated by anh.
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Figure S5: RDFs of the C–H pairs of atoms (left) and Zn–O pairs of atoms (right) of MOF-5 at 300 K, com-
paring 8 bead PIGLET thermostatted PIMD simulations to 16 bead Suzuki-Chin (SC) PIMD simulations.
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Figure S6: First RDF peak of the C–H pairs of atoms (left) and Zn–O pairs of atoms (right) of MOF-5
at different temperatures, comparing classical MD simulations to 8 bead PIGLET thermostatted PIMD
simulations.
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Figure S7: XRD pattern of MOF-5 obtained from classical MD simulations and GLE thermostatted MD
simulations at 300 K using the anharmonic force field of MOF-5.
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Table S2: Peak position (in Å) of the first six C–H RDF peaks of MOF-5 obtained from classical MD
simulations, GLE thermostatted MD simulations, and 8 bead PIGLET thermostatted PIMD simulations.
The results obtained with the anharmonic force field of MOF-5 are indicated by anh.

T (K) NHC NHC anh. GLE GLE anh. PIGLET PIGLET anh.

100 1.086 1.087 1.084 1.093 1.079 1.098
2.155 2.158 2.147 2.166 2.145 2.176
2.737 2.740 2.727 2.748 2.728 2.755
3.409 3.413 3.398 3.425 3.397 3.438
3.877 3.882 3.865 3.894 3.864 3.908
4.680 4.687 4.669 4.706 4.668 4.719

300 1.086 1.089 1.083 1.096 1.079 1.104
2.154 2.161 2.145 2.170 2.145 2.179
2.731 2.741 2.725 2.749 2.725 2.754
3.406 3.416 3.397 3.431 3.396 3.441
3.873 3.885 3.864 3.901 3.863 3.913
4.674 4.691 4.666 4.712 4.665 4.721

500 1.086 1.090 1.083 1.096 1.078 1.107
2.152 2.163 2.145 2.172 2.144 2.180
2.727 2.742 2.723 2.748 2.723 2.753
3.402 3.419 3.396 3.432 3.394 3.443
3.869 3.888 3.862 3.902 3.860 3.914
4.669 4.696 4.663 4.714 4.662 4.722

Table S3: Peak position (in Å) of the first three Zn–O RDF peaks of MOF-5 obtained from classical MD
simulations, GLE thermostatted MD simulations, and 8 bead PIGLET thermostatted PIMD simulations.
The results obtained with the anharmonic force field of MOF-5 are indicated by anh.

T (K) NHC NHC anh. GLE GLE anh. PIGLET PIGLET anh.

100 1.973 1.990 1.971 1.989 1.971 1.990
3.338 3.355 3.335 3.360 3.336 3.362
4.637 4.664 4.634 4.671 4.635 4.672

300 1.972 1.990 1.971 1.990 1.971 1.990
3.329 3.350 3.328 3.354 3.328 3.356
4.624 4.658 4.624 4.662 4.623 4.663

500 1.970 1.989 1.970 1.990 1.970 1.990
3.320 3.345 3.319 3.349 3.319 3.350
4.610 4.651 4.611 4.656 4.611 4.656
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S6 Thermal expansion

In Figure S8, the 1200 lowest normal modes of MOF-5 with wavenumbers up to about 1750 cm−1 are

shown for different volumes, optimised with the harmonic or anharmonic force field of MOF-5. For each

force field, the volumes were chosen around the minimum and maximum equilibrium volume of MOF-5

between 0 and 500 K, to represent the volume range that is encountered in the investigation of the thermal

expansion (Figure 6). For the harmonic force field, the normal mode frequencies of the different volumes

are observed to only differ for the lowest wavenumbers, with about 40 modes showing differences larger

than 15 cm−1. For the anharmonic force field, the normal mode frequencies are affected more significantly,

as the differences in frequency are now present over the entire frequency range, with about 240 modes

that differ more than 15 cm−1 between the two volumes. As a consequence, the harmonic ZPE,

EZPE =
1
2 ∑

k

h̄ωk, (S6.1)

also changes as a function of the volume of MOF-5. For the harmonic force field, the volume dependence

of the normal mode frequencies is very small, as the atomic bonds are described by harmonic potentials

(S3.2), which are characterised by volume independent normal mode frequencies ωi:

∂2Vbond

∂r2
i

= Kr,i = miω
2
i , (S6.2)

with Kr,i the force constant of the atomic bond and mi the reduced mass of the atom pair. Any volume

dependence of the normal mode frequencies is therefore the result of other anharmonic contributions to

the force field, such as the non-covalent electrostatic and van der Waals interactions. For the anharmonic

force field, by contrast, the anharmonic potentials (S3.4) describing the atomic bonds do result in volume

dependent normal mode frequencies ω̃i, since

∂2Vbond

∂r2
i

= Kr,i

[

1 − 7.65 (ri − ri,0) +
7
2
(2.55 (ri − ri,0))

2
]

= miω̃
2
i , (S6.3)

with ω̃i a function of ri − ri,0. In the anharmonic description, the ZPE is therefore also position or volume

dependent, which translates into a temperature dependence within the context of thermal expansion (Fig-

ure 6).

From the normal mode frequencies, calculated at different volumes, a so-called quasi-harmonic approx-

imation of the free energy profile of MOF-5 can be constructed for both the harmonic and anharmonic

force field. In this approximation, the material is represented by a collection of N decoupled quantum

harmonic oscillators with frequencies ωi. As the partition function of a quantum harmonic oscillator can

be calculated analytically, the quasi-harmonic approximation allows for an analytical description of the
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free energy of the material:

F(T) =
N

∑
i=1

(

h̄ωi

2
+ kBT ln[1 − exp(−βh̄ωi)]

)

. (S6.4)

In this way, temperature related information concerning the material’s behaviour can be obtained with-

out performing (PI)MD simulations. By calculating, for different temperatures, the volume at which the

quasi-harmonic free energy profile of MOF-5 reaches its minimum, the thermal expansion coefficient of

MOF-5 can be estimated from the slope of a linear fit to the logarithm of the volume as a function of

temperature (see Section IV B). In Figure S9, the temperature dependence of the volume of MOF-5, as pre-

dicted by the quasi-harmonic approximation, is shown for both the harmonic and anharmonic force field

of MOF-5. The resulting thermal expansion coefficients of the respective force fields are −20 · 10−6 K−1

and −51 · 10−7 K−1. Compared to the thermal expansion coefficients predicted by (PI)MD simulations

(see Table I), the quasi-harmonic approximation seems to perform rather well for the harmonic force field,

whereas for the anharmonic force field the thermal expansion coefficient is severely underestimated. For

the harmonic force field, there is however a fairly large uncertainty on the value of the thermal expan-

sion coefficient, since the quasi-harmonic approximation already breaks down at temperatures as low as

200 K, at which the free energy profile no longer exhibits a minimum within the relevant volume range.

Given the complexity of the motions associated with the negative thermal expansion of MOF-5, a proper

dynamical sampling of the structure by means of (PI)MD is required to accurately reproduce the negative

thermal expansion, as outlined in Section IV B.

In Figure S10, the temperature dependence of the volume of MOF-5 is shown for MD and PIMD sim-

ulations for temperatures up to 3000 K. In this high temperature limit, the MD and PIMD results are

observed to converge to one another, as the ZPE of the nuclei becomes less important than their thermal

energy, so that the classical and quantum mechanical description of the nuclei start coinciding. A com-

parison with experimental results is given in Figure S11. The anharmonic force field results are observed

to yield a temperature dependent slope, and hence a thermal expansion coefficient, that is in line with

the experimental results, as discussed in Section IV B. The absolute value of the density/volume exhibits

however a difference of about 5 % with respect to experiment. This difference can be traced back to the

overestimation of bond lengths by the B3LYP functional5, which was used to generate the necessary ab

initio data for the construction of the force field.
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Figure S8: Normal mode frequencies for different volumes of MOF-5, optimised with the harmonic force
field (left) and anharmonic force field (right).
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Figure S9: Volume of MOF-5 as a function of temperature as obtained from the static quasi-harmonic
approximation using both the harmonic and anharmonic force field.
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Figure S10: Volume of MOF-5 as a function of temperature as obtained from (PI)MD simulations using
the anharmonic force field. The data points at 0 K were obtained from geometry optimisations with Yaff.
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the harmonic (‘harm. FF’) and anharmonic (‘anh. FF’) force field of MOF-5. The data points at 0 K were
obtained from geometry optimisations with Yaff. The experimental data was obtained from Ref. 6.
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Lausanne, Switzerland
‡Center for Molecular Modeling, Ghent University, Tech Lane Ghent Science Park Campus A, Technologiepark 46, 9052
Zwijnaarde, Belgium

*S Supporting Information

ABSTRACT: Metal−organic frameworks show both funda-
mental interest and great promise for applications in
adsorption-based technologies, such as the separation and
storage of gases. The flexibility and complexity of the
molecular scaffold pose a considerable challenge to atomistic
modeling, especially when also considering the presence of
guest molecules. We investigate the role played by quantum
and anharmonic fluctuations in the archetypical case of MOF-
5, comparing the material at various levels of methane loading.
Accurate path integral simulations of such effects are made
affordable by the introduction of an accelerated simulation scheme and the use of an optimized force field based on first-
principles reference calculations. We find that the level of statistical treatment that is required for predictive modeling depends
significantly on the property of interest. The thermal properties of the lattice are generally well described by a quantum
harmonic treatment, with the adsorbate behaving in a classical but strongly anharmonic manner. The heat capacity of the loaded
framework−which plays an important role in the characterization of the framework and in determining its stability to thermal
fluctuations during adsorption/desorption cycles−requires, however, a full quantum and anharmonic treatment, either by path
integral methods or by a simple but approximate scheme. We also present molecular-level insight into the nanoscopic
interactions contributing to the material’s properties and suggest design principles to optimize them.

1. INTRODUCTION

Tailor-made porous materials1 like metal−organic frameworks
(MOFs)2 are at the core of emerging technologies due to their
exceptional physical and chemical properties, such as a high
tunable porosity and an associated large gas storage capacity.
Therefore, they have been proposed for applications such as
adsorbed natural gas (ANG) storage in vehicles,3,4 adsorption-
driven heat pumps,5,6 and carbon capture and sequestration
(CCS).7,8 While a lot of work still needs to be done to
optimize the crucial adsorption and storage properties of these
porous materials,9 studies on other critical requirements such
as heat management are gaining interest.10 For instance, the
heat capacity, i.e., the amount of energy required to increase
the material’s temperature, is a fundamental thermodynamic
property of interest in these applications which involve large
thermal fluctuations, as adsorption and desorption processes
imply the release or consumption of energy. Moreover, the
heat capacity of the MOF affects the energy penalty to
regenerate the adsorbent in, for example, CCS.11 To date,
however, information on the heat capacity is lacking for most
MOFs,12,13 and the influence of adsorbed guest molecules on

the heat capacity has not yet been investigated, in contrast to
other thermal properties such as the thermal expansion
behavior and the thermal conductivity.14,15

Within this context, an efficient and accurate simulation
protocol to tackle the structural and thermal properties of
MOFs including all the relevant physical effects could facilitate
a better understanding of the structure−property relations and
suggest design principles for materials with improved proper-
ties. Due to the importance of finite-temperature effects,
anharmonicity, and nuclear quantum effects (NQEs), the
modeling of the thermophysics of MOFs is generally not a
trivial exercise. The first two effects have already been the
subject of many investigations and were included in our
protocol to characterize the thermodynamics of MOFs.16,17

Furthermore, very recently, some of the present authors
highlighted the necessity of an accurate theoretical framework
for the design of thermoresponsive MOFs.18 However, the
impact of NQEs has so far received far less attention within the
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MOF community, despite the many light atoms contained in
the crystal structure and present inside the pores.19−21

In this regard, path integral molecular dynamics (PIMD)22

provides an ideal reference framework for the evaluation of
thermodynamic averages, as it seamlessly captures both NQEs
and the anharmonic motion of nuclei. The statistics of
distinguishable quantum particles can be obtained through
the equivalence between the thermodynamics of a quantum
system and a classical ring polymer containing P replicas of the
system.23 In the limit of large P values, NQEs can then be
systematically accounted for. The major downside of this
technique is the associated high computational cost, i.e., P
times the corresponding cost of a classical molecular dynamics
(MD) simulation. However, several methodological advan-
ces24−29 that enable a reduction of the computational cost have
made it a mainstream technique for material modeling.30

An additional difficulty arises from the fact that most
experiments and practical applications are performed in
isothermal−isobaric conditions, while the vast majority of
atomistic simulations are performed with a fixed unit cell,
corresponding to isochoric conditions. As most solid materials
have a very small compressibility, the difference between the
two ensembles is often negligible. For MOFs on the contrary−
particularly when loaded with a gas−the behavior in isobaric
and isochoric conditions can be very different. Some of us
emphasized the importance of taking into account the
variations of the cell shape to simulate properties of flexible
MOFs.16 While algorithms for performing path integral
simulations at constant pressure conditions exist,31,32 an
accurate evaluation of the thermophysical properties requires
a very large number of replicas to reach convergence. In this
Article, we introduce a method, based on a recently developed
implementation of high-order path integral factorizations,26 to
greatly accelerate the convergence of these simulations.
This method, in combination with a first-principles-based

force field,17,33,34 makes it possible to characterize the
structural and thermophysical properties of complex molecular
systems such as guest-loaded MOFs. We investigate the
archetypical case of the well-known MOF-535,36 in the
presence and absence of methane in its pores (see Figure 1).
Evaluating and understanding the impact of methane
adsorption on the properties of MOFs is especially important
as they have been proposed as potential adsorbents for natural
gas storage applications.3,4,9 We demonstrate the crucial role of
a complete statistical-mechanical treatment of the quantum
and anharmonic fluctuations in MOFs for a correct description
of the structural properties and the heat capacity of guest-
loaded MOFs. By meticulously disentangling anharmonic and

nuclear quantum effects for both the lattice and the guest
molecules, we are able to propose an efficient empirical
calculation scheme which may be used to screen MOFs for
beneficial thermal properties on a larger scale.

2. METHODOLOGY

2.1. Materials. The materials that are considered in this
theoretical work are pristine and methane-loaded MOF-5
scaffolds.35 This framework consists of Zn4O(CO2)6 inorganic
nodes connected through 1,4-benzenedicarboxylate (bdc)
linkers. The unit cell is cubic and contains eight inorganic
nodes, as shown in Figure 1. We consider three different
loadings x of 50, 100, and 150 methane molecules in the
conventional unit cell (8(Zn4O(CO2)6)·xCH4), which encom-
pass both the low- and high-adsorption regime.3,37 At 100 bar
and room temperature, for example, approximately 120
methane molecules are present per conventional unit cell, as
experimentally measured by Mason et al.3 (see SI Figure S2).
Our force field underestimates the high-pressure saturation
loading at various temperatures (see SI Figure S3), which is a
property that is extremely sensitive to the underlying potential
energy surface.38 It is also important to note that
experimentally the chemical potential is controlled and not
the number of guest molecules and that the experimental
loading is highly dependent on the temperature. For
computational convenience, we performed all our molecular
dynamics simulations at a fixed number of particles. The
purpose of comparing multiple loadings is only to provide
qualitative insight into the interplay between temperature,
framework, and guest molecules rather than to compare
directly with experiment.

2.2. First-Principles-Derived Force Fields. The molec-
ular simulations are performed using newly developed force
fields for MOF-5 and methane. They are constructed with
QuickFF,33,34 a software package developed to derive force
fields for MOFs in an easy yet accurate way based on
information obtained from first-principles input data. Isolated
cluster models were used to generate the required first-
principles input data, which includes the equilibrium geometry
and Hessian together with the atomic charges. Within the
QuickFF protocol, the quantum mechanical potential energy
surface (PES) is approximated by a sum of analytical functions
of the nuclear coordinates that describe the covalent and
noncovalent interactions. The covalent interactions, which
mimic the chemical bonds between the atoms, are approxi-
mated by different terms as a function of the internal
coordinates (bonds, bends, out-of-plane distances, and
dihedrals). The noncovalent interactions are composed of

Figure 1. Structure of MOF-5 with a gas loading x of 0, 50, 100, and 150 molecules of methane (left to right) in the conventional unit cell
(8(Zn4O(CO2)6)·xCH4). The oxygen, carbon, and zinc atoms are shown in red, silver, and blue, respectively. For the sake of aesthetics, the
hydrogen atoms are not included. The methane molecules are represented by silver tetrahedra.
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electrostatic and van der Waals interactions. The guest−host
interactions between MOF-5 and methane only include
noncovalent terms. A detailed discussion of the force field
energy expression and derivation is provided in the Supporting
Information (see SI Section S4).
2.3. Thermodynamic Ensembles. In order to study the

classical and quantum isobaric heat capacity of the guest-
loaded MOF scaffold, the classical and quantum isothermal−
isobaric thermodynamic ensembles−as defined in ref 16−are
respectively used. For a system with N particles, subject to an
external mechanical stress σ σ= +I a, with the hydrostatic
pressure and σa the deviatoric stress, the classical (□ = cl) and
quantum (□ = qn) isothermal−isobaric ensembles at
temperature kBT = β−1 and fixed normalized cell tensor h0

are described by the partition functions

∫Δ ∝
β

□

−

□h hN T e Z N T( , ( ), ) d ( , ( ), )0 0 (1)

where □ hZ N T( , ( ), )0 are the corresponding canonical

partition functions at volume , normalized cell tensor h0, and
temperature T. Similarly, the flexible σ =N T0( )a partition
functions, which allow the cell shape to change, are defined by
the partition functions:39

∫ ∫
σ

δ

Δ =

∝ −β

□

−
□h h h

N T

e Z N T

0( , ( ), )

d d (det( ) 1) ( , ( ), )

a

0 0 0

(2)

The classical ensembles are sampled by classical molecular
dynamics, whereas the quantum ensembles are sampled using
path integral molecular dynamics.22 The latter maps the
quantum partition function of a system onto that of a classical
ring polymer Hamiltonian made of P replicas of the system.23

Formally, exact results can be obtained in the limit of P → ∞.
Unfortunately, the requisite value of P to calculate structural
properties rises rapidly with decreasing temperature, and for
properties such as heat capacity40 the increase in P is even
greater. This makes the standard scheme prohibitively
expensive.
2.4. Accelerated Simulation Scheme. To remedy this

problem, we present an accelerated scheme based on a
constant pressure integrator for the high-order path integral
method.24 The quantum statistics of distinguishable particles
arises from the noncommutative nature of the potential and
kinetic energy operators. In standard (second-order) path
integral schemes, an approximate factorization of the high-
temperature Boltzmann operator is introduced, that leads to an

error that decreases as P(1/ )2 . High-order techniques use an
alternative splitting of the Boltzmann operator,41,42 leading to

an alternative ring polymer Hamiltonian with a faster, P(1/ )4

convergence to the exact quantum limit. This makes it possible
to reduce the number of replicas and hence the computational
cost.24 While many high-order schemes exist,29,41 here we
focus on the specific case43 of a fourth-order Suzuki-Chin (SC)
splitting,42,44 which yields a so-called SC Hamiltonian
HP

sc(p, q). Considering for simplicity the case of a single
particle in an external potential, the SC Hamiltonian takes the
form

= +H H Vp q p q q( , ) ( , ) ( )P P P
sc 0 sc

(3)

where
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is the ring polymer Hamiltonian of a free particle, subjected to
cyclic boundary conditions (j + P = j), and
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Note that the odd and even replicas feel the physical
potential V(q(j)) scaled by factors of 2/3 and 4/3 respectively
and that the high-order term Ṽ(q(j)) = ωP

−2m−1|f(j)|2, that
depends on the modulus of the force f(j) ≡ − ∂V(q(j))/∂q(j),
only acts on the even replicas.
The improved efficiency of the high-order scheme is

demonstrated by studying the convergence of the total energy
and its temperature derivative for a harmonic model of MOF-
5−obtained by computing the dynamical matrix associated
with the first-principles-derived force field described in Section
2.2−with respect to the number of replicas. The analysis is
done analytically at two different temperatures: T = 100 and
300 K, as described in ref 45. As shown in Figure 2, the high-

order scheme improves the convergence of both the energy
and the heat capacity by a factor of 2 at room temperature. In
the low temperature or high accuracy regime where quantum
effects dominate, the efficiency of the high-order scheme is
even more significant.
The high accuracy afforded by the SC scheme makes it

particularly useful to compute the heat capacity. Thus far,
however, it has only been successfully applied to relatively
simple systems,46 and heat capacities in particular have only
been reported for small clusters of molecules and constant-
volume conditions.47 The difficulty in applying fourth-order
schemes to complex materials can be understood by
considering the fact that the force and virial contain derivatives
of ̃V with respect to the atomic positions and the cell
parameters

̃ ≡ −
∂ ̃

∂
Ξ
∼

≡
̃

h
h

V V
f

q

q

q( )
,

d ( )

d

j
j

j

j
j
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( )

( )
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(5)

Figure 2. Fractional error in the standard (blue) and Suzuki-Chin
(red) path integral estimators of the energy (circles) and the heat
capacity (triangles) of the empty MOF-5 modeled by the
corresponding Debye crystal potential, as a function of the number
of beads P at 100 K (bottom) and 300 K (top). The values of the
energy and the heat capacity were obtained analytically.45
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Given that ̃V (q(j)) already contains first-order derivatives of
the physical potential, the computation of the forces and the
virial, required to sample the isothermal−isobaric ensemble by
means of path integral dynamics, also demands the evaluation
of higher-order derivatives of the potential, which is often
cumbersome and computationally prohibitive. Much of the
work on the practical implementation of high-order path
integrals has therefore focused on avoiding the calculation of
these terms, by sampling the standard path integral
Hamiltonian and introducing fourth-order statistics by
reweighting.24,46 Unfortunately, reweighting schemes have
poor statistical performance for large systems,24,48 so the
application of the SC scheme has until now been limited to
small systems and to constant-volume sampling.
To circumvent these limitations, we evaluate the virial using

a finite-difference scheme that has recently been introduced by
some of the present authors, to sample the SC canonical
partition function directly. We discuss the essential ingredients
of this scheme in Appendix A and report a detailed derivation
in the SI. Direct access to the instantaneous force and virial
allows us to develop an integration scheme that samples the
quantum isothermal−isobaric ensemble. This scheme can be
regarded as an extension of the second-order scheme
introduced in the pioneering work of Martyna and co-
workers.31 The rather cumbersome derivation and the
equations of motion are given in the SI. It should be noted
that our implementation in i-PI

49 is also fully compatible
with multiple time stepping28,50 and stochastic thermostatting,
extending the integrators introduced in ref 51 to the
isothermal−isobaric ensemble.
By using the finite-difference expressions, only P/2 addi-

tional force evaluations are needed instead of P/2 Hessians. It
is also useful to note that these components have a P−2

prefactor, which means that they become small and slowly
varying for typical values of P used in SC simulations.26 This
facilitates the use of a long time step for integrating the high-
order forces and virials, enabling us to sample the ensemble
while evaluating the expensive terms rather infrequently.
To further reduce the computational effort, we combine this

scheme with other accelerated PIMD methods that rely on the
separation of the total potential into a cheap short-ranged term
and an expensive long-ranged term, which is the case in our
study, as discussed in Subsection 2.2. We consider in particular
ring polymer contraction (RPC)27 and multiple time stepping
(MTS).50 Within the first method, the long-ranged compo-
nents can be computed separately on a smaller ring polymer of
P′ beads, which are subsequently, without loss of accuracy,
extrapolated to the case of P beads. The second method
reduces the frequency at which the long-ranged interactions
are computed by the use of a longer time step for the
integration. The two methods can also be used together to
achieve substantial computational savings28 and can be
seamlessly combined with our high-order constant pressure
scheme.
2.5. Calculation of Thermodynamic Observables.

Within the SC scheme, the thermodynamic averages of all
structural observables A are estimated by an ensemble average
over the odd replicas

∑=
=

−

P

P
A q

2
/2

( )
j

jOP

1

(2 1)

(6)

as first demonstrated by Jang and Voth.24 These estimators are
commonly referred to as “operator” (OP) estimators, as
opposed to the “thermodynamic” estimators obtained by
derivation of the path integral partition function, that often
have pathological statistical behavior. The simplicity of OP
estimators makes the SC scheme very appealing in comparison
to other high-order schemes, in which ad hoc estimators need
to be constructed for simple structural observables.46,52 The
OP estimators for the total energy ( ) and enthalpy ( ) are
listed in Appendix B. Since the standard estimators for the heat
capacity in path integral methods tend to be very complex and
exhibit a large variance, we derive an OP double-virial
estimator for the isobaric (and isochoric) heat capacity

= ∂
∂

CP T
. The derivation is presented in the SI (Section

S3.2), and the resulting expression is given in Appendix B,
where it is also shown that this estimator has very good
statistical properties and outperforms existing heat capacity
estimators.47 However, in this study we computed thermo-
physical properties over a broad range of temperatures and
found it more convenient to estimate CP by means of a finite
difference approximation to the temperature derivative of the
enthalpy:

=
∂
∂

≈
| − |

Δ
+Δ −ΔC T

T T
( )

2
P

T T T T

(7)

A dedicated estimator will prove useful in simulations that
are targeted at a single, specific temperature.

3. COMPUTATIONAL DETAILS

The required first-principles cluster data for the determination
of the covalent terms in the force field are generated with
Gaussian 16

53 using the B3LYP54 exchange-correlation
functional. A 6-311G(d,p) basis set55 is used for the C, O, and
H atoms, together with the LanL2DZ basis set for Zn.56 The
atomic charges are derived with the Minimal Basis Iterative
Stockholder (MBIS) partitioning scheme.57 The atomic
charges of the MOF-5 clusters are obtained from the PBE58

electron density computed with GPAW.59 For methane, the
atomic charges are derived from the B3LYP all-electron density
obtained with Gaussian 16. The parameters of the van der
Waals interactions are taken from the MM3 force field.60,61

The van der Waals interactions are calculated up to a cutoff of
15 Å, and a tail correction is added to the potential and its
derivatives.62 The initial configurations of the methane
molecules are generated using RASPA63 by inserting methane
molecules at random positions, while ensuring that only
realistic intermolecular distances are retained. Afterward a
canonical Monte Carlo algorithm was used to equilibrate the
positions.
For MOF-5 with and without methane, we perform classical

and path integral MD simulations at a mechanical pressure of 1
bar and at different temperatures in the range of 100 to 500 K.
The classical MD simulations of both loaded and pristine
MOF-5 are performed using Yaff in the σ =N T( 0)a

ensemble, i.e. without constraints on the unit cell.16 While the
covalent interactions are calculated by Yaff, the expensive
long-range interactions are computed by lammps

64 in a
computationally efficient manner. The equations of motion are
updated via a Verlet scheme, with a time step of 0.5 fs. The
temperature is controlled via a single Nose−́Hoover chain
consisting of three beads, with a relaxation time of 100 fs.65−67

A Martyna-Tobias-Klein barostat with a relaxation time of
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1000 fs is used to control the pressure.16,39,68 We performed
five independent runs of 500 ps, starting from a different
random seed and from different methane positions. For the
empty MOF-5, a single trajectory of 500 ps was used. An
equilibration time of 100 ps was considered.
The PIMD simulations are performed with the universal

force engine i-PI49 in the hN T( )0 ensemble, in which the
cubic symmetry is kept fixed. As shown in the SI (see Section
S6.2), the results obtained in the classical limit (P = 1) agree
perfectly with those obtained in the classical σ =N T0( )a

ensemble. This indicates that the effect of cell shape sampling
on the heat capacity is negligible for this rigid MOF and thus
isotropic barostatting suffices for our PIMD simulations. The
evaluation of the forces is carried out by Yaff and lammps,
similar to the classical MD simulations, while the time
evolution of the nuclei to sample the appropriate thermody-
namic ensemble is done with i-PI. To control the
temperature, a PILE-L thermostat69 is applied to the system,
and a white noise Langevin thermostat70 is applied to the cell.
To control the pressure, a path-integral version of the Bussi-
Zykova-Parinello (BZP) barostat,32,71 adapted to the SC
scheme, is used. The time constants for the thermostats and
the barostats are the same as the ones used in the classical
simulations. A BAOAB type51 MTS scheme50 (see SI Section
S2.3) is used to integrate the equations of motion. The
computationally cheap short-range terms of the force field are
computed on 64 replicas and integrated with a time step of
0.25 fs. The remainder of the interactions, i.e. the expensive
long-range interactions, are computed on 8 replicas using RPC
and integrated with a time step of 1 fs. As discussed above, a
finite differences strategy is adopted to determine the heat
capacity from the enthalpy with a temperature interval of 25 K.
We performed 30 independent runs of 50 ps, starting from a
different random seed and from different methane positions.
For the empty MOF-5, five independent trajectories of 125 ps
were used. An equilibration time of 25 ps was considered.

4. RESULTS

Having developed an accelerated integration scheme for the
quantum isothermal−isobaric ensemble, we now focus on the
structural and thermal properties of methane-loaded MOF-5.
Extensions toward other MOFs and adsorbates will be the
topic of future studies. The importance of the inclusion of
NQEs and anharmonicities in the modeling of the heat
capacity is probed by comparing the results with other

methods such as classical MD, which neglects NQEs, and the
harmonic approximation, which neglects anharmonicity. We
discuss the accuracy of these commonly adopted approx-
imations and provide empirical relations, which might resolve
the general lack of knowledge of the heat capacity of this class
of materials.

4.1. Structural Properties. To unravel the influence of
adsorbates on the framework and finally on the heat capacity,
we start by investigating the structural response of MOF-5 for
various loadings and temperatures. Here, one could already
expect to observe significant NQEs, as zero-point effects were
recently found to substantially increase the volume of MOF-5
when comparing classical MD with PIMD.21 Additionally,
NQEs have previously been observed to change the volume of
bulk alkanes by about 10%.72−74 A comparison of Figures 3(a)
and (b) indeed reveals that the inclusion of NQEs increases
the volume by almost 1% for all loadings and temperatures.
Horizontally, this shift corresponds to a substantial temper-
ature reduction of about 100 K.
Interestingly, the qualitative changes in the volume as a

function of loading at different temperatures do not change
appreciably with or without the inclusion of NQEs. At low
temperatures, the material slightly shrinks in the presence of
methane. The observed adsorption-induced deformation can
be understood by attractive van der Waals interactions
between the framework and the adsorbed methane.75,76 At
higher temperatures, by contrast, the empty framework has the
lowest volume, as entropic and kinetic effects start dominating
and the adsorbed molecules increase the internal pressure,
which leads to a volumetric expansion when increasing the
loading. The main effect of NQEs on the volume of the guest-
loaded system is thus an upward volume shift,21 which is to a
large extent independent of the number of guest molecules and
the temperature.
Varying the concentration and the type of adsorbates in the

framework was suggested by Calero and co-workers15 as a way
to control and tune the thermal expansion of a system based
on classical MD simulations. We confirm that with methane it
is possible to go from the well-known negative thermal
expansion behavior of the empty framework77−79 toward
positive thermal expansion. A proper inclusion of NQEs in our
molecular dynamics simulations does not influence the
predictions in this temperature window,21 and this conclusion
still holds with methane in the pores, as shown in Figure 3(c).
A more surprising picture emerges when looking at the

distribution of methane inside MOF-5. Recent PIMD

Figure 3. Panels (a) and (b) show the lattice parameter a of MOF-5 with x = 0, 50, 100, and 150 molecules of methane as a function of
temperature (T), obtained from classical MD and PIMD, respectively. Panel (c) shows the linear thermal expansion coefficient (α) as a function of
x. The classical and quantum estimates are respectively shown with dashed and solid lines. Error bars indicate statistical uncertainty.
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simulations73 of bulk methane (at 110 K) have shown that
NQEs lead to significant changes in the structure of methane at
low temperature, corresponding to an overall softening of the
structure and an increase in the intermolecular distance by
about 0.1 Å. In contrast, in our study of methane confined in
the pores of MOF-5, even at 100 K−where NQEs are expected
to be the greatest−there is no appreciable difference between
the shape of the classical and quantum distribution functions of
methane, as shown in Figure 4. This can be understood by the
fact that the change in the structure of bulk methane comes
entirely from the isotropic expansion of the gas.80 In the case
of methane molecules confined in the pores, the low
compressibility of the framework makes the expansion as
observed in bulk methane when including NQEs impossible.
This discussion shows that the structural response of MOF-5

to a varying number of methane molecules and temperature is
largely unaffected by NQEs, except for the zero-point lattice
fluctuations. Our observations also corroborate the common
practice of ignoring NQEs when studying the loading of
porous materials by Grand Canonical Monte Carlo simu-
lations.63 Nevertheless, this conclusion cannot be generalized
to other adsorbates, especially those possessing stronger
intermolecular interactions such as hydrogen bonding.
4.2. Heat Capacity. MOF-5 has been the subject of a few

experimental heat capacity studies12,13,81,82 which have shown
that the material has a low specific (or molar) heat capacity,
about 0.7 J/g·K at room temperature, even when compared to
other MOFs. Depending on the type of the application, a large
(e.g., for ANG to limit temperature fluctuations) or a small
(e.g., for CCS to limit the energy penalty) heat capacity is
sought after. It is thus important to understand how this
property changes at different levels of loading and temperature

and to determine the factors influencing the heat capacity,
which is now possible using our high-order PIMD scheme.
In the previous section, it has been shown that classical MD

can−at least qualitatively−be used to model the structural
response of MOF-5 in the presence of methane at various
temperatures. This approach is however expected to fail for the
description of the heat capacity since the heat capacity of most
solids is dominated by NQEs at room temperature, as
evidenced by experimental deviations from the classical
Dulong-Petit law. The most common way of including
NQEs for solids is the static harmonic approximation, using
Einstein or Debye harmonic model for solids, which is usually
able to reproduce the heat capacity semi-quantitatively and will
therefore also be used for comparison.
We begin by presenting the estimates of the temperature

dependence of the isobaric heat capacity of the empty MOF-5
framework. As shown in Figure 5, the classical MD estimates
(dashed line) are in agreement with the Dulong-Petit law. The
simulations yield an almost constant value of 3 kB per degree of
freedom, which indeed results in large deviations from the
experimental values.12,13,81,82 Upon inclusion of NQEs with
our PIMD scheme (solid line), we find that the results follow
the experimental measurements reasonably well up to almost
400 K. This agreement is remarkable, as these measurements
are typically carried out on the as-synthesized sample, which
possibly includes solvents12 and differs from the perfect crystal
that we have simulated.
Figure 5 also reveals that the results obtained using the

simple and computationally inexpensive harmonic approxima-
tion (dotted line) are in good agreement with the exact values
computed with PIMD. This implies that anharmonic quantum
contributions to the heat capacity and the effect of an adequate
anharmonic sampling are small for the empty MOF. Moreover,

Figure 4. Methane distribution in the pores of MOF-5 at different temperatures as obtained from PIMD simulations. Orange spots indicate high
probability adsorption sites. Other colors show the distribution of the low probability methane positions in the conventional unit cell and visualize
the probability representation (from very high (orange), to high (dark blue), to low (white) probability). The results are displayed for a loading x of
100 methane molecules per conventional unit cell (8(Zn4O(CO2)6).
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the harmonic approximation using the UFF4MOF force field83

yields largely similar results (see SI Section S6.1), so that a less
accurate and generic model for the potential energy surface is
capable of reproducing the heat capacity of the empty
framework.
Another notable detail of our calculations is that the

harmonic approximation was used to estimate the isochoric
heat capacity instead of the isobaric one. As the isobaric and
isochoric heat capacities are almost the same, the MOF
behaves like a regular solid, despite its large negative thermal
expansion coefficient. The harmonic approximation could
therefore serve as an efficient procedure to accurately estimate
the heat capacity of the empty framework in the increasing
number of high-throughput MOF screenings.9,84

In order to study the effect of adsorbates, we start by
considering the case of a loading x of 100 methane molecules
per conventional unit cell (8(Zn4O(CO2)6)·100CH4). Con-
trary to the case of the empty framework, we could not find
published experimental data for the heat capacity of the guest-
loaded framework. Although a high-level PIMD strategy might

not be required to estimate the heat capacity of the empty
MOF host, PIMD proves to be crucial to capture the correct
temperature dependence of the loaded system, as can be seen
in the left panel of Figure 6. Here, anharmonic effects become
important as we observe differences between the PIMD results
and the harmonic approximation. The discrepancy in the
qualitative behavior of the heat capacity between both
techniques can be understood through the mobility of the
guest molecules in the large pores of the framework, which
cannot be adequately captured by a harmonic approximation.85

These low-frequency anharmonic motions explain why we find
at the classical MD level a similar low-temperature dependence
as in PIMD, but only PIMD simulations include both
anharmonic and nuclear quantum effects correctly. Interest-
ingly, the combination of both effects yields a heat capacity
that does not change monotonically but exhibits a minimum at
about 200 K.
Extending toward other loadings of methane in the middle

panel of Figure 6, it becomes clear that the heat-capacity
minimum as a function of temperature depends strongly on the
number of guests and becomes more pronounced at higher
loadings. Even when expressing the heat capacity normalized
to the total mass of the system, one can see that at a fixed
temperature CP increases almost linearly with the loading (see
Figure 6(c) at 300 K). For the volumetric heat capacity, i.e.,
the heat capacity per unit of volume of the system, similar
results are obtained (see SI Section S6.4).
To rationalize the origin of the nonmonotonic temperature

dependence of the heat capacity, we determine which
interactions give the most substantial contribution to CP. To
this end, the force-field energy contributions are decomposed
in terms of the host, host−guest, and guest−guest interactions
(see SI Section S6.3). Figure 7 displays the most important
results of this analysis. The host and guest−guest contributions
to the specific heat capacity are visualized in panels (a) and
(c). The shape of the different host curves appears to be
independent of the loading. In fact, when rescaled to the mass
of the empty MOF, the curves coincide with one another and
with the curve obtained within the harmonic approximation.
This demonstrates that the degrees of freedom of the MOF-5
framework, which are more strongly quantized, are predom-
inantly harmonic and do not change significantly due to the
interaction with methane. Their contribution to the total heat
capacity per unit mass, however, decreases with the loading

Figure 5. Heat capacity CP of the empty MOF-5 as a function of
temperature (T) computed using classical MD (dashed), PIMD
(solid), and the harmonic approximation (dotted). The right pointing
arrow shows the Dulong-Petit limit. Different experimental results are
shown in black using triangular,13 square,81 and diamond12 markers.
Error bars indicate statistical uncertainty.

Figure 6. Panel (a) shows the comparison of the classical (dashed), quantum (solid), and harmonic estimates (dotted) of the isobaric heat capacity
CP of MOF-5 with 100 molecules of methane, as a function of the temperature T. Panel (b) shows the temperature dependence of the quantum
isobaric heat capacity of MOF-5 with x molecules of methane. Panel (c) shows the quantum isobaric heat capacity of the MOF with x molecules of
methane as a function of x at 300 K. Error bars indicate statistical uncertainty.
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due to a change in the mass balance. The guest−guest
interactions, on the other hand, are relatively constant and only
show a small increase when going from 100 to 500 K, due to
the activation of high-frequency vibrational modes. The most
interesting contribution arises from the host−guest inter-
actions, which explains the nonmonotonic behavior of the
specific heat capacity of the guest-loaded system. The
contribution of these interactions decreases with a sharp
temperature dependence when sufficient guest molecules are
present inside the pores. The large heat capacity at
temperatures lower than 100 K originates from the known
first-order structural phase transition of methane in MOF-5 at
60 K,86,87 from which we observe the decreasing tail. Since the
methane molecules are more localized at low temperatures, the
attractive host−guest interactions allow for efficiently storing
thermal energy. At higher temperatures, from 250 to 500 K,
the host−guest contributions become negligible as the
confined guests become more mobile and less bound to the
framework, so that the increase in thermal energy can no
longer be stored in the physical interactions between the
methane guests and the MOF-5 host.
Another decomposition of the force-field energy in terms of

the covalent, electrostatic, and van der Waals interactions
shows that the short-range covalent interactions and thus the
network of chemical bonds (Figure 8) dominates the
contributions to the heat capacity. For the empty MOF-5
framework, the noncovalent interactions are negligble (see SI
Section S6.3). This confirms that the heat capacity of empty
MOF-5 can be approximated by considering only contribu-
tions from the separate molecular fragments of the material12

and suggests why the harmonic approximation works well for
this material. For the loaded framework, the noncovalent part
starts to play a role, which is especially true for the host−guest
interactions. Not surprisingly, in the case of nonpolar methane
molecules, these interactions are dominated by the van der
Waals terms in the force field (see SI Section S6.3). This
suggests that the use of different, more polar, guests in which
electrostatic interactions play a more prominent role (e.g.,
CO2) could give rise to other interesting phenomena.
However, care must be taken in interpreting these different
terms, as a separation is not unambiguously defined and might
be force-field dependent. Nevertheless, simulations using a
different force-field model for the guest−host and guest−guest
interactions display the same qualitative behavior (see SI
Section S6.5), suggesting that our conclusions are rather
robust.

4.3. The Interplay of Gas Loading, Anharmonicities,
and Quantum Effects. Our analysis of the structural and
thermal properties of methane-loaded MOF-5 shows that the
total system does not always need a full treatment of
anharmonicities and NQEs. This suggests that a full path
integral sampling of the entire system may not be necessary,
especially if qualitative trends are to be studied. Hence,
inspired by our results, we propose an empirical formula for
the volume and the heat capacity in which the most important
effects, i.e., anharmonicities and/or NQEs, are captured and
which might prove to be beneficial for future studies of guest-
loaded MOFs.
As discussed above, the main difference between the volume

with or without NQEs comes from zero-point effects in the
lattice.21 The correct volume can therefore be estimated as
follows

≈ [ ‐ ] − [ ‐ ] + [ ‐ + ]MOF 5 MOF 5 MOF 5 CHqn
anh

cl
anh

cl
anh

4

where anh stands for the inclusion of anharmonicities with
MD, and cl and qn denote the use of classical or path integral
MD, respectively. The left most panel of Figure 9 indicates that
this approximate volume agrees very well with the exact results
obtained from PIMD simulations. A more stringent test is the

Figure 7. Panels (a), (b), and (c) respectively show the decomposition of the specific heat capacity of the MOF and the adsorbate system into host,
host−guest, and guest−guest contributions for different gas loadings (x). The curves were obtained by deriving a polynomial fit to the energy as a
function of temperature.

Figure 8. Decomposition of the total heat capacity of MOF-5 with
100 methane molecules per unit cell into covalent (COV),
electrostatic (EI), and van der Waals (DISP) contributions. The
curves were obtained by deriving a polynomial fit to the energy as a
function of temperature.
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thermal expansion coefficient, which is−as shown in Figure
9(b)−also in excellent agreement with the PIMD results. For
systems where a first-principles treatment of the potential
energy surface is required and PIMD simulations are too
expensive, other approximate techniques such as the quasi-
harmonic approximation or classical MD with a quantum
thermostat could be used to estimate the zero-point effects.21

In contrast, we observed in the previous section that the heat
capacity of the framework could be estimated with a harmonic
approximation, while the guest−host interactions are domi-
nated by anharmonicities. For that reason, we propose

≈ − + [ ‐ + ]C C C C( ) MOF 5 CHqn
har

cl
har

cl
anh

4

in which the high frequency modes of adsorbate and the MOF
are treated in a harmonic fashion and the host−guest
interactions are treated classically. For Ccl

har, the Dulong-Petit
law can be used. The proposed relation is analogous to similar
corrections that are routinely used to compare the heat
capacity obtained from classical simulations with experimental
data.88 As shown in the rightmost panel of Figure 9, this
approximation works really well for this system and is even able
to qualitatively reproduce the heat capacity minimum for a
loading of 100 methane molecules. Beyond 200 K, the
agreement between the empirical expression and the exact
PIMD becomes quantitatively correct. This method could thus
be an inexpensive route to estimate the heat capacity of guest-
loaded MOFs.

5. CONCLUSIONS

To summarize, we developed an efficient and accurate
methodology to calculate the isobaric thermophysical proper-
ties of materials, that is generally applicable and therefore
ideally suited to the study of guest-loaded MOFs. For this
purpose, we derived and implemented the necessary
algorithms in i-PI

49 to perform simulations in the quantum
isothermal−isobaric ensemble using the Suzuki-Chin path
integral molecular dynamics framework. The method is
rigorous and can be seamlessly combined with other cost-
reduction techniques, which facilitates a huge reduction of the
computational cost compared to standard techniques.
We demonstrated the applicability of our approach by

investigating the heat capacity of the prototypical MOF-5
loaded with different numbers of methane molecules. We
observed that the level of statistical sampling that is needed to

achieve quantitative accuracy depends on the property of
interest. For all the cases we considered, we found the
framework to behave in a strongly quantized manner but to be
largely amenable to a harmonic treatment. The adsorbates, on
the other hand, show only mild quantum effects in their
intermolecular interactions but require a full anharmonic
description. The heat capacity shows a particularly subtle
interplay of quantum and anharmonic fluctuations, that results
in a nonmonotonic temperature dependence of the heat
capacity, with a minimum around 200 K.
Through a decomposition of the heat capacity into

molecular interactions, we find that the host−guest inter-
actions are responsible for this behavior, as their contribution
to the total heat capacity decreases with temperature. By
comparing the behavior of different classes of framework
materials and guest molecules, this may reveal new design rules
to optimize the thermal behavior of a storage material over a
broad range of temperatures and levels of loading. Our
approach provides an affordable route to perform benchmark
studies and approximation strategies to carry out the high-
throughput studies that are needed to obtain a complete
understanding of the interplay between framework, adsorbate,
and quantum mechanical and anharmonic fluctuations that
determine the thermophysical properties of MOFs.

■ APPENDIX A: SUZUKI-CHIN FORCES AND VIRIALS

Recently, some of the present authors showed that the high-
order force can be estimated in a finite difference fashion,26

without computing the full Hessian (see SI Section S1.5)
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normalization factor, so that ϵ represents the root-mean-square
displacement applied to each atom. This avoids the explicit
calculation of the Hessian and allows for the direct sampling of
the Suzuki-Chin canonical ensemble. Following a similar
strategy (see SI Section S1.6), we show that the high-order
component of the virial can be estimated as

Figure 9. Panels (a), (b), and (c) respectively show the temperature dependence of the cell parameter (a) for MOF-5 with 50 and 150 molecules
of methane, the linear thermal expansion coefficient α of MOF-5 as a function of methane loading x, and the isobaric heat capacity CP of MOF-5
with 100 molecules of methane, obtained with classical MD (dashed), PIMD (solid), and the approximation introduced in the work (dot-dashed).
Error bars indicate statistical uncertainty.
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■ APPENDIX B: SUZUKI-CHIN ESTIMATORS

The operator (OP) and thermodynamic (TD) estimators of
the energy for Suzuki-Chin isothermal−isobaric PIMD
simulations of a single particle system, described in Section
2.4, are given by
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where ̅ ≡ ∑ =q q
P j

P j1
1

( ) is the position of the centroid, fsc(j) ≡

−∂Vsc(q(j))/∂q(j) is the total Suzuki-Chin force, and ⟨·⟩
denotes a thermodynamic average over the quantum
isothermal−isobaric ensemble. The generalization to a many
particle system is straightforward. The □ = OP or □ = TD
estimators of the enthalpy are obtained through the simple
expression:

= + ⟨ ⟩□ □
(12)

The □ = OP or □ = TD (that we will refer to as the
Yamamoto estimator47) double virial estimators of the heat
capacity take the following form
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where ′□ for □ = TD is given in ref 47 and
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The double virial force fdcv
(2j−1), which depends on the Hessian

of the physical potential, can be estimated in a computationally
efficient way by finite differences:
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We tested this estimator on the well-known isobaric heat
capacity of liquid water which is 1 cal mol−1 K−1 or 9 kB per
molecule at 300 K. The water molecules are modeled with the
q-TIP4P/f force field,89 and the heat capacity is estimated with
SC PIMD using the aforementioned estimators. As shown in
Figure 10, both estimators converge to the same value and are
in excellent agreement with the experiments. More impor-

tantly, however, the variance of the computationally expensive
′□ term with the OP method is almost two orders of

magnitude smaller than with the Yamamoto estimator. The OP
estimator also only requires one-fourth of the number of force
evaluations than its Yamamoto counterpart and should
therefore always be preferred.
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To exploit the full potential of metal–organic frameworks as solid adsorbents in water-

adsorption applications, many challenges remain to be solved. A more fundamental

insight into the properties of the host material and the influence that water exerts on

them can be obtained by performing molecular simulations. In this work, the

prototypical flexible MIL-53(Al) framework is modelled using advanced molecular

dynamics simulations. For different water loadings, the presence of water is shown to

affect the relative stability of MIL-53(Al), triggering a phase transition from the narrow-

pore to the large-pore phase at the highest considered loading. Furthermore, the effect

of confinement on the structural organisation of the water molecules is also examined

for different pore volumes of MIL-53(Al). For the framework itself, we focus on the

thermal conductivity, as this property plays a decisive role in the efficiency of

adsorption-based technologies, due to the energy-intensive adsorption and desorption

cycles. To this end, the heat transfer characteristics of both phases of MIL-53(Al) are

studied, demonstrating a strong directional dependence for the thermal conductivity.

1 Introduction

For more than two decades, metal–organic frameworks (MOFs) have been

investigated for their exceptional adsorption properties. Today, these porous,

hybrid inorganic–organic crystalline frameworks still hold a lot of potential for

a wide range of adsorption technologies in elds related to sustainable energy

storage and the reduction of the greenhouse effect.1–4 Water-adsorption
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applications are one of the many promising possibilities for the use of MOFs as

advanced solid adsorbents.5–9 Water-stable MOFs could, for instance, nd use in

adsorption-driven heat pumps or chillers,10–15 and in atmospheric water

harvesting.16–19

However, just as for all applications involving repeated adsorption processes,

the heat management in water-adsorption applications poses an important

engineering challenge. Insight into the thermal transport characteristics of MOFs

is therefore essential, as their efficiency as adsorbents is strongly reduced when

the temperature of the system increases, thus requiring proper control over the

heat released by adsorption. This not only holds for storage tanks, in which the

slow dissipation of heat could hinder the tank-lling cycles, but also for heat

pumps, in which heat should be transferred rapidly to the surroundings. External

heat exchangers or more conductive MOF composites could be developed to meet

these requirements, but this comes at a cost.20–23 As the thermal conductivity of

MOFs is very complicated to measure accurately,24–28 relatively few experimental

studies have discussed the importance of the intrinsic heat dissipation in MOFs,

so that mainly computational investigations have provided explanations for their

low thermal conductivities.29–36 Nevertheless, for most MOFs, reference data is

still lacking in the literature.28,36 In this work, the thermal conductivity of MIL-

53(Al) was simulated,37 a bistable material that possesses a narrow-pore (np)

and a large-pore (lp) phase (Fig. 1) and is known for its anisotropic mechanical

and thermal properties.38,39 For practical applications, quantication of the

anisotropy in the heat transfer is required as it can affect the design and operation

of certain devices.40 In this proof-of-principle study for the exible MIL-53(Al)

framework, we show that the intrinsic thermal conductivity of the framework

differs between its (meta)stable states, which might be exploited in nanoscale

applications that require precise control over the thermal conductivity via

external stimuli, such as temperature and pressure.41–43

These stimuli, alongside guest adsorption, can trigger the intrinsic exibility

of MIL-53(Al), resulting in a reversible structural transformation44–47 that can

contribute to the internal heat management during the adsorption process, as the

heat of adsorption is partially used to overcome the energetic barrier between the

different phases.48,49 In other words, by carefully selecting a MOF exhibiting

a reversible phase transition in the desired adsorption range, it becomes possible

Fig. 1 Molecular representations of the narrow-pore (np) and the large-pore (lp) phases of

MIL-53(Al). The a-, b- and c-directions are indicated together with the conventional unit

cells in the ac-plane.
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to lower the overall amount of heat released in the adsorption process in

comparison to a material without a phase transition.

However, designing a MOF with a reversible phase transition in the relevant

adsorption window is a nontrivial task. Experimentally, this is accompanied by

a high degree of trial and error, as the underlying thermodynamic potential

cannot be directly accessed.46 Despite the abundance of adsorption studies in

MOFs, only a limited number of theoretical studies have investigated the critical

effect that guest molecules can have on the phase stability.46,50,51 Some of the

present authors recently demonstrated that standard computational consider-

ations typically do not suffice for these complex materials, as long-range disper-

sion interactions and correlated atomic motion might play an important

qualitative and quantitative role in the description of these stimuli-responsive

MOFs.52,53 In this work, the validity of another typical approximation – i.e. the

neglect of nuclear quantum effects in the simulations54 – is tested for the

modelling of guest-induced phase transitions.

We chose the rather extreme case of water in MIL-53(Al), where large nuclear

quantum effects could be expected.55 This particular framework is known to be

moderately stable with respect to water56,57 and the presence of water in MIL-53

materials has already been computationally explored in the past.51,58–61 Further-

more, MIL-53(Al) variants with different organic linkers (e.g. MOF-303 and A520)

have been investigated specically for water-adsorption applications.11,19 In this

contribution, the phase stability of MIL-53(Al) in the presence of water is discussed,

alongside the possible inuence of neglecting nuclear quantum effects. Finally, we

also try to obtain molecular-level insight into the water structure inside the pores,

which is currently an active eld of research for water-stable MOFs.58,60,62–65

Using advanced molecular simulation tools on the prototypical exible

material MIL-53(Al), this work thus considers two important fundamental issues

strongly related to water-adsorption applications of MOFs: (1) the phase stability

and the water structure inside the pores of a stimuli-responsive MOF and (2) the

anisotropic thermal conductivity properties of the adsorbent.

2 Methodology
2.1 Force eld

To model the potential energy surface of MIL-53(Al), a force eld is used, as the

computational cost of rst-principles methods is currently too high to extract the

properties under investigation. This force eld was generated with our in-house

developed QuickFF protocol for deriving force elds from rst-principles

input.66,67 In this way, we approximate the quantum mechanical potential

energy surface in the neighbourhood of the equilibrium structure – which is

dened by the optimized geometry and the Hessian at the PBE+D3(BJ) level of

theory68–70 – using a combination of analytical covalent, electrostatic, and van der

Waals force eld terms. The covalent interactions are written in terms of bonds,

bends, out-of-plane distances, and dihedral angles, and contain both anharmonic

terms and cross terms. Minimal Basis Iterative Stockholder (MBIS) charges are

used to describe the electrostatic potential between Gaussian charge distributions

centered on the nuclei.71 The van der Waals interactions were modelled by the

MM3-Buckingham model72 up to a nite cutoff of 12 Å and were supplemented

with tail corrections.73 This particular force eld was specically constructed to
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accurately model structural, vibrational, mechanical, and thermal properties, and

corresponds with the MCAM force eld discussed in ref. 67. More details

regarding the force eld energy expression can be found in the ESI (Section S1†).

For the simulations of MIL-53(Al) including water, the q-TIP4P/F74 force eld

was used to describe the water molecules. This force eld was derived by Hab-

ershon et al. from the well-known TIP4P/2005 model75 and extended to include

both exibility and anharmonicity. The O–H stretch is described by a quartic

potential, whereas the H–O–H bond angle is described by a harmonic potential

(see ESI Section S1†). Similar to the rigid TIP4P/2005 model, the non-covalent

interactions are modelled using four interaction sites, assigning an additional

interaction site M to every water molecule, which is located at the bisector of the

H–O–H angle. For the van der Waals interactions, described by a Lennard-Jones

potential, only the oxygen atoms yield a non-zero contribution. The interactions

between the water molecules and the framework can also be modelled by a Len-

nard-Jones potential, using the Lorentz–Berthelot mixing rules for the rescaled

MM3 parameters of the framework: sLJ ¼ 25/6sMM3, which ensures that the

minima of both potentials occur at the same internuclear distance.

Complementary to the van der Waals interactions, only the H atoms and M

sites of the water molecules yield contributions to the electrostatic interactions, as

the oxygen atoms do not bear a charge. By placing the negative charge on the M

site rather than on the oxygen atom, a better mean-eld description of the

polarization of the water molecules can be obtained. Although a more rigorous

inclusion of electronic polarization might enhance the description of the inter-

actions between the framework and the guest molecules, especially when making

the framework polarizable as shown by Cirera et al.,59 it is by no means trivial to

make the extension to fully polarizable force elds. Therefore, explicit electronic

polarization is commonly not taken into account when studying water in

connement.62,63 In spite of these limitations of a mean-eld description of the

polarization, this water model does allow us to describe hydrogen bonding

effects, as discussed in the ESI (Section S1†).

Finally, the q-TIP4P/F force eld was also tailored for use in quantum simu-

lations, making use of path integral molecular dynamics (PIMD)54 instead of

classical molecular dynamics (MD), thereby exchanging the classical treatment of

the atomic nuclei with a quantum mechanical one. Given the importance of an

accurate description of the low mass protons, as they play a pivotal role in the

behaviour of water, a proper inclusion of nuclear quantum effects (NQEs), such as

the zero-point energy of the nuclei, is required.

2.2 Construction of the Helmholtz free energy proles

The exibility of MIL-53(Al) is investigated using the thermodynamic protocol

discussed in ref. 46, starting from MD simulations in the (N, V, sa ¼ 0, T)

ensemble for a set of volumes. From these simulations, which were carried out at

temperatures of 100 K and 300 K, the pressure prole PðVÞ is extracted (Fig. S2†),

from which the Helmholtz free energy prole FðVÞ can be obtained as a function

of the volume V for each temperature via thermodynamic integration.

The classical MD simulations are performed with Yaff,76 using a Verlet time

step of 0.5 fs. The temperature is controlled by a Nosé–Hoover chain thermo-

stat77–79 containing three beads with a relaxation time of 0.1 ps, while the pressure

Faraday Discussions Paper

304 | Faraday Discuss., 2021, 225, 301–323 This journal is © The Royal Society of Chemistry 2021

148 Paper III



is controlled by a Martyna–Tuckerman–Tobias–Klein barostat80,81 using a relaxa-

tion time of 1 ps.

To examine the inuence of nuclear quantum effects (NQEs), PIMD simula-

tions54 are performed on the same volume grid and for the same temperatures.

Applying PIMD on large structures such as MOFs is challenging due to the large

computational cost that is associated with it, but it is necessary for a correct

quantitative description of different properties, such as the thermal expansion

and the heat capacity.82,83 The PIMD simulations were performed with i-PI,84,85

which delegates the evaluation of the forces to external codes. In this case, the

covalent interactions are computed by Yaff76 and the long-range interactions are

evaluated using LAMMPS for ring-polymers containing 32 beads.86 To control the

temperature, a PILE-L thermostat87 is applied to the system and a white noise

Langevin thermostat88 is applied to the cell. To control the pressure, a modied

path-integral version of the Raiteri–Gale–Bussi barostat84,89 is used to sample the

(N, V, sa ¼ 0, T) ensemble. The time constants of the thermostats and the baro-

stats are respectively 0.1 and 0.25 ps. A BAOAB type90 scheme is used to integrate

the equations of motion.

Both classical and path integral MD simulations were performed with and

without water in the pores, considering three different loadings, i.e. 2.5, 7.5, and

22.5 water molecules per conventional unit cell. All the simulations related to the

calculation of Helmholtz free energy proles were performed on a 1 � 2 � 1

supercell, containing 152 framework atoms including 8 aluminium atoms.

2.3 Thermal conductivity

The Green–Kubo approach91,92 was used in combination with classical MD

simulations to determine the thermal conductivity. This formalism is based on

the uctuation–dissipation theorem and states that the thermal conductivity k

can be computed by integrating the heat current autocorrelation function

(HCACF) over time:

kii ¼
1

kBVT2

ðþN

0

dt hJiðtÞJið0Þi: (1)

An advantage of this method is that the heat current Ji (i ¼ x, y, or z) – and thus

kii – can be simultaneously extracted in all directions from one set of simulations.

This method has been used previously by some of the present authors to compute

the thermal conductivity of various well-knownMOFs, such as UiO-66, HKUST-1, and

MOF-5, at their equilibrium volume.36 In this work, we computed the thermal

conductivity of MIL-53(Al) for different unit cell volumes ranging from 750 Å3 to 1500

Å3 in steps of 50 Å3. To this end, a series of one hundred independent simulations per

volume point were conducted. First, a hundred starting structures were extracted

fromMD snapshots taken every 5 ps from an equilibrated classical MD simulation in

the (N, V, sa¼ 0, T) ensemble at 300 K using a 1� 2� 1 supercell (i.e. a conventional

cell elongated along the Al(OH) chain) in Yaff.76 These structures were subsequently

converted to 7 � 8 � 7 supercells containing 29 792 atoms, as this is necessary to

limit nite size effects.93 Finally, classical MD simulations are performed with

LAMMPS86 to equilibrate the supercells at 300 K for 375 ps in the (N, V, h0, T)

ensemble and for 125 ps in the (N, V, E) ensemble. The HCACF is thereaer collected
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during one hundred 6 ns runs in the microcanonical ensemble. The heat ux is

computed every 4 fs and the HCACF is averaged in blocks of 200 ps, of which an

example is shown in Fig. S6.† All classicalMD simulationswere performed using a 0.5

fs timestep, except for the ones in the (N, V, E) ensemble which used a 1 fs timestep.

The system’s temperature was also veried to be 300 K at the end of the NVE

simulations.

Aerwards, the thermal conductivity was computed by integrating the HCACF

over time (Fig. S6†). As the resulting thermal conductivity can be substantially

inuenced by slow oscillations in the HCACF, it is necessary to integrate over

a sufficiently long time interval.93 These slow oscillations in the tail of the auto-

correlation function mix with numerical noise, which contaminates the HCACF

and cumulates a considerable integration error for the thermal conductivity.94,95

For some simulations, this resulted in a slight deviation from zero for the

HCACF’s tail, which we removed aer tting.94 Methods that take care of this in

a systematic way are to the best of our knowledge not directly applicable to

complex systems like MOFs due to a non-monotonic HCACF.96 Finally, we

determined the thermal conductivity by taking the running average of the last 25

ps, similar to previous work.29,36,96

An error bar was estimated using bootstrapping. This is done by resampling

the thermal conductivity results of the hundred independent trajectories. We nd

errors between 0.02 and 0.1 W m�1 K�1. Note that this error bar only captures

sampling effects and does not take into account limitations of the force eld and

the simulation method.

2.4 Vibrational analysis

To understand the inuence of NQEs on the Helmholtz free energy prole of MIL-

53(Al), the vibrational frequency spectrum of MIL-53(Al) is also investigated.97,98

The normal modes and the corresponding frequencies of the np and lp phases are

determined via diagonalization of the mass-weighted Hessian, obtained from ab

initio calculations. For more details about the computational settings, we refer to

previous work.98

These lattice vibrations are furthermore also known to have an impact on the

thermal properties of a material. For the specic case of MOFs, it was shown that

vibrational modes can be linked with the direction of the heat transfer within the

system.30 The effect of the lattice vibrations on the thermal conductivity can be

assessed by constructing the so-called vibrational density of states (VDOS):30

VDOSðsÞ ¼

ð

dt gðtÞ exp ð�2pistÞ; (2)

which corresponds with the Fourier transform of the velocity autocorrelation

function, g(t), dened as

gðtÞ ¼

�

P

i

við0Þ$viðtÞ

�

�

P

i

við0Þ$við0Þ

�: (3)
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The VDOS spectra of the different atom types in MIL-53(Al) can be calculated

from the classical MD simulations on the 1 � 2 � 1 supercells. The integration in

the VDOS expression is then reduced to a sum, resulting in a discrete Fourier

transform that is evaluated using Yaff.76

3 Results and discussion
3.1 Flexibility of MIL-53(Al)

As the relative stability of the narrow-pore (np) and large-pore (lp) phases of MIL-

53(Al) has already been demonstrated to depend critically on the description of

long-range dispersion interactions52,99 and is altered by the presence of additional

metastable phases of coexisting lp and np layers at a mesoscale level,53,100 we now

revert our attention to the inuence of NQEs on the phase stability. Given the

intention to examine the presence of water molecules in the MIL-53 framework,

the archetypal molecules investigated within the context of NQEs, we rst assess

the effect of including NQEs for the empty framework. Following the thermody-

namic protocol outlined in Section 2.2, Helmholtz free energy proles of MIL-

53(Al) are constructed at 100 and 300 K, using both classical MD and PIMD, for

which the results are depicted in Fig. 2a. At 300 K, classical MD predicts an lp–np

Helmholtz free energy difference of 38.3 kJ mol�1, whereas PIMD yields a differ-

ence of 35.2 kJ mol�1. At 100 K, the Helmholtz free energy differences obtained

from classical MD and PIMD are respectively 47.3 kJ mol�1 and 43.6 kJ mol�1.

These moderate differences of about 3 to 4 kJ mol�1 in the relative lp–np stability

can be explained by considering the vibrational frequencies characterizing the np

and lp phases (Fig. 3), obtained from an ab initio normal mode analysis of the

Fig. 2 (a) Helmholtz free energy profiles of MIL-53(Al) as a function of volume at 100 K and

300 K, as calculated using both MD and PIMD simulations. (b) Helmholtz free energy

profiles of MIL-53(Al) as a function of volume at 300 K for water loadings of 2.5, 7.5, and

22.5 water molecules per conventional unit cell, as calculated using both MD and PIMD

simulations. (c) Molecular representations of an MD snapshot at the equilibrium volume

with 0, 2.5, 7.5, and 22.5 water molecules in the pores. All simulations were performedwith

a 1 � 2 � 1 supercell.
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structures.98 From these vibrational frequencies, the classical and quantum

mechanical partition functions can be calculated using a harmonic approxima-

tion. The ratio of both partition functions for a specic set of modes is then to be

viewed as a measure of the degree of quantumness of these modes:

Zquantum

Zclassical

¼
Y

N

i¼1

exp

�

�
ħui

2kBT

�

1� exp

�

�
ħui

kBT

�

Y

N

i¼1

ħui

kBT
; (4)

where ui is the angular frequency of the mode, T is the temperature, and kB is the

Boltzmann constant. As shown in Fig. 3, a quantummechanical description of the

modes is particularly important within a higher frequency range. The lower the

temperature, the lower the frequency at which modes start to yield a signicant

quantum mechanical contribution to the partition function. Since the modes

associated with the lp-to-np transition are predominantly located within the low

frequency region (i.e. below 100 cm�1),98 the difference in the relative lp–np

stability due to the quantum mechanical nature of the atomic nuclei is expected

to be relatively moderate, as observed in Fig. 2a. However, the fact that there is

a small difference in the relative lp–np stability clearly indicates that the np and lp

phases are affected differently by NQEs.

3.2 Water in the pores of MIL-53(Al)

Although a substantial number of MOFs possess poor stability with respect to

hydration, the MIL-53 family of so porous crystals is known to have stable

Fig. 3 Visualization of the ab initio vibrational frequencies of the np and lp phases of MIL-

53(Al). At each vibrational frequency, a Lorentzian curve was generated with a full-width-

at-half-maximum of 10 cm�1. The bars on top indicate the wavenumber regions for which

the ratio of the quantum mechanical and classical partition functions is larger than

respectively 0.9, 0.7, 0.5, 0.3, and 0.1, both at 100 K and 300 K.
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hydrated phases, which have been investigated both experimentally and

computationally, focusing mainly on the chromium- and gallium-based

variants.51,58–61,101–108

Here, the inuence of the presence of water on the Helmholtz free energy

prole of MIL-53(Al) is investigated, closely monitoring the changes in

behaviour of the adsorbed species along the prole. Three different water

loadings are considered: 2.5, 7.5, and 22.5 water molecules per conventional

unit cell, varying from a ratio of less than one molecule per aluminium atom to

almost six molecules per aluminium atom. For the lowest loading, the meta-

stable lp phase disappears, while the Helmholtz free energy prole retains

a shape similar to the prole of the empty framework, but shied to an

equilibrium volume that is about 200 Å3 larger, thereby stabilizing an inter-

mediate state with a volume in between those of the np and lp phases of the

empty framework. On increasing the water loading up to 7.5 molecules per unit

cell, the equilibrium volume is further shied by an additional 85 Å3 and the

Helmholtz free energy prole is no longer reminiscent of the bistable empty

material. At the highest water loading, representing a ‘superhydrated’ state,

the Helmholtz free energy prole possesses a sharp minimum which is only

shied towards higher volumes by about 55 Å3 with respect to the lp equilib-

rium volume.

The differences between the classically and quantum-mechanically calculated

Helmholtz free energy proles are similar to the ones observed for the empty

framework, resulting in a Helmholtz free energy difference of the same order of

magnitude, i.e. generally smaller than about 3 kJ mol�1, at larger volumes.

From these simulations, one can also infer the average adsorption enthalpy by

simply conducting one additional simulation on a single water molecule. The

average adsorption enthalpy DHads of the sequential adsorption of N gas phase

water molecules into the empty framework is then given by

DHads(0 / N; T) ¼ DU(0 / N; T) + PDV(0 / N; T) � N(UH2O
+ kBT), (5)

where DUð0/NÞ and DVð0/NÞ are respectively the change in internal energy

and volume of the system on adsorbing Nwater molecules and UH2O is the internal

energy of a single water molecule in the gas phase. A derivation of this formula

can be found in the ESI of ref. 36. The values of the adsorption enthalpy for the

different water loadings, calculated using both MD and PIMD, are reported in

Table 1 and are of the same order of magnitude as the experimental isosteric heat

of adsorptionmentioned in ref. 19 and 28 for other aluminium-based frameworks

such as MIL-160(Al) and MOF-303. The differences related to the inclusion of

NQEs are once more limited to about 2–3 kJ mol�1. As more water molecules are

Table 1 Average adsorption enthalpy DHads/N per H2O molecule at 300 K and 1 bar

(in kJ mol�1) for different water loadings of MIL-53(Al) at the equilibrium volume

NH2O
¼ 2.5 NH2O

¼ 7.5 NH2O
¼ 22.5

Classical MD �26.9 �45.1 �48.5

PIMD �24.2 �42.9 �46.6
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added to the framework, the increase in the magnitude of the adsorption energy

decreases, as demonstrated by the small difference in adsorption enthalpy for 7.5

and 22.5 water molecules per unit cell. This also implies that the adsorption

process of water within MIL-53(Al) cannot be described by means of a simplied

mean-eld model, which is of course related to the more complex nature of

directional hydrogen bonding interactions that are essential in the description of

water.

Fig. 4 Symmetrised water density in MIL-53(Al) projected onto the xz-plane (perpen-

dicular to the b-axis), the xy-plane (perpendicular to the c-axis), and the yz-plane

(perpendicular to the a-axis) for 2.5 water molecules per unit cell at different volumes. In

each figure, a 1 � 2 � 1 supercell is shown, containing 5 water molecules. For the xy- and

yz-planes, only the upper half of the simulation cell is shown, as the bottom half is its

symmetrical equivalent.

Fig. 5 Symmetrised water density in MIL-53(Al) projected onto the xz-plane (perpen-

dicular to the b-axis), the xy-plane (perpendicular to the c-axis), and the yz-plane

(perpendicular to the a-axis) for 7.5 water molecules per unit cell at different volumes. In

each figure, a 1 � 2 � 1 supercell is shown, containing 15 water molecules. For the xy- and

yz-planes, only the upper half of the simulation cell is shown, as the bottom half is its

symmetrical equivalent.
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Finally, the molecular organization of the water molecules within the MIL-53

framework can also be considered by means of density plots of the guest mole-

cules, thereby visualizing their spatial probability distribution. These densities

are shown in Fig. 4 and 5 for different volumes and for both 2.5 and 7.5 water

molecules per unit cell, considering the projections onto the planes perpendic-

ular to each of the three cell axes. The density plots for the case of 22.5 water

molecules per unit cell can be found in the ESI (Fig. S3†). While no clear pref-

erential hydrogen bonding is observed with the hydroxyl framework groups,

which is most likely related to the lack of an explicit force eld description of

hydrogen bonding or polarization,59 Medders et al.104 also reported a disruption of

these preferential hydrogen bonds for water loadings exceeding the number of

hydroxyl framework groups. Hydrogen bonds are however formed with the oxygen

atoms of the carboxylate groups of the linkers of the framework (see ESI Fig. S4†).

Furthermore, the typical 1D water wires in the direction of the aluminium-oxide

chains, which have been observed in previous studies of MIL-53-type frame-

works,58,102,104 are also present in our simulations at lower volumes (within the np

region). At higher volumes, the water molecules take advantage of the additional

motional freedom gained through the increase in pore size, leading to a more

diffuse picture when compared to the np region. Given that the larger densities

are located near the edges of the pore, the presence of the framework is clearly

also felt at higher volumes.

3.3 Thermal conductivity

Aer having investigated the organization of water molecules within the frame-

work of MIL-53(Al), as well as their impact on the exibility, we now focus again

on the framework itself, instead of on the host–guest and guest–guest effects.

Insight into the intrinsic heat transfer characteristics of the adsorbent is also

essential for a molecular-level understanding of water-adsorption applications.

The inuence of guest molecules on the thermal conductivity of MOFs is still

Fig. 6 Materials property chart displaying the thermal conductivity and the density of

MOFs alongside other material classes, namely, metals (and alloys), ceramics (glasses and

(non-)technical ceramics), polymers, and hybrid materials (composites, foams, and natural

materials). The thermal conductivities of the lp and the np phases are indicated with black

ovals. Figure adapted from ref. 36 with permission of the American Chemical Society.
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a topic of debate, but lies beyond the scope of the current study.26,32,109,110 Some

studies have suggested that guest molecules improve the heat transfer (i.e. the

thermal conductivity increases with the loading), while others have reported the

opposite.

In general, MOFs are poor heat conductors, especially in comparison with

other materials (Fig. 6),36 which can pose a major technological barrier for prac-

tical applications. Therefore, both experimental and theoretical in-depth inves-

tigations are required to address this problem. However, apart from an already

established relationship between the difficult heat dissipation in MOFs and their

inherent porosity,29,30,33,36,109 the directional dependence of the thermal conduc-

tivity has barely been investigated.31,33,40 Given that exible MOFs can have a very

anisotropic response to different stimuli,38,111 the heat transfer is also expected to

show a directional dependence. For a set of idealized MOFs, Wilmer and co-

workers studied the anisotropy of the thermal conductivity,33 considering

frameworks with a simple cubic structure, a triangular-channel structure, and

a hexagonal-channel structure, and discussed how the pore shape and size affect

the thermal conductivity in different directions. Their study indicated that MOFs

with smaller pores are likely to have a better thermal performance, i.e. a higher

thermal conductivity, which was also demonstrated for the IRMOF series.36,109

3.3.1 Volume dependence of the thermal conductivity. As MIL-53(Al) has

lozenge-shaped channels (Fig. 1), which differ in size and shape for the np and lp

phases, we computed the thermal conductivity along the a-, b- and c-directions as

a function of the volume of the conventional unit cell. The results are shown in

Fig. 7. In the region where MIL-53(Al) is mechanically unstable (Fig. S2†),46

a separation of lp and np volume states was observed in agreement with recent

ndings of Rogge et al.53 These long-range correlation effects impeded an accurate

estimation of the thermal conductivity in between the (meta)stable lp and the np

phases, as the obtained volume distribution depends on the size of the simulation

cell. A snapshot of a structure containing different volume states is displayed in

Fig. S7,† together with its volume distribution which shows two distinct maxima.

Interestingly, no transitions were observed between the different volume states

during the microcanonical simulations used to compute the heat current auto-

correlation function. Aer the equilibration run at 300 K in the canonical

ensemble, in which a separation between the lp and np volume states occurs

spontaneously, the individual cells remain frozen in the acquired volume states.

While local energy uctuations are still possible in the microcanonical ensemble,

transitions between different volume states are expected to be extremely unlikely

in a 7 � 8 � 7 supercell, as the energy of the total system is kept constant. These

spatially disordered phenomena in exible materials will have to be taken into

account in future heat transfer studies and pose an additional difficulty for the

already challenging modelling of these exible systems.

In the lp region (Fig. 7), the thermal conductivity in the a-direction is clearly

higher than the thermal conductivity in the c-direction. In these directions, the

heat is transferred along the bonds of the organic linkers, which are more aligned

with the a-direction than with the c-direction (Fig. 1). As the angle between the

organic linkers and the a-direction increases from approximately 30 to 40 degrees

in the lp region, the alignment with the a-direction decreases at larger volumes

and so does the thermal conductivity. Consequently, the opposite trend is found
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for the c-direction. For the one-dimensional Al(OH) chains (i.e. the b-direction),

the heat conduction is also observed to be worse than for the a-direction.

The trends in the np region are less intuitive. The thermal conductivity along

the a-direction generally increases when the volume decreases (Fig. 7). At the

lowest volumes, the organic linkers are nearly parallel with this direction due to

the knee-cap conguration of MIL-53(Al), and the dominant thermal resistance

Fig. 7 The thermal conductivity of MIL-53(Al) as a function of the volume at room

temperature. The volumes in between the lp and the np phases are mechanically unstable.

Fig. 8 Schematic illustration of the energy carriers along the a-, b- and c-directions.
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along this direction will reside in the organic–inorganic connections in between

connecting linkers (Fig. 8). A very strong increase in the thermal conductivity

along the c-direction is absent, which shows that although the organic linkers are

stacked very closely, not a lot of heat is transported along the pore vacuum.

The thermal conductivity in the b-direction strongly increases at the lowest

volumes. However, note that the thermal conductivity in a certain direction is

dened as the ability of a material with unit length thickness along this direction

to transfer heat per unit of cross-sectional surface area in the perpendicular

direction (Fig. S5†). In MIL-53(Al), the unit cell surface area perpendicular to the

b-direction increases substantially during the phase transition towards increasing

volume, while the lattice parameter b does not, as schematically illustrated in

Fig. 9. Hence, the thermal conductivity along this direction follows to some extent

the trend in the inverse of the area as a function of the volume (Fig. 9). In other

words, per unit of surface area, fewer conducting Al(OH) chains are present,

causing the thermal conductivity to decrease. The same reasoning holds for the

number of stacked organic linkers in the surface area perpendicular to the a-

direction.

Furthermore, the sharp increase in the thermal conductivity along the b-

direction at the lowest volumes is believed to be connected to another phenom-

enon. As the interchain thermal resistance is heavily reduced by both the close

approach of the Al(OH) chains (in the c-direction) and the almost parallel stacking

Fig. 9 Inverse of the cross-sectional area in the unit cell perpendicular to the indicated

lattice direction as a function of the volume. A schematic representation of the cross-

sectional area in the three directions is shown on top.
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of the organic linkers, the heat dissipated along the direction of the Al(OH) chain

can spread more easily over multiple chains. This might also explain why the

volume dependence of the thermal conductivity in the a- and b-directions roughly

follows the same trend.

3.3.2 Specic vs. absolute thermal conductivity.When comparing the values

of the thermal conductivity near the equilibrium np and lp volumes of MIL-

53(Al) (Table 2) to those of other MOFs reported in the literature (Table 3),

the lp phase is found to yield a thermal conductivity of the same order of

magnitude as other MOFs with a similar mass density (e.g. MOF-505 and UiO-

66).36 For the np phase, on the other hand, the thermal conductivity has a much

higher value than for other MOFs, especially along the a- and b-directions.

However, given that its mass density is almost doubled with respect to the lp

phase and the thermal conductivity strongly correlates with the mass density

(Fig. 6), this is to be expected.

Although these values for the specic thermal conductivity seem to imply that

heat is conducted much easier in the np phase than in the lp phase, a fair

comparison should also take the difference in cell shape of the two phases into

account. For practical MOF applications, the required amount of material will

play an important role and is expected to remain constant throughout the

Table 2 Thermal conductivity of MIL-53(Al) in both phases (Vnp¼ 800 Å3, Vlp¼ 1500 Å3) at

room temperature. The absolute thermal conductivity is given per conventional unit cell.

More information regarding the error bars is given in the Methodology section

lp np

kaa (W m�1 K�1) 2.06 � 0.02 5.16 � 0.08

kbb (W m�1 K�1) 1.32 � 0.02 3.22 � 0.06
kcc (W m�1 K�1) 1.28 � 0.02 1.16 � 0.02

r (kg m�3) 922 1727

k
abs
aa (nW K�1) 1.2 1.0

k
abs
bb (nW K�1) 4.4 5.8
k
abs
cc (nW K�1) 1.0 2.4

Table 3 Overview of the thermal conductivities of MOFs published in the literature

MOF

k (W m�1 K�1)

Experiment Simulations

Al-soc-MOF-1 — 0.22 (ref. 36)

HKUST-1 0.27–0.39 (ref. 25 and 27) 0.45–0.58 (ref. 25 and 36)
IRMOF-10 — 0.02–0.09 (ref. 36 and 109)

IRMOF-16 — 0.07 (ref. 36)

MIL-160 0.06 (ref. 28) —

MOF-5 0.34 (ref. 24) 0.12–0.31 (ref. 25, 29, 36 and 109)
MOF-177 — 0.08–0.09 (ref. 36)

MOF-505 — 1.16–1.26 (ref. 36)

UiO-66 0.11 (ref. 27) 0.87 (ref. 36)

UiO-67 0.19 (ref. 27) —

UMCM-1 — 0.07–0.13 (ref. 36)

ZIF-8 0.33 (ref. 26) 0.17 (ref. 30 and 110)
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operation of the device. Therefore, it is instructive to determine the absolute

thermal conductivity kabs, which is an extensive property (with units W K�1):

k
abs
ii ¼

A

d
kii; (6)

where A is the cross-sectional area perpendicular to the path of the heat ow (i-

direction), d is the thickness along the path of the heat ow, and k is the thermal

conductivity along the path of the heat ow (Fig. S5†). This quantity can be used to

compare the heat transfer characteristics of the lp and the np phases for the same

amount of matter, correcting for their different physical dimensions. The tabu-

lated values for k
abs (Table 2) indicate that the heat transfer in the a- and b-

directions for a given temperature difference is not as different for the lp and np

phases as the specic thermal conductivities suggest. The thermal conductivity in

the b-direction does, however, slightly increase, which might be related to

a decrease in the interchain thermal resistance, as suggested in the previous

section. In Fig. S8,† the absolute thermal conductivity is shown as a function of

volume for a single unit cell.

A possible strategy to exploit the anisotropy of the thermal conductivity of

MOFs was suggested by Wilmer et al.33 Given that structures with large channels

are known to be benecial for rapid gas adsorption, but also give rise to ultra-low

thermal conductivities, MOFs could be designed to rapidly dissipate heat along

the channel direction to remedy the problem of heat conduction. For MIL-53(Al),

the heat transfer per unit cell was shown to behave anisotropically (Table 2), with

heat dissipating more easily along the one-dimensional aluminium-oxide chains

following the b-direction. This result is in line with the good thermal conductivity

of aluminium oxide (Al2O3, kz 30 W m�1 K�1).

3.3.3 Vibrational density of states. The difference in heat transfer along the

organic linkers (a- and c-directions) and the inorganic chain (b-direction) is also

reected in the overlap of the vibrational density of states (VDOS). A low overlap

Fig. 10 Analysis of the atomic vibrational density of states (VDOS). (a) The similarity index

calculated at 0–4000 cm�1 (0–700 cm�1) for the np phase (800 Å3). (b) The similarity

index calculated at 0–4000 cm�1 (0–700 cm�1) for the lp phase (1500 Å3). (c) The atomic

VDOS for Al, O1, O2, and C1. The atomic VDOS for other atoms is reported in the ESI (Fig. S9

and S10†). The intensities have been rescaled by dividing the complete spectrum by the

square root of the integral of the square of the spectrum.
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between the VDOS of neighbouring interfaces, such as a solid–liquid or solid–

solid interface, implies a high thermal resistance.112–114 For ZIF-8, Zhang and Jiang

demonstrated that there is little overlap between the atomic VDOS of the main

energy carriers (Zn and N) in the framework.30,110 For MIL-53(Al), we quantied the

overlap in VDOS along all atomic bonds using a similarity index:97

similarity index ¼

Ð

ds f ðsÞ gðsÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ð

ds f 2ðsÞ
Ð

ds g2ðsÞ
p : (7)

It is a measure of the correlation between two spectra f ðsÞ and gðsÞ in a certain

frequency range. We determined this similarity index for all chemically bonded

atom pairs by computing the overlap between the VDOS of both atoms in the

frequency range 0–4000 cm�1 and in the low-frequency range 0–700 cm�1. Using

this approach, a large overlap in the VDOS along the aluminium-oxide chain is

found, as displayed in Fig. 10. This similarity index is especially large when

compared to the similarity indices of the Al–O2, O2–C1, and C1–C2 bonds along

which the heat needs to transfer for the a- and c-directions (Fig. 8), so that the

similarity index corroborates the absolute thermal conductivity results. Finally,

the results in Fig. 10 also show that the overlap is systematically larger in the np

phase, which again agrees well with Table 2.

4 Conclusions

Within the past few years, MOFs have gradually gained a more established

reputation as promising solid adsorbents in the eld of water-adsorption appli-

cations. To obtain a more fundamental understanding of their potential perfor-

mance and shed light on current barriers, such as the slow heat transfer of MOFs,

molecular simulations can be performed to theoretically investigate the frame-

work properties and the interactions with water. In this work, the exible MIL-

53(Al) framework was analysed, focusing on the inuence of water on the phase

stability and the structural properties, as well as on the thermal conductivity of

the framework.

To assess the exibility of the framework, an adequate modelling technique is

required, such as the thermodynamic protocol in ref. 46, which allows the

construction of Helmholtz free energy proles to identify the (meta)stable states

of the system as a function of the loading. Several studies have already high-

lighted the importance of the weak dispersion forces36,99 and structural

disorder53,100 in the description of the exibility of MIL-53(Al), but the quantum

nature of the atoms has not yet been taken into account. However, as evidenced by

this study of MIL-53(Al) with and without water in the pores, nuclear quantum

effects do not seem to play a major role in the relative phase stability of the

material. Both classical and path integral molecular dynamics simulations indi-

cate that the volume of the np phase continuously increases with the water

loading until the lp phase becomes the only stable state at a very high loading. For

all the considered water loadings, the adsorbed molecules are observed to engage

in ordered hydrogen bonded structures resembling 1D water wires along the

aluminium-oxide chains for volume states located around the equilibrium

volume. If the pore volume, on the contrary, substantially deviates from the
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equilibrium volume, the water molecules spread more freely inside the pores,

although they remain predominantly located near the edges of the pores due to

their interaction with the framework.

Furthermore, the thermal conductivity of the framework was also calculated in

the three crystal directions as a function of the volume, which allows us to

compare the thermal performance of the np and lp phases. To capture the

inuence of long-range spatial disorder present in experimental samples, new

simulation strategies will have to be developed. In this work, the thermal

conductivity of MIL-53(Al) was found to be strongly linked to the geometry of the

unit cell, and in absolute numbers the heat transfer in the np phase was shown to

be more efficient. The aluminium-oxide chain was thereby identied as the best

conducting fragment of the material, as conrmed by the overlap in the vibra-

tional density of states of the aluminium and oxygen atoms.

These ndings clearly demonstrate that molecular simulations can offer useful

insights into the fundamental properties relevant for water-adsorption applica-

tions. Promising water-adsorption materials pointed out by experimental studies

will be further explored in future studies.
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E
nergy absorption during mechanical impact plays a crucial role 
in modern society, from injury prevention and safety measures 
in industrial settings to cushioning systems that increase user 

comfort1. As current state-of-the-art energy absorption materials 
rely on processes such as extensive plastic deformation, cell buck-
ling and viscoelastic dissipation2,3, a major dilemma is the conflict 
between the required high energy density and the desire for reus-
ability, to afford protection from multiple impacts. This challenge 
motivates the development of efficient energy-absorbing systems 
that are intrinsically recoverable, which requires one to identify and 
leverage fundamentally new energy absorption mechanisms.

In this regard, the pressurized intrusion of liquid water and aque-
ous solutions in hydrophobic nanoporous materials such as zeolites 
and metal-organic frameworks (MOFs) has emerged as a promis-
ing mechanism to yield high-performance energy-absorbing sys-
tems4–6. In this process, a hydrostatic pressure forces water to intrude 
into the hydrophobic nanopores, thereby converting mechanical 
work into interfacial energy. Given the exceedingly large surface 
area of MOFs (typically 1,000–10,000 m2 g−1) combined with their 
highly tuneable framework architecture and chemical composi-
tion7, MOFs are emerging as an attractive platform for nanofluidic 
energy absorption. Hitherto, among the huge family of MOFs8, a 
few materials have been identified for this application9–13, mainly 
hydrothermally stable zeolitic imidazolate frameworks (ZIFs) con-
sisting of hydrophobic nanocages14–16. However, current research 
has focused only on their performance under quasi-static loading 
conditions, that is, through slow intrusion and extrusion processes 
with typical strain rates of 10−5–10−3 s−1 (refs. 4,17). Some studies 
have started to investigate the influence of loading speed10,18,19, but 
remain far from realistic strain rates, which can exceed 103 s−1 for 
impact-attenuating materials.

Herein, we systematically investigate the response of various 
promising impact-attenuating MOFs, namely ZIF-8, ZIF-7, ZIF-9,  
ZIF-67 and ZIF-71, under practically relevant strain rates of up  

to 103 s−1. Hereto, dynamic water intrusion–extrusion experiments 
using the dedicated high-rate experimental platform depicted in 
Fig. 1a–c were conducted. The energy absorption densities of the 
investigated ZIF materials improve substantially on increasing strain 
rate. Molecular dynamics (MD) simulations demonstrate that this 
beneficial effect originates from the intrinsic nanosecond timescale 
necessary for water molecules to cluster in the ZIFs’ hydrophobic 
nanocages and to facilitate transport across nanocages. This fun-
damental timescale, which increases the water intrusion pressure 
and energy absorption density at higher strain rates, depends on 
the cage-type geometry of the framework materials and is absent in 
channel-containing zeolites (ZSM-5, zeolite-β, mordenite). On the 
basis of these findings, four rules are formulated to design efficient 
and reusable energy-absorbing materials for high-rate mechanical 
impacts via the pressurized liquid intrusion mechanism, identifying 
ZIFs as a unique class of energy-absorbing materials. These gener-
ally applicable design rules are important to further the develop-
ment of nanofluidics, which has become a flourishing field over the 
last decade20.

Rate-dependent water intrusion of ZIF-8
We started our investigation with ZIF-8 (ref. 21), which is argu-
ably the best-known ZIF for liquid intrusion studies9,17,18,22,23. ZIF-8 
adopts the sodalite topology with relatively narrow apertures com-
prising six-membered rings (6MR) (aperture size roughly 3.40 Å) 
connecting larger internal cages (roughly 11.6 Å, Fig. 1d and 
Supplementary Fig. 1)15. These two geometrical parameters corre-
spond with the pore-limiting diameter (PLD) and the largest cavity 
diameter (LCD), respectively.

Figure 2b shows the water intrusion and extrusion of ZIF-8 at 
different strain rates, ε̇, encompassing six orders of magnitude from 
10−3 s−1 to 103 s−1. As schematically indicated in Fig. 2a, three stages 
can be identified during loading. Initially and up to a strain, ɛ, of 
about 0.05 (equivalent to a specific volume change ΔV of roughly 

High-rate nanofluidic energy absorption in porous 
zeolitic frameworks

Yueting Sun   1,2,4 ✉, Sven M. J. Rogge   3,4 ✉, Aran Lamaire   3, Steven Vandenbrande3, Jelle Wieme   3, 

Clive R. Siviour   1, Veronique Van Speybroeck   3 ✉ and Jin-Chong Tan   1 ✉

Optimal mechanical impact absorbers are reusable and exhibit high specific energy absorption. The forced intrusion of liquid 
water in hydrophobic nanoporous materials, such as zeolitic imidazolate frameworks (ZIFs), presents an attractive pathway 
to engineer such systems. However, to harness their full potential, it is crucial to understand the underlying water intrusion 
and extrusion mechanisms under realistic, high-rate deformation conditions. Here, we report a critical increase of the energy 
absorption capacity of confined water-ZIF systems at elevated strain rates. Starting from ZIF-8 as proof-of-concept, we dem-
onstrate that this attractive rate dependence is generally applicable to cage-type ZIFs but disappears for channel-containing 
zeolites. Molecular simulations reveal that this phenomenon originates from the intrinsic nanosecond timescale needed for 
critical-sized water clusters to nucleate inside the nanocages, expediting water transport through the framework. Harnessing 
this fundamental understanding, design rules are formulated to construct effective, tailorable and reusable impact energy 
absorbers for challenging new applications.
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0.17 cm3 g−1), the pressure increases linearly with the reduction in 
system volume. This is attributed to the elastic compression of the 
{ZIF-8 + water} system, without any pore intrusion owing to ZIF-8’s  
hydrophobicity. Next, the intrusion of water in the ZIF-8 nano-
cages gives rise to a plateau at the intrusion pressure Pin, until water  
molecules occupy the entire accessible pore volume. Afterwards, a 
linear reduction in system volume with increasing pressure is again 
observed. Similarly, the unloading curve shows an extrusion pla-
teau, albeit at a lower extrusion pressure, Pex, than the intrusion 
pressure, during which water escapes from the ZIF-8 cages.

As shown in Fig. 2c, the strain rate strongly affects the intrusion 
pressure, which almost triples from 25 MPa during the quasi-static 
compression to 70 MPa during the high-rate experiment. In con-
trast, the extrusion pressure experiences a drop with increasing 
strain rate. This yet-unidentified behaviour substantially increases 
the hysteresis and hence absorption capacity at the high loading 
rate compared to the quasi-static behaviour, eventually absorbing 
85% of the mechanical energy stored during the intrusion process 
compared to only 17% at quasi-static conditions. Consequently, 
the energy absorption density, Eab, is enhanced 17-fold, from 
roughly 3 J g−1 under quasi-static compression to roughly 47 J g−1 
under high-rate loading representative of impact events. In con-
trast to other size-dependent MOF phenomena24,25, this enhanced 
absorption density can be obtained with different crystal sizes 
(Supplementary Figs. 20–21).

To use this promising {ZIF-8 + water} system as a reusable shock 
absorber, the intruded water molecules should eventually extrude 
from the framework. Figure 2d presents five consecutive high-rate 
experiments, which exhibit a consistent performance subject to 
multiple impact cycles. Since the applied mechanical pressure is not 
yet high enough to cause structural amorphization26, the molecu-
lar structure of ZIF-8 remains intact, as evidenced from the X-ray 
diffraction patterns (Supplementary Fig. 4). Figure 2e demonstrates 
that even when considering 1,000 loading–unloading cycles (at a 
strain rate of 0.03 s−1), the performance reveals only a slight ini-
tial drop in the intrusion and extrusion pressure in cyclic loading. 
Furthermore, Fig. 2e shows that the system can be fully recovered 
after a 24 h relaxation (that is, with mechanical pressure removed), 
indicating that all water molecules extrude from ZIF-8 given suf-
ficient relaxation time. To further confirm the material stability 
and reusability, Supplementary Fig. 18 demonstrates that ZIF-8 is 
stable after 20 high-rate intrusion–extrusion cycles or after being 
immersed in water for over a week.

While the water intrusion rate during these experiments as 
well as its extrusion rate in the low-rate and medium-rate experi-
ments are externally controlled through the displacement rate, the 
high-rate split-Hopkinson-pressure-bar (SHPB) setup of Fig. 1a 
leads to a free water extrusion process that represents the perfor-
mance under realistic impact and reveals the intrinsic timescale of 
water mobility in ZIF-8. Figure 2c reveals that this intrinsic water 
extrusion occurs at a much lower rate than its externally driven 
intrusion process (102 s−1 versus 103 s−1, see also Supplementary  
Fig. 12), corroborating the earlier observation that some water  
molecules remain in the structure when the system is not allowed 
to relax sufficiently between different cycles. High-rate experiments 
with different loading pulses indicate that water extrusion starts at 
a higher rate, which then gradually decreases, indicating a higher 
water mobility when more water is present inside the framework 
(Supplementary Fig. 13).

Intrinsic water mobility revealed by MD simulations
These experiments unveil a highly interesting mechanism, in 
which the ZIF-8 energy absorption capacity critically increases 
with increasing strain rate. While this is expected to be related to 
the mobility and reorganization of water in the nanocages, it is nec-
essary to understand the nanoscale origin of this phenomenon to 
fully explore the potential of the rate-dependent intrusion–extru-
sion performance and generalize it towards other materials. To this 
end, MD simulations were conducted using a fully flexible and ab 
initio derived ZIF-8 force field. This force field is validated in the 
Supplementary Information and complemented by the flexible 
TIP4P/2005f water model27, given its agreement with experimental 
adsorption isotherms16,28,29.

First, grand canonical Monte Carlo (GCMC) simulations were 
performed, revealing that water saturation in ZIF-8 is obtained 
at roughly 80 molecules per unit cell (Supplementary Fig. 23) or, 
equivalently, roughly 40 molecules per cage, in excellent agreement 
with previous studies16,28,29. Subsequently, snapshots at different 
water loadings were extracted to start separate canonical Monte 
Carlo simulations. Figure 3a reveals the distribution of these water 
molecules in ZIF-8 for the different cross-sections defined in Fig. 3b. 
At low water loading, distinct crystallographic adsorption sites are 
detected, which can be compared to the experimental argon adsorp-
tion sites by Hobday et al.30. For water, the most favourable adsorp-
tion sites are located between the four-membered ring (4MR) and 
6MR apertures (site Ar-2 in ref. 30) and near the 4MR apertures (site  
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Fig. 1 | experimental setup. a, SHPB setup for high-rate experiments (103 s−1). b, Hydraulic compression setup for medium-rate experiments (1–102 s−1), 

with a pair of LVDTs for displacement measurement. c, Water suspension of ZIF-8, which is sealed in stainless-steel chambers each with a pair of pistons 

(shown in a,b). d, Nanoporous framework structure, building blocks and sodalite topology of ZIF-8 with indication of the 4MR and 6MR apertures. Low-rate 
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Ar-4 in ref. 30). Notably, no water is adsorbed directly inside either 
the 4MR or 6MR apertures, although the 6MR apertures are the 
most favourable adsorption sites for argon30. At high water loadings,  

the water molecules agglomerate around the cage centre due to  
ZIF-8’s hydrophobicity, partaking in a hydrogen-bonded cluster that 
provides more favourable interactions than the ZIF-8 framework.
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Subsequently, 300 K MD simulations of fully flexible ZIF-8 
structures were performed, confirming that water avoids the 6MR 
apertures irrespective of the applied pressure (Supplementary Figs. 
38–48). As a result, without a driving force, water molecules seldom 
hop between ZIF-8 cages. However, an increasing water loading facil-
itates hopping and hence enables water transport (Supplementary 
Figs. 49–51). This agrees well with the higher water mobility at the 

onset of the extrusion experiments, when more water is present 
in the cages (Supplementary Fig. 13). To understand whether this 
water mobility can be attributed to structural effects such as gate 
opening, the swing angle defining the 6MR aperture and the associ-
ated PLD (Fig. 3b) are monitored31. As shown in Fig. 3c and ref. 23, 
higher water loadings do not lead to the anticipated gate opening 
but rather close the 6MR aperture even further.
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Fig. 4 | Determining the intrinsic timescale for water mobility in the ZIF-8 nanocages by non-equilibrium MD simulations. a, A 1 × 1 × 2 ZIF-8 supercell 

with four inequivalent cages connected through 6MR apertures. b, Evolution of the number of water molecules per cage at 300 K and 0 MPa when starting 

from 42 water molecules in cage 1 while all other cages are initially empty. The best exponential fit of a
(

1− e
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)

 to the filling of cage 2 (red line) 

yields a time constant τ ≅ 1 ns (see the statistical analysis in Supplementary Fig. 65). c, Visualization of water-filled ZIF-8 structures at five representative 

points during the simulation; a full water cluster analysis is provided in Supplementary Fig. 87. d, Free energy profiles associated with a water molecule 

transitioning from cage 1, containing a critical-sized water cluster of five additional molecules, to cage 2, initially containing between zero (first transition) 

and five (sixth transition) water molecules. Results obtained through six independent sets of umbrella sampling (US) simulations using a similar CV 

(inset) as in ref. 40. Additional US simulations are reported in Supplementary Figs. 84–85.
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To mimic water mobility more closely, an inhomogeneous water 
distribution inside a 1 × 1 × 2 supercell of ZIF-8 was created, which 
only contains 42 water molecules in cage 1, as shown in Fig. 4a. 

During the MD simulation, this water gradient steers the molecules 
from cage 1 towards the neighbouring cages 2 and 3 through the 
6MR apertures, despite their hydrophobicity (Fig. 4b). After 0.45 ns, 
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six and two water molecules have diffused to cages 2 and 3, respec-
tively (Fig. 4c(ii)). While the six water molecules in cage 2 form a 
stable hydrogen-bonded cluster, the two molecules in cage 3 are 
insufficiently stabilized and diffuse back into cage 1—against the 
water gradient. The water cluster inside cage 2 continues to grow as 
the existing cluster facilitates further hopping from cage 1 to 2. An 
exponential fit to the number of water molecules in cage 2 reveals 
that this nucleation process occurs on a nanosecond timescale  
(Fig. 4b), independent of the cages in which the cluster nucleates 
and the ZIF-8 model size (Supplementary Figs. 63–80).

To further quantify the free energy barrier of the nucleation pro-
cess, the umbrella sampling free energy profiles associated with a 
water molecule transitioning from cage 1 to 2 are shown in Fig. 4d 
and Supplementary Figs. 84–85. Herein, besides the water molecule 
that undergoes the transition, cage 1 contained a critical-sized clus-
ter of five water molecules while cage 2 contained in between zero 
and five water molecules. Figure 4d and Supplementary Table 3 
indicate that, while the empty cage 2 (collective variable (CV) > 0 Å) 
is substantially less favourable than cage 1 (CV < 0 Å), with free 
energy differences ΔF up to 15 kJ mol−1, the transition of additional 
water molecules is facilitated once a critical-sized cluster of about 
four water molecules is present in cage 2. Figure 4d therefore con-
firms that the slow nucleation of such critical-sized water clusters 
is crucial to facilitate water diffusion through ZIF-8’s hydrophobic 
cages, in agreement with Fig. 4b.

This observation also explains the substantial increase in intru-
sion pressure and energy absorption density at higher strain rates 
in Fig. 2c. Since the intrinsic intrusion process is predicted to occur 
through the nucleation of critical-sized water clusters, the times-
cale for nucleation can be associated with an intrinsic strain rate 
(Supplementary Information). If the externally applied strain rate 
is lower than this intrinsic rate, critical-sized water clusters will 
spontaneously nucleate in cages neighbouring already filled cages, 
facilitating the further intrusion process. However, if the strain rate 
exceeds this intrinsic rate, critical-sized water clusters cannot orga-
nize in time and additional work needs to be exerted—through an 
increased input pressure—to help overcome the free energy bar-
rier of the 6MR aperture. This also indicates that water molecules 
remaining in the ZIF-8 cages during the extrusion process due to 
insufficient relaxation will facilitate the subsequent intrusion pro-
cess and lower the intrusion pressure, as confirmed by Fig. 2e.

Generalization of the rate effect and design rules
The here-established water intrusion mechanism for ZIF-8 sug-
gests that other materials that are constructed from nanocages con-
nected through hydrophobic narrow apertures could also exhibit the 
rate-dependent water intrusion behaviour. To derive generally appli-
cable design rules, we repeated the water intrusion experiments on a 
group of hydrophobic ZIFs, namely ZIF-67, ZIF-7, ZIF-9 and ZIF-71 
(Supplementary Fig. 1), leading to the energy absorption densities 
and intrusion pressures shown in Fig. 5a and Supplementary Fig. 14.

Figure 5b,d and Supplementary Fig. 16 demonstrate that ZIF-67  
and ZIF-71 exhibit the attractive rate dependence and reusabil-
ity, confirming the ZIF-8 as proof-of-concept. For ZIF-71, a very 
high intrusion pressure, exceeding 150 MPa, under a loading rate 
of roughly 2,000 s−1 is expected (Supplementary Fig. 15). However, 
for ZIF-7 and ZIF-9, water is permanently trapped inside (Fig. 5c). 
This is probably due to their smaller PLDs, as their hydrophobic 
apertures are narrower than the size of water molecules12. Therefore, 
ZIF-7 and ZIF-9 can only be reused after evacuating the intruded 
water molecules by heat treatment to regain the original poros-
ity12, in contrast to ZIF-8, ZIF-67 and ZIF-71, which can be directly 
reused to absorb multiple impacts. Finally, the comparison between 
the structural analogues, ZIF-8 versus ZIF-67 (Fig. 5d) and ZIF-7 
versus ZIF-9 (Fig. 5c), suggests that the influence of the chemical 
moieties is very limited.

On the basis of these experimental observations, four general 
rules emerge that can be used to design mechanical impact absorb-
ers leveraging the high-rate water intrusion mechanism. First, the 
material should be hydrophobic. Second, the material should consist 
of nanocages, that is, LCD > PLD. Third, the apertures connecting 
the nanocages should be sufficiently large to ensure reusability. On 
the basis of our experimental observations on ZIF-11 and ZIF-12  
(Supplementary Fig. 17), the PLD threshold value is roughly 3 Å for 
water intrusion systems. Finally, larger nanocages can accommo-
date larger water clusters and hence increase the energy absorption 
density at high strain rates.

In Fig. 5e and Supplementary Tables 5–8, the 105 ZIF-like mate-
rials tabulated in ref. 32 are tested against these design rules. Figure 5e  
demonstrates that, besides the here-validated ZIF-8, ZIF-67 and 
ZIF-71, our design rules identify an additional 17 materials as 
potential high-performance impact-attenuating materials via the 
high-rate water intrusion mechanism depicted in Fig. 2a. These 
design rules can furthermore be generalized to other porous zeolite 
frameworks, as validated for chabazite in Supplementary Fig. 19.

Contrasting against channel-containing frameworks
To further test our hypothesis that the cage-type structure is  
essential for the rate-dependent intrusion–extrusion phenom-
enon of ZIFs (design rule no. 2), we performed water intrusion  
experiments for several typical channel-containing zeolites,  
namely ZSM-5, zeolite-β and mordenite (Supplementary Fig. 2). 
Supporting our hypothesis, Fig. 6a reveals that the rate dependence 
of their intrusion pressure is considerably weaker than for ZIFs.  
The same is true for their extrusion pressure, which is always 
located near the magnitude of the intrusion pressure, leading to a 
hysteresis area and energy absorption density that are not substan-
tially enhanced by high loading rates (Fig. 6d and Supplementary 
Figs. 88–90).

Explicitly contrasting ZSM-5 and ZIF-8 in Fig. 6c,d reveals a 
much higher spontaneous extrusion rate in the former. Furthermore, 
ZIF-8 exhibits a slight increase of the gradient with the intrusion rate  
(Fig. 2b), which is absent for ZSM-5 (Fig. 6b). Both observations  
indicate that the water flow inside channel-containing structures 
experiences a much lower transport resistance, in agreement with 
previous reports observing enhanced flow in small channels33–38. 
This suggests the advantage under high-rate mechanical impact of 
cage-type structures, which can be made into efficient and reusable 
energy absorbers thanks to the intrinsic nanosecond timescale for 
water organization, over more frequently used channel-containing 
structures, which perform as non-linear springs with a very limited 
rate dependence.

Discussion
Developing efficient impact-attenuating materials is an important 
societal challenge for a wide variety of applications, with current 
state-of-the-art energy absorption materials often showing a poor 
efficiency or recoverability in cyclic loading. Herein, we discovered 
a promising approach to mitigate mechanical impact under indus-
trially relevant impact conditions and associated high strain rates. 
We revealed that the energy absorption density associated with the 
forced intrusion of liquid water in framework materials containing 
nanocages separated by hydrophobic apertures critically depends 
on the strain rate. On the basis of this concept, {ZIF + water} sys-
tems are effective as high-rate nanofluidic energy absorbers for  
mitigating mechanical impacts at realistic strain rates of 103 s−1.

The ZIF-8 material serves as a proof-of-concept, for which we 
observed a sharp rise in energy absorption density with elevating 
strain rates, stemming from the major enhancement of the hysteresis  
bound by the water intrusion–extrusion curves. The fundamen-
tal process underpinning this rate-dependent water intrusion did 
not depend on the gate-opening mechanism that dominates its gas 
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adsorption behaviour. Instead, we established that the unique rate 
dependence is controlled by the intrinsic timescale to form criti-
cally sized and stable hydrogen-bonded clusters in the hydropho-
bic cages, as they facilitate the inefficient water transport through 
the hydrophobic apertures separating adjacent cages. Because 
externally controlling the water intrusion beyond this intrinsic 
timescale requires substantially higher intrusion pressures, we 
observed a substantial rise in energy absorption density at higher 
strain rates. We showed that this ZIF-8 proof-of-concept can be 
generalized to several other cage-type ZIFs, whereas it is absent 
for channel-containing zeolites. Four design rules were formu-
lated, based on these theoretical and experimental observations, 
to construct high-rate energy absorption materials, thereby iden-
tifying 17 more potential candidate materials. These generally 
applicable design rules shed light on the synergistic role played 
by the framework architecture and hydrophobicity during forced 
water intrusion, which are key to the design and tuning of nano-
porous materials such as ZIFs towards practical and reusable 
impact-attenuating materials.
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Methods
Material synthesis and characterization. ZIF-8 was purchased from Aldrich 
Sigma (Basolite Z1200). Other ZIFs were synthesized using chemical compounds 
without further purification following the protocols outlined in the Supplementary 
Information. Zeolites ZSM-5, zeolite-β and mordenite were purchased from Alfa 
Aesar (45883, 45875, 45877 respectively). All of them were heated at 1,000 °C for 
3 h and cooled in air, to obtain higher hydrophobicity before use. The chabazite 
was obtained from Johnson–Matthey (1318-02-1 22:1 CHA) and was heated at 
950 °C for 3 h before use. This heat treatment procedure can increase the Si/Al ratio 
through dealumination, and therefore has been established as an efficient way to 
enhance the hydrophobicity of zeolites41,42. The effect of different heat treatment 
conditions on their water intrusion behaviours is shown in Supplementary Fig. 93.  
Microscopy imaging and X-ray diffraction of the synthesized samples were 
performed, and results are also shown in the Supplementary Information.

Sample fabrication. The obtained ZIFs and deionized water were combined and 
sealed in a stainless-steel chamber by precisely fitting sealing rings. As shown 
in Fig. 1, the thickness of the sample is always 3 mm. In the low-rate Instron 
experiments and medium-rate hydraulic experiments, we adjusted the diameter 
of the sample to 6 mm, which includes 25 mg of ZIF material. In the SHPB 
experiments, we scaled the sample up to 12.7 mm in diameter, which includes 
112 mg of ZIF material. As such, the pistons of the sealing chamber have the same 
diameter as the bars of SHPB, which means they can be impedance matched to 
avoid reflection of stress waves at the piston-bar interface.

Because of the relatively lower pore volume of zeolites compared to ZIFs, 
a higher amount of zeolite was used per sample, so that the lengths of water 
intrusion and extrusion plateaus are comparable to those of the ZIFs. This allows 
better identification of the corresponding pressures from the pressure–volume 
curves. Using a different amount of zeolite does not affect our observations, as 
shown in Supplementary Fig. 92. To fabricate a sample of 6 mm in diameter, we 
adopted 100 mg for ZSM-5, 50 mg for zeolite-β and 50 mg for mordenite. For 
the larger sample, 12.7 mm in diameter, we used 448 mg for ZSM-5, 224 mg for 
zeolite-β and 224 mg for mordenite.

Liquid intrusion experiments. Our liquid intrusion experimental platform is 
shown in Fig. 1. It is composed of a sealing chamber of the sample (Fig. 1c) and 
three different mechanical loading apparatus that provide appropriate driving force 
for water intrusion at different loading rates and allow the corresponding stress–
strain measurement. The loading apparatus includes a commercial screw-driven 
load frame (Instron 5582) for low-rate experiments (up to 0.1 s−1), an in-house 
hydraulic compression machine for medium-rate experiments (1–102 s−1) and 
the SHPB setup for high-rate experiments (103 s−1). By using this experimental 
platform, pressure–volume change (P − ∆V) curves or stress–strain curves along 
the water intrusion and extrusion process are obtained over a wide range of strain 
rates (10−5–103 s−1).

The efficacy of the low-rate experimental method has been reported in our 
recent work12,18. We applied a constant crosshead displacement rate, corresponding 
to a certain strain rate in the sample. Then, at a peak pressure at which water 
molecules have filled the framework porosity (for example, 56 MPa for ZIF-8), we 
reversed the crosshead direction to obtain the extrusion behaviour at the same 
displacement rate. The Instron records the force and displacement history during 
the loading and unloading cycles.

Medium-rate experiments were conducted on a hydraulic compression 
machine (Fig. 1b), consisting of a hydraulic actuator, a strain-gauge based force 
transducer and a pair of linear variable differential transformers (LVDTs) for 
displacement measurement. An appropriate peak displacement is preset, at which 
water molecules have filled up the framework porosity. We used the same strain 
rate for the loading and unloading process, which is controlled by the hydraulic 
actuator and measured by the displacement signals from the LVDTs.

High-rate experiments were carried out on a SHPB setup driven by a gas 
gun. In the experiment, the impact of a striker onto the incident bar produces an 
incident stress wave that propagates through the sample, with a certain amount 
being reflected, into the transmitted bar. The wave profiles recorded by the strain 
gauges on the incident and transmitted bars are used to calculate the forces and 
displacements at the specimen-bar interfaces and hence produce stress–strain 
curves using standard calculations43. The strain rate was also recorded using the 
reflected wave throughout the loading and unloading process. Stress equilibrium 
inside the sample during the impact is checked for each experiment, by confirming 
that the forces at the two interfaces have the same magnitude. All bars, including 
the piston of the sealing chamber, are made of the same material and have 
the same diameter, so as to match the impedances. Tungsten is selected as the 
bar material, to provide sufficient impact energy to drive the water intrusion 
process and allowing us to obtain experimental data at higher strain rates. Pulse 
shapers are used to achieve a constant strain rate during the loading process. The 
unloading process of the sample is uncontrolled, which means that the strain 
rate during the unloading process is not constant and can be different from that 
of the loading process. The unloading data were recorded and used to reveal the 
intrinsic extrusion behaviour of water from the nanoporous framework. This 
procedure is different from the low- and medium-rate experiments, where the 

unloading process is still displacement-controlled by the compression head and 
the unloading rate is set to be the same as the loading rate. Unfortunately, without 
any driving force, the SHPB technique does not allow us to capture a complete 
unloading curve, unless extremely long bars are used, which are not available. The 
uncontrolled free water extrusion process in high-rate experiments represents the 
performance of {ZIF + water} systems under realistic impact loading conditions, 
and the difference in the unloading setting for experiments at different strain 
rates does not affect our discussion on the rate-dependent energy absorption 
phenomenon (Supplementary Information).

On the basis of the obtained P–∆V or stress–strain curves, the intrusion 
pressure Pin is determined as the onset of the intrusion plateau, while the extrusion 
pressure Pex is determined as the midpoint of the extrusion plateau. For the 
incomplete extrusion plateaus in high-rate experiments, Pex is taken from the last 
data point. The plateaus of ZIF-7, ZIF-9 and mordenite are short; therefore, their 
Pin and Pex are determined on the basis of the gradient of the plot. The intrusion 
and extrusion rates are taken from the value of the selected data point of Pin 
and Pex. The strain rate history during the intrusion and extrusion is perfectly 
constant in the low-rate experiments but has some oscillations in the medium-rate 
and high-rate experiments. Energy absorption is defined as the hysteresis area 
enclosed by the loading and unloading curve, which is a certain percentage of the 
mechanical energy stored during the loading process.

Periodic ab initio simulations. Here, 0 K density functional theory (DFT) 
calculations were performed with the Vienna Ab initio Simulation Package 
(VASP)44 using the projector-augmented wave method45. The computational unit 
cell contained a total of 276 atoms, 12 of which are zinc atoms. The Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional46 was combined with the 
DFT-D3 dispersion scheme using Becke–Johnson damping47,48. The recommended 
GW PBE projector-augmented wave potentials were used for all elements and 
functionals (v.5.4). For the zinc atoms, the 3s, 3p, 3d and 4s electrons were 
included explicitly. For the carbon and nitrogen atoms, the 2s and 2p electrons 
were considered as valence electrons. For the hydrogen atoms, the 1s electron 
was treated as a valence electron. These DFT calculations were performed with a 
plane-wave kinetic-energy cut-off of 800 eV and using Gaussian smearing with a 
smearing width of 0.05 eV. Projection operators were evaluated in reciprocal space. 
A Γ-point k-grid was used for all volumes. The real-space fast Fourier transfer grid 
was used to describe wave vectors up to twice the maximum wave vector present 
in the basis set. An augmentation grid that is twice as large was used to avoid 
wrap-around errors to obtain accurate forces. The electronic (ionic) convergence 
criterion was set to 10−9 (10−8) eV. The resulting energy equation of state, reported 
in Supplementary Fig. 22, was constructed by fixed volume relaxations in which 
the positions and cell shape were optimized49. Subsequently, the dynamical matrix 
was determined using 0.015 Å displacements for all atomic coordinates with 
respect to the equilibrium structure.

To probe the influence of temperature on the ZIF-8 swing angle, an additional 
set of (N, P, σ

a

= 0, T) ab initio MD simulations50 was performed at temperatures 
of 100, 200 and 300 K and at 0 MPa using the CP2K software package51,52. In 
these calculations, the PBE-D3(BJ)46–48 level of theory was used in combination 
with Gaussian TZVP-MOLOPT basis sets53, a plane-wave basis set with a 
cut-off of 800 Ry and a relative cut-off of 60 Ry, and Goedecker–Teter–Hutter 
pseudopotentials54. The temperature of the simulations was controlled with a 
Nosé–Hoover chain thermostat consisting of three beads and with a time constant 
of 0.1 ps (refs. 55–58). The pressure was controlled with a Martyna–Tobias–Klein 
barostat with a time constant of 1 ps (refs. 59,60). These parameters were validated 
before to correctly capture the flexibility of MOFs50. The MD time step was set to 
0.5 fs. The total simulation time for the ab initio MD simulations comprised 11 ps, 
of which the first picosecond was discarded for equilibration.

Force-field derivation. From the dynamical matrix determined above, a flexible 
and ab initio-based force field for the empty ZIF-8 structure was derived. The 
covalent part of the force field, which contains diagonal terms that describe 
bonds, bends, out-of-plane distances and torsion angles as well as cross terms, 
was derived using the in-house QuickFF software package61,62. The Lennard–Jones 
parameters were obtained from the Dreiding force field63, whereas the electrostatics 
were modelled as Coulomb interactions between Gaussian charge distributions64 
with the atomic charges computed using the Minimal Basis Iterative Stockholder 
partitioning method65. More details about the ZIF-8 force-field derivation are 
provided in the Supplementary Information.

To describe the interactions between the different adsorbed water molecules 
and between the water molecules and the framework, a Lennard–Jones potential 
and point-charge electrostatics were used. The water molecules were described 
with the TIP4P/2005f model27. This model was chosen given its agreement with 
experimental water adsorption isotherms16,28,29, although the rigid TIP4P/2005 
model does underestimate the vapour pressure66.

Force-field-based Monte Carlo simulations. Canonical Monte Carlo and GCMC 
simulations were performed using the RASPA2 software package67 to extract 
the water density plots in the ZIF-8 framework. To this end, we first performed 
a series of GCMC simulations at a temperature of 298 K and a water pressure 
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that varied from 300 Pa to 6.6 kPa over the different simulations, using the 
Peng–Robinson equation of state to relate the water pressure and the chemical 
potential68. From these GCMC results, the saturation limit was determined and 
initial {ZIF-8 + water} snapshots were extracted at water loadings of 4, 8, 20, 40, 
60 and 80 water molecules. These snapshots were then used as the starting point 
for separate canonical Monte Carlo simulations, in which the water loading was 
kept constant and at a temperature of 298 K. In these canonical Monte Carlo 
simulations, the average density of the centres of mass of the water molecules was 
averaged over at least 2 million Monte Carlo cycles. The framework structures 
for the open- and closed-gate configurations of ZIF-8 were obtained from ref. 39 
(identifiers TUDHUW and TUDJOS in the Cambridge Crystallographic Database 
for the ambient- and high-pressure phases, respectively) and the simulations 
were performed in a 2 × 2 × 2 supercell. During these Monte Carlo simulations, 
the framework and the internal coordinates of the water molecules were kept 
rigid. The Lennard–Jones interactions were truncated at 12 Å with analytical tail 
corrections to correct for the finite cut-off. Electrostatic interactions were treated 
using the Ewald summation method69.

Force-field-based MD simulations. On the basis of the GCMC determined 
saturation limit of 80 water molecules per unit cell, 21 initial ZIF-8 structures were 
generated with 0, 4, 8, …, 80 water molecules per unit cell by varying the chemical 
potential during the GCMC simulations. To create an inhomogeneous water 
distribution, the initial structure with 80 water molecules was doubled along one 
of the crystal axes and all water molecules except for those in one out of four cages 
were removed (Fig. 4). For each water loading, 11 simulations were run at pressures 
spaced equally between 0 and 100 MPa.

For each of these structures and pressures, an (N, P, σ
a

= 0, T) MD 
simulation50 has been performed using our in-house developed software code 
Yaff70 for a total simulation time of 3 ns (inhomogeneous water distribution) or 
5 ns (homogeneous water distribution). Furthermore, for the longer simulations 
and the larger ZIF-8 models discussed in the Supplementary Information, the 
Yaff software package was interfaced with LAMMPS to calculate the long-range 
interactions more efficiently71. During these (N, P, σ

a

= 0, T) MD simulations, the 
temperature was controlled to be on average 300 K using a Nosé–Hoover chain  
thermostat consisting of three beads and with a time constant of 0.1 ps (refs. 55–58).  
The pressure was controlled with a Martyna–Tobias–Klein barostat with a time 
constant of 1 ps (refs. 59,60). The integration time step was limited to 0.5 fs to ensure 
energy conservation when using the velocity Verlet scheme. The long-range 
van der Waals interactions were cut off at a radius of 12 Å, which was compensated 
by tail corrections. The electrostatic interactions were efficiently calculated using 
an Ewald summation with a real-space cut-off of 12 Å, a splitting parameter α of 
0.213 Å−1 and a reciprocal space cut-off of 0.32 Å−1 (ref. 69). The snapshots in Fig. 4c  
were generated using VMD72, while the PLD and LCDs were calculated with 
Zeo++ (ref. 73).

Force-field-based umbrella sampling simulations. To quantify the free energy 
associated with the hopping of a water molecule from one cage to an adjacent 
cage in ZIF-8, umbrella sampling simulations were performed using our in-house 
developed software code Yaff70,74. A 2 × 2 × 2 ZIF-8 supercell was adopted to avoid 
potential, spurious interactions between periodic images of the water molecules. 
From the 16 cages in this supercell, 14 cages were kept empty, leaving only two 
adjacent cages that were potentially filled, named cage 1 and cage 2. The CV used 
in these umbrella sampling simulations is based on earlier diffusion work in related 
zeolite materials and is defined as follows40. First, the relative vector between 
the centroid of the selected water molecule that undergoes the hopping and the 
centre of the 6MR aperture separating cages 1 and 2 is determined. The CV is then 
defined as the oriented, perpendicular projection of this relative vector on the 
outwards normal of this 6MR aperture as observed from cage 1. Hence, CV = 0 Å 
corresponds to the water molecule being in the 6MR aperture, while CV < 0 Å and 
CV > 0 Å correspond to the molecule being in cages 1 and 2, respectively.

For each of the 20 different transitions (vide infra), the CV was divided into 
47 equidistant windows centred with CV values between −11.5 Å and 11.5 Å. 
To restrict the simulation to each individual window, a harmonic bias potential 
at the centres of these equidistant windows was applied with a force constant of 
25 kJ mol−1 Å−2. Each of these umbrella sampling simulations was run for 2.25 ns, 
including 10 ps of equilibration time. After this, the free energy profile for each of 
the transitions was obtained from the sampling distribution in each window by 
the weighted histogram analysis method (WHAM)75,76. To prevent the other water 
molecules from escaping from their respective cages, an additional harmonic bias 
potential with a force constant of 100 kJ mol−1 Å−2 was applied to each of those 
other water molecules whenever the centroid of the molecule was at least at a 
distance of 9 Å from the respective cage centre; this bias potential disappeared as 
long as the water molecules remained within a radius of 9 Å from their respective 
cage centres. This bias was also applied to the water molecule that undergoes 
the transition, but only when the molecule was sufficiently far from the 6MR 
aperture and hence sufficiently committed to one cage (|CV|≥ 3 Å). In this case, the 
additional spherical bias, which adds to the harmonic bias defined by the umbrella 
sampling, does not influence the transition through the 6MR aperture that is used 
in the definition of the CV, but prevents the water molecule from leaving the cage 

through a different 6MR aperture, similar to the effect of the spherical bias on the 
spectator water molecules.

The above procedure was followed for 20 different transitions. In the  
first set of ten transitions, besides the biased water molecule, cage 1 was filled  
with a critical cluster of five water molecules, while cage 2 was filled with in 
between zero (first transition) and nine (tenth transition) water molecules.  
The results of the first six of these simulations are shown in Fig. 4d. In the  
second set of ten transitions, this procedure was repeated but with a supercritical 
cluster of 30 molecules instead of a critical cluster of five water molecules in 
cage 1 to quantify the effect of supersaturation. All results are discussed in 
Supplementary Figs. 84–85.

Data availability
Source data for the main paper figures are provided with this paper. Additional 
experimental data generated during the current study are available from the authors 
upon request. Relevant configurations for the optimizations and MD simulations 
are available through Zenodo77. Additional computational data supporting the 
results of this work are available from the online GitHub repository at https://
github.com/SvenRogge/supporting-info or upon request from the authors.

Code availability
The Yaff software used to perform the MD simulations in this paper is freely 
accessible via https://molmod.ugent.be/software/yaff. Representative input and 
processing scripts are available at https://github.com/SvenRogge/supporting-info.
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Correlating MOF-808 parameters with mixed-
matrix membrane (MMM) CO2 permeation for
a more rational MMM development†

Raymond Thür,a Daan Van Havere,a Niels Van Velthoven, a Simon Smolders, a

Aran Lamaire, b Jelle Wieme, b Veronique Van Speybroeck, b Dirk De Vos a

and Ivo F. J. Vankelecom *a

Consistent structure–performance relationships for the design of MOF (metal–organic framework)-based

mixed-matrix membranes (MMMs) for gas separation are currently scarce in MMM literature. An important

step in establishing such relationships could be to correlate intrinsic MOF parameters, such as CO2 uptake

and the CO2 adsorption enthalpy (Qst), with the separation performance indicators of the MMM (i.e.

separation factor and permeability). Such a study presumes the availability of a platform MOF, which

allows systematic comparison of the relevant MOF parameters. MOF-808 can take up the role of such

a platform MOF, owing to its unique cluster coordination and subsequent ease of introducing additional

functional molecules. For this purpose, formic acid (FA) modulated MOF-808 (MOF–FA) was post-

synthetically functionalized with five different ligands (histidine (His), benzoic acid (BA), glycolic acid (GA),

lithium sulfate (Li2SO4) and trifluoroacetic acid (TFA)) to create a series of isostructural MOFs with varying

affinity/diffusivity properties but as constant as possible remaining properties (e.g. particles size

distribution). CO2 uptake and CO2 adsorption enthalpy of the MOFs were determined with CO2 sorption

experiments and Clausius–Clapeyron analysis. These MOF properties were subsequently linked to the

CO2/N2 separation factor and CO2 permeability of the corresponding MMM. Unlike what is often

assumed in literature, MOF-808 CO2 uptake proved to be a poor indicator for MMM performance. In

contrast, a strong correlation was observed between Qst at high CO2 loadings on one hand and CO2

permeability under varying feed conditions on the other hand. Furthermore, correlation coefficients of

Qst,15 and Qst,30 (Qst at 15 and 30 cm3 (STP) g�1) with the separation factor were significantly better than

those calculated for CO2 uptake. The surprising lack of correlation between membrane performance and

CO2 uptake and the strong correlation with Qst opens possibilities to rationally design MMMs and

stresses the need for more fundamental research focused on finding consistent relationships between

filler properties and the final membrane performance.

1 Introduction

Mixed-matrix membranes (MMMs) consist of a continuous

polymer matrix containing dispersed nanoparticles (so-called

llers).1,2 While polymeric membranes show good process-

ability but rather moderate gas separation performance,3,4

purely inorganic membranes can reach high selectivity/

permeance combinations due to their particular size sieving

abilities or strong affinity for the target component.5 However,

inorganic membranes are oen uneconomical to produce as

they are brittle, making it challenging to prepare up-scaled

membranes with large specic surface.6 MMMs are believed

to prot from the best of both worlds, having improved sepa-

ration capacity due to nanoparticle addition while maintaining

the good lm-forming properties of the polymer. Much research

has been dedicated in the past 10 years to nd better combi-

nations of polymers and MOFs with enhanced performance

compared to the state-of-the-art.2,7–13 A lot of these literature

reports focus on the use and modication of conventional

MOFs, frequently employing a trial-and-error approach for

developing novel MMMs. Although the membrane performance

can indeed oen be boosted by incorporation of MOFs in terms

of higher permeability or gas pair selectivity, the theoretical

understanding behind the MMM concept remains rather poor

and consistent structure–performance relationships for the
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design of MMMs are currently very scarce.14,15 A rst step

towards nding such structure–performance relationships

could be the linking of intrinsic MOF parameters to the gas

permeation behavior of the MMM (thus determining indicators

for the MMM separation performance based on MOF parame-

ters). For example, Seoane and co-workers proposed a method

to quantify polymer-MOF compatibility based on the Hansen

solubility parameters of MOF and polymer.1 With respect to the

membrane selectivity and permeability, MOF parameters such

as pore volume and CO2 uptake are oen identied as key

drivers in the ultimate MMM performance, where good MMM

separation performance goes hand in hand with high pore

volume and CO2 uptake.16–21 However, no study has been

devoted so far to the systematic correlation between MOF and

MMM parameters for a series of isostructural MOFs. This is

understandable since such a study presumes the availability of

a platform MOF, which allows systematic comparison of the

relevant MOF parameters. Furthermore, the overall gas perme-

ation through the MMM is the result of a subtle interplay

between polymer and MOF-related factors, which complicates

the identication of one-on-one correlations and causalities

between parameters.

MOF-808, consisting of the same Zr6O4(OH)4 cluster as UiO-

66 but linked through six 1,3,5-benzenetricarboxylate (BTC3�)

linkers, can take up the role of such a platformMOF since it can

be simply modied to change intrinsic MOF properties while

preserving the same MOF structure and topology.10 Next to the

six BTC3� linkers occupying the binding sites (at opposing

vertices of the cluster), the six equatorial binding sites can

theoretically be occupied by up to six modulator or ligand

molecules22 (Fig. 1), which can be easily attached via solvent-

assisted ligand exchange.23 As shown in previous work, it is

possible to create isostructural MOF-808 derivatives with subtly

altered BET surface area, pore volume, CO2 uptake and CO2

affinity.10 Moreover, other appealing features of MOF-808

include its excellent thermal, chemical and mechanical

stability, following from the strong interaction of the Zr6-cluster

and the carboxylate ligands, and the easy up-scaling of the

synthesis in non-toxic solvents such as water.24

In this work, post-synthetic functionalization of MOF-808

was applied to create a series of isostructural MOF-808 with

systematically varying characteristics, such as pore volume,

surface area, CO2 uptake and CO2 adsorption enthalpy (Qst). For

this purpose, a single batch of MOF–FA was produced to guar-

antee a uniform starting material for all functionalizations,

hence avoiding differences in MOF morphology or particle size

due to batch variations. Five different functional molecules

(histidine (His), benzoic acid (BA), glycolic acid (GA), lithium

sulfate (Li2SO4) and triuoroacetic acid (TFA)) were selected

based on their anticipated interaction with CO2. The polyimide

Matrimid 5218 (Matrimid) was used as polymer matrix as it is

regarded as a benchmark polymer for membrane gas separation

tests in academic research.1,25–27 The obtained MOF character-

istics were correlated with the MMM performance parameters

(CO2/N2 separation factor, pure gas permeability (PGP) and

mixed-gas permeability) in an attempt to identify the MOF

Fig. 1 Overview of MOF-808 functionalization strategy. FA ¼ formic acid, TFA ¼ trifluoroacetic acid, BA ¼ benzoic acid, His ¼ histidine, GA ¼

glycolic acid. For clarity, lithium ions are not shown.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 12782–12796 | 12783
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parameters that are best suited to use as predictors for the

MMM permeation behavior.

2 Experimental and methodology
section
2.1 Chemicals

Polyimide (Matrimid 5218) was kindly provided by Huntsman

(Switzerland). Sulfuric acid (99.9%), Li2SO4$H2O (>98.5%), BA

(>99.5%), GA (99%) and histidine (L, >99%) were purchased

from Sigma-Aldrich. TFA (99%) was acquired from Merck-

Schuchardt. FA (99%), tetrahydrofuran (THF, >99%), dime-

thylsulfoxide (DMSO, 99%) acetone (technical grade) and

ethanol (pure) were supplied by Acros. Zirconylchloride octa-

hydrate (ZrOCl2$8H2O) was acquired from Abcr GmbH and BTC

from J & K Chemicals. CO2 (>99.999%) and N2 (>99.999%) were

purchased from Air Liquide and used as delivered.

2.2 MOF synthesis

The different MOF-808 samples are denoted as MOF-x, with x

being the ligand type, e.g. MOF-808 functionalized with BA is

denoted as MOF–BA. A single batch of MOF–FA was prepared

(yield 12.6 g) to prevent differences between samples due to

batch variations. All functionalized MOFs were synthesized

using MOF–FA as starting material.

2.2.1 Synthesis of MOF–FA. The MOF synthesis recipe used

in previous work10 was adapted for using FA as modulator and

subsequently scaled up. 5.08 g (24.2 mmol) BTC and 23.4 g (72.8

mmol) ZrOCl2$8H2O were dissolved in 182 mL H2O in a 500 mL

round-bottom ask. Subsequently, 26.8 mL FA (712 mmol) was

added and the mixture was thoroughly stirred for 15 min. The

reaction mixture was then heated to 100 �C under reux for 5 h

in an oil bath. The formed MOF sludge was transferred into

Falcon tubes and washed with distilled water (30 mL). Aer 8 h,

the MOF samples were centrifuged (4000 rpm, 30 min) and the

supernatant was decanted. This was repeated 4 times with

distilled water and 3 times with ethanol. Aer the last washing

step, a clean, white powder (12.6 g) was obtained by drying in

a vacuum oven at 70 �C overnight.

2.2.2 Synthesis of MOF–BA. MOF–BA was functionalized

according to the method developed by Baek et al.28 250 mg of

MOF–FA was suspended in a 50 mL DMSO solution with 1.12 g

(9.251 mmol) BA in a 100 mL Schott bottle. The bottle was then

placed in an oil bath at 100 �C under constant stirring. Aer

24 h, the reaction was stopped and the reaction mixture poured

into Falcon tubes and washed with DMSO (3 times, 30 mL) and

acetone (3 times, 30 mL), similar to the washing procedure of

MOF–FA. Aer washing, the MOF was dried at 70 �C and stored

for further use.

2.2.3 Synthesis of MOF–His, MOF–TFA and MOF–GA.

MOF–FA (250 mg) was suspended in a 50 mL aqueous solution

of 0.005 mol ligand (0.78 g histidine, 0.57 g TFA, 0.38 g GA) in

a 100 mL Schott bottle. The bottle was placed on a stirring plate

for 24 h at room temperature. Aerwards, the functionalized

MOFs were washed 3 times with water and 3 times with acetone,

similar to the washing procedure of MOF–FA. Finally, the MOFs

were dried at 70 �C and stored for further use.

2.2.4 Synthesis of MOF–Li2SO4. An aqueous solution of

sulfuric acid (0.1 M, 50 mL) was prepared in a 100 mL Schott

bottle by mixing 0.268 mL sulfuric acid with 49.732 mL water, in

which 250 mg of MOF–FA was suspended to form MOF–SO4.

The mixture was stirred for 24 h at room temperature. Next,

MOF–SO4 was washed with water and acetone, dried and re-

suspended in a 50 mL aqueous solution containing 0.64 g

(0.005 mol) Li2SO4$H2O for 24 h under continuous stirring. The

resulting MOF was washed with water (3 times) and with

acetone (3 times), dried at 70 �C and stored for further use.

2.3 Membrane synthesis

The different Matrimid MMMs are denoted as MMM-x, with x

being the ligand type. For example, the Matrimid MMM con-

taining MOF–TFA is denoted as MMM–TFA.

2.3.1 Preparation of pristine Matrimid membranes.

Matrimid membranes were prepared by dissolving 0.42 g of

polymer in 5.58 g THF. Aer stirring overnight, the polymer

solution was poured into a Teon Petri dish (d ¼ 6 cm) in

a nitrogen bag. Evaporation of the solvent was slowed down by

placing a plastic funnel over the Petri dish. Once the membrane

had solidied due to solvent evaporation, the polymer lm was

removed from the Petri dish and annealed in a muffle oven by

heating from room temperature to 110 �C at 5 �C min�1. The

membrane remained at this temperature for 2 h. Next, the

membrane was heated at 5 �C min�1 to 180 �C for 6 h. Subse-

quently, the membranes were allowed to cool down naturally.

2.3.2 Mixed-matrix membrane synthesis. 10 wt% MMMs

were prepared by dispersing 0.047 g of driedMOF in 5.58 g THF.

The dispersion was then thoroughly sonicated for 15 min.

Following an adapted priming protocol,20 0.42 g polymer was

added to the dispersion in three steps (0.14 g per turn). All

samples were continuously stirred on a magnetic stirring plate.

Before and aer polymer addition, the samples were sonicated

for 15 min. Aer the nal polymer addition, the polymer/MOF

dispersion was stirred overnight and cast into a Petri dish (d

¼ 6 cm) in a nitrogen bag. Evaporation of the solvent was slowed

down by placing a plastic funnel over the Petri dish. Once the

membrane had solidied due to solvent evaporation, the poly-

mer lm was removed from the Petri dish and annealed in

a muffle oven by heating from room temperature to 110 �C at

5 �C min�1. The membrane remained at this temperature for

2 h. Next, the membrane was heated at 5 �C min�1 to 180 �C for

6 h. Themembranes were nally allowed to cool down naturally.

Filler loading was determined with the following equation:

Filler loading ðwt%Þ ¼ 100�

�

mfiller

mfiller þ mpolymer

�

(1)

with mller and mpolymer the weight of the ller and polymer,

respectively.

2.4 Characterization

2.4.1 X-ray diffraction. MOF crystallinity was analyzed with

X-ray diffraction (XRD). XRD diffractograms were measured by
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a Malvern PANanlytical Empyrean diffractometer in trans-

mission mode over a 1.3–45� 2q range. A PIXcel3D solid-state

detector and Cu anode (Cu Ka1: 1.5406 Å; Cu Ka2: 1.5444 Å)

were used for detection and X-ray generation.

2.4.2 Nuclear magnetic resonance. Proton and uorine

nuclear magnetic resonance (1H and 19F NMR) measurements

were carried out to determine the average number of functio-

nalizer molecules per Zr6 cluster. First, 3 mg MOF-808 was

dispersed in 600 mL deuterated DMSO. Next, 25 mL of a 40 wt%

hydrouoric acid (HF) solution was added for MOF digestion.

For 19F NMR, 10 mL uorobenzene was added to the mixture as

an internal standard. NMR spectra were recorded on a Bruker

AMX-300 spectrometer at 300 MHz for 1H NMR and at 400 MHz

for 19F NMR (16 scans). A recycle delay time of 30 s was applied

for 19F NMR. The output was analyzed with SpinWorks 4.2

soware.

2.4.3 Scanning electron microscopy. Particle morphology

was examined with scanning electron microscopy (SEM, Philips

XL30 FEG). To avoid sample charging, all samples were coated

with a layer of gold/palladium. Particle size distribution was

analyzed with ImageJ and statistical analysis (one-way ANOVA)

to determine whether differences in size occurred between the

MOFs.

2.4.4 Attenuated total reectance-Fourier transform

infrared spectroscopy. Attenuated total reectance-Fourier

transform infrared spectroscopy (ATR-FTIR) measurements on

MOF and MMM samples were conducted to identify functional

groups. All samples were dried prior to the measurement. A

Varian 670 FTIR imaging spectrometer was used, containing

a diamond ATR crystal and a Single Point MCT detector. 32

scans were recorded at a resolution of 2 cm�1.

2.4.5 N2 and CO2 physisorption. N2 and CO2 physisorption

experiments were performed with a Micromeritics 3Flex surface

analyzer. Prior to the measurement, all MOFs were activated

under vacuum at 100 �C for 16 h. N2 physisorption was con-

ducted at �196 �C. Surface areas were calculated via the multi-

point BET method applied to the isotherm adsorption branch,

taking into account surface area criteria as given by Rouquerol29

and the consistency criteria described by Walton and Snurr.30

CO2 sorption was measured at three different temperatures (273

K, 293 K, 313 K) to allow determination of the CO2 Qst of the

different MOFs with the Clausius–Clapeyron equation (eqn

(2)):31

v lnðpÞ

v

�

1

T

� ¼
�Qst

R
(2)

with p the equilibrium pressure (mbar), T the temperature (K), R

the universal gas constant (J mol�1 K�1).

The sorption data were rst tted with the dual-site Lang-

muir model (eqn (3)):31

N ¼ Nm;A �
bA � p

1þ bA � p
þNm;B �

bB � p

1þ bB � p
(3)

with N the amount of adsorbed gas (cm3 (STP) g�1), Nm,A and

Nm,B the amount of adsorbed gas at saturation for sorption site

A and B respectively (cm3 (STP) g�1), bA and bB the adsorption

equilibrium constants for respectively sorption site A and B and

p the pressure (mbar).

The Clausius–Clapeyron data points were then interpolated

based on the t values. Next, for a range of different CO2 load-

ings, Qst can be calculated from the slope of a ln(p) vs. 1/T plot,

according to eqn (2).

2.4.6 Membrane gas sorption. Sorption of N2 and CO2 was

measured at 30 �C up to pressures of 15 bar for all membranes.

A Rubotherm series IsoSORP© instrument was used to conduct

the measurements. First, helium pycnometry was carried out on

all membranes to determine the membrane weight and volume.

The additional weight resulting from gas sorption in the

membrane over time was determined with a magnetically sus-

pended balance. The buoyancy of the measurement gases was

taken into account to calculate the correct weight of the sample

(eqn (4)):

mcorrected ¼ mmeasured + rgas � Vsample (4)

with mcorrected the corrected weight (g), mmeasured the measured

weight (g), rgas the measuring gas density (g cm�3) and Vsample

the sample volume (cm3).

The N2 and CO2 solubility in the membranes can be calcu-

lated with eqn (5):

S ¼
C

p
(5)

with S the gas solubility (cm3 (STP) cm�3 cmHg), C the quantity

of adsorbed gas (cm3 (STP) cm�3) and p the pressure (cmHg).

2.4.7 Grand canonical Monte Carlo (GCMC) simulation of

CO2 adsorption behavior in MOF-808. The input structures for

the GCMC simulations were obtained by optimizing the prim-

itive unit cell of the different MOF-808 structures using CP2K.32

The optimizations were performed at the PBE-D3(BJ)33–35 level of

theory, combined with Gaussian TZVP-MOLOPT36 basis sets,

a plane wave basis set with a cut-off of 800 Ry and a relative cut-

off of 60 Ry, and Goedecker–Teter–Hutter (GTH) pseudopoten-

tials,37 allowing for a relaxation of both the atomic positions and

the unit cell. The GCMC simulations were performed with

RASPA,38 using a xed framework and rigid CO2 and N2 adsor-

bate molecules described by the TraPPE force eld.39 The

atomic framework charges were derived from cluster calcula-

tions using the Minimal Basis Iterative Stockholder (MBIS)

partitioning scheme40 (see ESI† for more details), while the

Lennard-Jones interaction parameters are taken from the

DREIDING model41 (except for zirconium, which was taken

from UFF).42,43 The temperature was set to 300 K. Each GCMC

simulation consists of 107 cycles, with equal probabilities for

translation, rotation, and (re)insertion moves. The rst 105

cycles are regarded as equilibration steps and are not taken into

account in any analysis.

The CO2 enthalpy of adsorption can be determined from the

GCMC simulations using eqn (6):

DHads ¼
hUNim � hUim hNim

�

N2
�

m
� hNim

2
� hUhosti �

�

Uguest

�

� kBT (6)
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with U the total energy of the host framework and the adsorbed

molecules, N the number of adsorbed molecules, hUhosti the

average energy of the adsorbent, hUguesti the average energy of

the adsorbate molecule in the gas phase, kB the Boltzmann

constant, and T the absolute temperature.

h.im denotes an average in the grand-canonical ensemble.

As the host framework and the adsorbed molecules are

described as rigid molecular systems, hUhosti ¼ hUguesti ¼ 0.

The mixed-gas CO2/N2 selectivities of MOF–FA and MOF–

TFA were determined from a separate set of GCMC simulations

in which both CO2 and N2 molecules can be inserted or deleted.

The mole fractions were set to 0.5, so that the selectivity can be

calculated from the ratio of the number of adsorbed CO2

molecules to the number of adsorbed N2 molecules.

2.4.8 Gas permeation. Our in-house developed high-

throughput gas separation set-up (HTGS) was used to examine

the gas permeation behavior of the synthesized membranes. A

detailed set-up description is given elsewhere.44–46 HTGS allows

simultaneous pure gas and mixed-gas testing of 16 membrane

coupons at varying membrane temperatures and feed pres-

sures. The active membrane area is 1.91 cm2. CO2 pure gas

permeability and the CO2/N2 mixed-gas permeability and

separation factor were measured for all membranes.

CO2/N2 mixed-gas separation factors (a*) were measured by

a GC analysis of the permeate composition. The ratio of the feed

and permeate mole fraction of CO2 and N2 then renders the

separation factor (eqn (7)):

a*
CO2=N2

¼
yCO2

�

yN2

xCO2

�

xN2

(7)

where yCO2
and yN2

are the mole fractions of CO2 and N2 in the

permeate, xCO2
and xN2

the mole fractions of gas CO2 and N2 in

the feed. The ratio yCO2
/yN2

is determined from chromatogram

peak areas of the permeate, while xCO2
/xN2

is determined by the

feed settings.

Determination of the pure gas and mixed-gas permeabilities

of CO2 and N2 was performed with a constant-volume–varying-

pressure method. A pressure sensor (MKS Baratron) measures

the change in pressure in a 75 cm3 measuring cylinder while

permeate gas is accumulated in the cylinder. The change in

pressure as a function of time (dp/dt) is then used to calculated

the permeability P (Barrer) with eqn (8). For pure gas

measurements, the mole fraction of the gas in permeate and

feed is 1.

PCO2
¼ 1010 �

yCO2
� V � Vm � L

xCO2
� pup � A� R� T

�
dp

dt
(8)

with Pi the gas permeability (Barrer), yi the mole fraction of the

component in the permeate, xi the mole fraction of the

component in the feed, V the downstream volume (cm3), Vm the

molar volume (22.414 L mol�1), A the membrane permeation

area (1.91 cm2), L the membrane thickness (mm), T the oper-

ating temperature (K), pup the upstream pressure (bar), R the gas

constant (0.082 L atm mol�1 K�1) and dp/dt the pressure

increase (torr s�1).

3 Results and discussion
3.1 Characterization of MOFs and membranes

Functionalization of the starting material MOF–FA does not

change the crystal structure of the MOF since all its function-

alized derivatives show a high degree of crystallinity (Fig. S1†),

in good agreement with literature.10,23,28 The variation in relative

intensity between the large diffraction peak at 4.3� and the two

smaller peaks at 8.3� and 8.7� can be attributed to the varying

pore lling of the different MOFs.47–49 Furthermore, post-

synthetic functionalization does not affect the particle size

nor morphology as conrmed by SEM (Fig. S2†). All MOFs have

the same, lumped octahedral shape and a uniform, average

MOF size of around 350 nm, originating from the starting

material. A one-way analysis of variance (ANOVA) suggested no

statistical difference in particle size between the MOFs (Tables

S1 and S2†).

ATR-FTIR was used to further conrm the presence of the

different ligands in the MOFs (Fig. 2). In all spectra, peaks sit-

uated at 453 cm�1 (Zr-m3-OH stretch) and 660 cm�1 (Zr-m3-O

stretch) are associated with the Zr-oxide cluster.20 Likewise,

clearly distinguishable peaks are observed at 760 cm�1,

1385 cm�1, 1572 cm�1 and 1620 cm�1, corresponding to

vibrations of the BTC linker.50 No signal was found between

1715–1750 cm�1, which corresponds with the C]O stretch of

uncoordinated ligands or BTC, hence indicating that the MOF

pores do not contain physisorbed ligands.50 Specic peaks

belonging to the ligand were found for all samples. Additional

bands for MOF–His are visible at 822 cm�1 and 1067 cm�1,

Fig. 2 ATR-FTIR spectrum (left) and N2 adsorption isotherms at 77 K (right) of all MOFs.
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resulting from mixed –NH3
+ and –CH bending. Together with

the higher relative absorbance of the signal at 1574 cm�1

(–NH3
+ deformation), these absorptions suggests that histidine

is present in its (partially) protonated form.51–53 Specic

absorption bands for MOF–TFA were recorded at 1170 and

1208 cm�1, attributed to –CF symmetrical and anti-symmetrical

stretch, respectively.10 Signals for MOF–BA and MOF–GA were

less pronounced as their characteristic bands mostly coincide

with linker peaks. For MOF–BA, the signal at 718 cm�1 has

a higher absorbance (associated with an increased out-of-plane

–CH stretching of the benzene ring) while a new peak occurs at

1178 cm�1 (–CH bending ring).54 MOF–GA shows a weak signal

increase at 1000–1075 cm�1 (C–O stretch) but, most impor-

tantly, a broad signal at 3300 cm�1 due to –OH stretch (from GA,

ethanol or water).52 Finally, an enhanced absorbance intensity

in the 900–1200 cm�1 region has previously been associated

with effective SO4 functionalization of MOF-808.55

Further conrmation of successful post-synthetic function-

alization was performed with 1HNMR and 19F NMR (Fig. S4†). A

higher ligand loading on the cluster was detected in the

following order: MOF–TFA ¼ MOF–His (3.3) > MOF–BA (3.2) >

MOF–GA (2.3) > MOF–FA (2.2), as can be seen in Table 1. The

difference in loading seems to roughly increase with decreasing

pKa of the carboxylic acid functional group (in water): TFA (0.23)

> His (1.78) > GA (3.83) � FA (3.75).56,57 A lower pKa results in

a larger concentration of deprotonated ligand at equal pH and

thus a higher probability of incorporation in the MOF frame-

work. MOF–BA deviates from this trend as it has the highest pKa

(4.20) but, at the same time, a loading of 3.2 BA per Zr6 cluster.

Due to the limited solubility of BA in water, BA functionalization

took place in DMSO, whereas the other functionalizations were

water-based, making it difficult to draw conclusions with regard

to BA. None of the functional ligands had a cluster loading

equal to the theoretical maximum of six, indicating that the

remaining vacant sites were occupied by other charge

compensating moieties (i.e. -OH�, -Cl�).28

CO2 and N2 physisorption experiments were conducted to

determine characteristic MOF-808 parameters, such as pore

volume and diameter, BET value and CO2 uptake (Table 1). N2

adsorption isotherms are given in Fig. 2. Substantial differences

in BET surface area and pore volume exist between the func-

tionalized MOFs. For the starting material MOF–FA, BET and

pore volume correspond well with literature.10,24,58 The BET

surface area, pore volume and pore diameter (Fig. S5†) all

decrease with increasing size of the ligand (MOF–TFA > MOF–

GA > MOF–BA > MOF–His). Although Li2SO4 is considerably

smaller in size than histidine and BA, MOF–Li2SO4 denotes the

lowest BET and pore volume measured. As MOF–Li2SO4

retained its crystalline structure aer functionalization, the low

BET and pore volume suggest that the MOF pores might be

partially blocked by salt deposition.

Furthermore, functionalization strongly affects the CO2

uptake of the different MOFs as well (Fig. S6†). At 1000 mbar

and 273 K, the MOF–FA starting material displays the highest

uptake (65.9 cm3 (STP) g�1), indicating that functionalization

reduced the uptake capacity of the MOFs. The CO2 uptake

follows a decreasing trend from MOF–FA > MOF–His > MOF–

TFA > MOF–GA > MOF–BA > MOF–Li2SO4. However, only small

differences in uptake (ranging from 48.1–55.2 cm3 (STP) g�1) are

observed between the functionalized MOFs, except for MOF–

Li2SO4, which loses more than 40% of uptake capacity

compared to MOF–FA, further pointing towards the deposition

of Li2SO4, blocking adsorption sites.59 Besides the total CO2

uptake capacity of the MOF, the initial slope of the CO2

adsorption isotherm in the low-pressure region also reveals

qualitative information about the MOF CO2-philicity as it is

governed by the sorption equilibrium constant (b-value).60–63

Hence, adsorption in this pressure region is expected to corre-

late primarily with the MOF–CO2 binding strength rather than

with the specic surface area or pore volume. The slope in the

lower pressure region (0–100 mbar, Fig. S7†) increases in the

order MOF–BA < MOF–Li2SO4 < MOF–GA < MOF–FA z MOF–

His < MOF–TFA, which was further conrmed by the b-values

obtained from the dual-site Langmuir model (Table S3†). The

observed trends in CO2 uptake and initial slope (b-value) indi-

cate that MOF–TFA has the highest affinity for CO2, although

this is eventually not reected in the highest total CO2 uptake

since the MOF starting material (i.e. MOF–FA) can adsorb up to

28% more CO2. While this observation seems to contradict at

rst sight, it can be explained by the larger pore volume and

surface area of MOF–FA. Furthermore, an almost linear CO2

adsorption isotherm is observed for MOF–BA in the low-

pressure region, which has previously been associated with

a lack of high-affinity bindings sites in the MOF.63,64 At higher

pressures, the difference between the isotherms of the other

MOFs is less pronounced (Fig. S6†).

Table 1 Average number of ligand molecules per Zr6 cluster, pore volume (cm3), pore diameter (�A), BET value (m2 g�1) and CO2 uptake (cm3

(STP) g�1) at 273 K and 1000 mbar for all MOFs

Ligands per Zr6 cluster
a Pore volume (cm3) Pore diameter (�A) BET value (m2 g�1) CO2 uptake

b (cm3 (STP) g�1)

MOF–FA 2.2 0.76 18.4 2304 65.9

MOF–TFA 3.3 0.68 17.7 1946 51.2
MOF–GA 2.3 0.55 15.6 1421 50.9

MOF–BA 3.2 0.46 13.8 1119 48.1

MOF–His 3.4 0.37 10.9 901 55.2

MOF–Li2SO4 — 0.28 15.6 727 37.2

a As determined by NMR. b At 273 K and 1000 mbar.
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To obtain a more accurate and quantitative measure of the

effect of functionalization on the MOF CO2 affinity, the loading-

dependent CO2 Qst was calculated for each MOF with the

Clausius–Clapeyron method based on a dual-site Langmuir

model (Fig. 3). Table S4† gives the MOF Qst values at different

loadings. At zero coverage, the diverse functionalizations result

in a difference of �15 kJ mol�1 between the highest Qst (MOF–

TFA, 39.2 kJ mol�1) and the lowest Qst (MOF–BA, 23.9 kJ mol�1).

The curve of the graphs of MOF–FA, MOF–TFA, MOF–GA, MOF–

Li2SO4 and (to a lesser extent) MOF–His all display a substantial

Qst reduction with increasing coverage. Comparable behavior

has been associated with the saturation of high-affinity gas

binding sites inside the MOF.65,66 The minima in Qst observed

for MOF–FA and MOF–Li2SO4 are believed to be an artefact of

the model's limited number of temperature data points. For the

higher coverages, the Qst appears to approach a pseudo-

constant value of roughly 21–22 kJ mol�1, with only small

differences in the adsorption enthalpy between the MOFs, cor-

responding with the occupation of the low-affinity adsorption

sites in the isostructural MOFs.66 The change in Qst of MOF–BA

remains rather limited, suggesting a larger binding site homo-

geneity (as was also concluded from the CO2 adsorption

isotherm). CO2 Qst values in this work are comparable to the Qst

values reported in literature for similar MOFs. Plonka et al.

found a Qst of 32 kJ mol�1 for FA modulated MOF-808, well in

line with our ndings.67 Very similar values were reported for

peruoroalkane functionalized NU-1000 (which contains the

same Zr6 cluster as MOF-808) with Qst,0 between 20 and

34 kJ mol�1 while the pristine NU-1000 gave a CO2 Qst,0 of

17 kJ mol�1.66,68 For UiO-66, CO2 adsorption enthalpies at zero

coverage vary between 26 and 38 kJ mol�1, depending on the

type of functionalization.69,70 The highest Qst in this work was

noted for MOF–TFA over the entire range of CO2 loading.

SEM cross-sections of the MMMs show that the different

MOFs are homogeneously incorporated in the polymer matrix,

without noticeable differences between the samples (Fig. S12

and S13†). TGA measurements revealed that thermal stability of

the membranes aer incorporation of the MOF remained at the

same level for all MOFs (Fig. S14†). In addition, all MMMs

contained between 8 and 10 wt% MOF. An enhanced Tg was

observed for all MMMs compared to the unlled Matrimid

membrane (Tg ¼ 312 �C), indicating polymer rigidication at

the polymer/particle interphase to a certain extent (Fig. S15†).

Only small variations in Tg can be observed between the MMMs,

suggesting a very similar degree of polymer rigidication for the

different MMMs. All MMMs have a Tg between 320 and 322 �C

with an exception of MMM–FA (Tg ¼ 324 �C). This is most

probably a result of the slightly higher weight percentage of

MOF–FA in the membrane as can be observed from TGA data.

Finally, N2 and CO2 sorption were measured for all membranes

(Fig. 4) and the corresponding solubility values were calculated

in Table S5.† With increasing pressure, CO2 sorption in the

membranes clearly increases from Matrimid < MMM–GA <

MMM–His < MMM–BA < MMM–FA < MMM–Li2SO4 < MMM–

TFA. On the other hand, the N2 sorption data are more difficult

to analyze as only small differences between the samples can be

Fig. 3 Experimental CO2 adsorption enthalpies as a function of CO2

loading for all MOFs.

Fig. 4 CO2 (left) and N2 (right) sorption in the Matrimid reference membrane and all MMMs.
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noticed. In general, a strong improvement in solubility selec-

tivity is observed for FA, BA, TFA and Li2SO4 functionalized

MOF-808 compared to the pristine Matrimid membrane while

MOF–GA and MOF–His only modestly affect the CO2/N2 solu-

bility selectivity. At 5 bar, the highest solubility selectivities are

measured for MOF–TFA (17.8) and MOF–Li2SO4 (18.4), which

represent an 54% and 59% increase compared to Matrimid,

respectively.

3.2 Computational MOF characterization

GCMC simulations were applied on MOF–FA and MOF–TFA to

acquire the MOF CO2 adsorption sites, adsorption enthalpy and

mixed-gas CO2/N2 adsorption selectivity. Additionally, the CO2

adsorption isotherms were simulated and are available in

Fig. S9.†

The adsorption densities of the CO2 molecules at different

pressure for MOF–FA are displayed in Fig. 6, in which the

primitive unit cell was expanded to the conventional cubic cell

for ease of interpretation (Fig. S10†). At low pressures, the CO2

molecules are primarily located within the cages formed by the

four benzene rings of the linker, yielding a square grid of

adsorption sites when viewing MOF-808 along the c-axis

(marked as site 1 in Fig. 5 and 6). A second type of adsorption

Fig. 6 Density of the adsorbed CO2 molecules in MOF–FA at 300 K projected on a plane orthogonal to the c-axis and the (a + b)-axis of the
conventional unit cell. The CO2 molecules are represented by the positions of the carbon atoms.

Fig. 5 Two isosurfaces of the density of MOF–FA from GCMC simu-
lations at 2 bar. The high density isosurface of sites 1 and 2 is shown in
iceblue and a lower density isosurface is shown to encapsulate the
metal cluster.

Fig. 7 Density of the adsorbed CO2 molecules in MOF–TFA at 300 K projected on a plane orthogonal to the c-axis and the (a + b)-axis of the
conventional unit cell. The CO2 molecules are represented by the positions of the carbon atoms.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 12782–12796 | 12789
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sites that gain importance with increasing pressure are located

in between the zirconium clusters, covering the open sides of

the linkers (marked as site 2 in Fig. 5 and 6).67 At higher pres-

sures, the linkers eventually become fully encapsulated by CO2

with increasing pressure.

Although the adsorption sites for MOF–TFA are similar, the

lling pattern is different due to the presence of the TFA func-

tional groups, which results in a higher degree of localization of

the adsorbed CO2 molecules (Fig. 7). Aer lling the tetragonal

cages at the lowest pressures, the CO2 molecules further adsorb

onto the linkers. In contrast to MOF–FA, the adsorption sites

located above the benzene rings of the linkers are also signi-

cantly occupied for mid-range pressures, implying that the

surrounding TFA functionalizations enhance the adsorption

energy of these sites (more negative adsorption enthalpy).

This is also conrmed by the calculated enthalpies of CO2

adsorption for both MOFs (Fig. 8, also Table S6†). At the lowest

pressures, the enthalpy of adsorption is completely dominated

by the host–adsorbate interaction. Initially, the enthalpy values

for MOF–FA and MOF–TFA are hence very similar as CO2 rst

adsorbs in the tetragonal cages (site 1). Once adsorption sites on

the linker molecules (site 2) become relevant, MOF–TFA shows

signicantly lower adsorption enthalpies (stronger host–adsor-

bate interaction), in good agreement with the experimentally

determined isosteric CO2 adsorption enthalpy. A more

moderate difference is observed at higher pressures as the

adsorbate–adsorbate interactions also start to contribute to the

adsorption enthalpy. Eventually, this is reected in higher

mixed-gas CO2/N2 selectivities for MOF–TFA, conrming the

experimental trends. Finally, the inuence of open metal site

defects (i.e. as a result of missing modulators) on the enthalpy

of adsorption was also investigated for MOF–FA, by creation of

a MOF–FA structure with 1 defect (MOF–FA-def1) and 3 defects

(MOF–FA-def3), respectively (Fig. S11 and Table S6†). As can be

seen in Fig. 8, no difference in CO2 adsorption enthalpy is

observed between MOF–FA and MOF–FA-def1 while the CO2

adsorption enthalpy of MOF–FA-def3 is slightly lower than that

of MOF–FA but still signicantly higher than the adsorption

enthalpy of MOF–TFA, indicating that the sole effect of defects

on the CO2 adsorption is rather limited in MOF–FA.

3.3 Gas permeation

CO2 permeability of themixed-gas experiments with 15%/85% v/v

and 50%/50% v/v CO2/N2 feed compositions and of the CO2 pure

gas experiment is given in Fig. 9. All MMMs show a signicantly

higher CO2 permeability for all feed compositions compared to

the pristine Matrimid membrane, owing to the incorporation of

Fig. 8 Simulated CO2 adsorption enthalpies for MOF–FA, MOF–TFA and MOF–FA with 1 and 3 defects, respectively (left). Simulated mixed-gas
adsorption CO2/N2 selectivities for MOF–FA and MOF–TFA (right).

Fig. 9 CO2 permeability (left) and CO2/N2 separation factor (right) for the 15%/85% v/v and 50%/50% v/v mixed-gas CO2/N2 experiment and the
CO2 pure gas experiment of all membranes. Gas filtrations were performed at 30 �C and 5 bar feed pressure. All MMMs contain 10 wt% MOF.
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the MOF.71,72 For the 15%/85% v/v CO2/N2, the 50%/50% v/v CO2/

N2 and the pure CO2 data, respectively, the smallest permeability

increase was observed for MMM–Li2SO4 (+23%, +20%, +15%)

while the most substantial increase was recorded for MMMs

containing MOF–TFA (+52%, +72%, +72%) as a result of

a substantially increased CO2 solubility upon incorporation of

the TFA functionalized MOF (+33%). The low MMM–Li2SO4

permeability can be linked to the above-mentioned pore blockage

by Li2SO4 deposition. Furthermore, a similar trend can be seen

for the various feed conditions with the CO2 permeability

increasing in the order Matrimid < MMM–Li2SO4 < MMM–Hisz

MMM–GA z MMM–BA z MMM–FA < MMM–TFA. Finally, the

CO2 permeability is reduced when the CO2 content in the feed is

increased from 15% to 50% and eventually to 100%. A similar

trend was observed for UiO-66-NH2 MMMs based on various

uorinated polyimides.11,19,73 These observations are in line with

the dual-mode sorption model, which predicts saturation of

polymer excess free volume elements at elevated CO2 pressure,

resulting in a lowered CO2 solubility.
74,75

The CO2/N2 separation factors of Matrimid (Fig. 9) for the

15%/85% v/v (29.5) and the 50%/50% v/v feed (25.9) are similar

to literature.76,77 In general, incorporation of the functionalized

MOFs leads to a small enhancement in CO2/N2 separation factor

for both feed mixtures compared to the pristine Matrimid

membrane, but only small differences can be noticed between

the MMMs. DSC measurements conrmed a similar increase in

Tg for all MMMs. This indicates a certain (and similar) degree of

polymer rigidication at the polymer/particle interface, thus

(partially) explaining the elevated MMM separation factor. In

addition, since no differences in particle morphology or particle

size were observed with SEM (all MOFs were synthesized start-

ing from the same MOF–FA batch), it is reasonable to assume

that polymer rigidication is comparable for all MMMs. Similar

to the permeability measurements, MOF–TFA causes the largest

improvement of the separation factor of all MOFs, while MOF–

GA, MOF–Li2SO4 and MOF–FA do not signicantly affect the

15%/85% v/v and 50%/50% v/v separation factor. Functionali-

zation with TFA (+9%, +25%) results in the best performance

(compared to MMM–FA), which can be explained by the

improved CO2/N2 selectivity for MOF–TFA (as was conrmed by

the GCMC simulations) and the resulting increasing in solu-

bility selectivity for MMM–TFA. As mentioned earlier, it is

believed that the strongly polarized C–F bonds in MOF–TFA and

the consequent higher CO2 affinity are at the base of the good

separation factor for MMM–TFA.10 This was conrmed by both

experimental and simulated CO2 adsorption enthalpies, which

were signicantly lower (stronger MOF–CO2 interaction) upon

functionalization with TFA and eventually resulted in an

enhanced CO2/N2 mixed-gas adsorption selectivity for MOF–

TFA compared to MOF–FA (Fig. 8). For the BA functionalized

MOF, MMM–BA probably prots from enhanced p–p interac-

tion between phenyl groups at the MOF surface and aromatic

moieties of the polymer chains, which has previously been re-

ported to improve polymer–MOF compatibility and, as a result,

the separation factor.78 It can be hypothesized that a higher CO2

Qst might lead to a higher selectivity for the MMM based on

MOF–TFA, but observations for MOF–BA (with the lowest Qst,0

but second highest a*) contradict this. Finally, a lowered CO2/

N2 selectivity for the 50%/50% v/v feed is expected based on the

dual-sorption model as the N2 partial pressure is reduced

(higher N2 permeability), while the CO2 partial pressure is

enhanced (lower CO2 permeability).75

3.4 Correlation of MOF parameters with membrane CO2

permeation

Overall, the effect of ligand type on the MMM CO2 permeability

and CO2/N2 separation factor strongly varies when compared to

the MOF–FA starting material. Only functionalization with TFA

and Li2SO4 causes the MMM permeability to change signi-

cantly while improved separation factors with respect to MOF–

FA are only observed for BA and TFA functionalization. To

quantify the relationship between the examined MOF proper-

ties and theMMMpermeation behavior, correlation coefficients

between these parameters have been calculated in Table 2.

Results were interpreted based on statistic guidelines dened

by Ross et al.79 Correlation coefficients lower than 0.30 are

considered as weak correlations, between 0.30 and 0.80 as

moderate and higher than 0.80 as strong.

The conventional MOF parameters (BET surface area and

pore volume) display a moderate linear correlation with the

obtained permeabilities. This seems reasonable, owing to the

positive relationship between gas diffusivity and MMM free

volume.75 In addition, a weak correlation is observed between

these parameters and the CO2/N2 separation factor. Unexpect-

edly, also CO2 uptake in both the low (at 50 mbar) and high (at

1000 mbar) pressure region correlates very poorly with both

separation factors, while only moderate correlations were noted

Table 2 Correlation coefficients between MOF-808 parameters (CO2 uptake at 50 and 1000 mbar and Qst at a coverage of 0, 15, 30 cm3 (STP)
g�1) and the corresponding MMM parameters (a* at 15%/85% v/v and 50%/50% v/v CO2/N2 feed, and CO2 permeabilities for 15%/85% v/v and
50%/50% v/v CO2/N2 feed and the pure CO2 feed (P100/0)). Strong correlations are indicated in bold and weak correlations in italics. Intermediate
correlations have no special markings

CO2 uptake (50 mbar) CO2 uptake (1000 mbar) BET surface area Pore volume Qst,0 Qst,15 Qst,30

a*
15=85

0.079 0.053 0.123 0.173 0.056 0.414 0.291

a*
50=50

0.010 0.106 0.126 0.230 0.222 0.368 0.423

P15/85 0.431 0.658 0.722 0.800 0.513 0.756 0.834

P50/50 0.532 0.558 0.681 0.733 0.473 0.844 0.793

P100/0 0.352 0.665 0.622 0.716 0.433 0.715 0.866

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 12782–12796 | 12791
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with permeability in 15%/85%, 50%/50% v/v and pure CO2 feed.

This strongly contrasts with literature, where a high CO2 uptake

is very frequently used to explain MMM permeation observa-

tions.27,80 The correlation of Qst on one hand with CO2 perme-

ability and CO2/N2 separation factor on the other hand is less

straightforward to interpret. The adsorption enthalpy at zero

coverage (Qst,0) shows moderate correlation with the CO2

permeabilities, comparable to the CO2 uptake values. Similarly,

only weak correlations are observed for Qst,0 and the different

separation factors. Interestingly, strong correlations are

observed between Qst,15 and Qst,30 on one hand and P15/85, P50/50
and P100/0 on the other hand while correlation coefficients of

Qst,15 and Qst,30 with the a*
15=85 and a*

50=50 are higher than for

CO2 uptake but are still considered only moderate. As such, Qst

can be considered as the most effective predictor for MMM CO2

permeability amongst all MOF parameters.

A possible explanation for the difference in correlation

strength of the Qst at low loading and the ones at high loading

might be found in the existence of mobile and immobile gas

species in the membrane.81 Qst,0 represents the adsorption

enthalpy of the high affinity sorption sites in the MOF and can

possibly be linked to the tetragonal cages, which are the primary

CO2 sorption sites (marked as site 1 in Fig. 6 and 7) at very low

CO2 pressure. These sites correspond with highly negative CO2

adsorption enthalpies (very strongMOF–CO2 interaction) and the

highest CO2/N2 mixed-gas adsorption selectivity values observed

(up to 60, Fig. 8). Moreover, they are present in bothMOF–FA and

MOF–TFA (and, by extension, in all functionalized MOF-808

samples), explaining the very similar enthalpy and selectivity

values for both MOFs at low CO2 pressures. At relatively higher

CO2 pressures (starting from 0.25 bar in Fig. 8), the GCMC

simulations show substantial differences in adsorption enthalpy

and CO2/N2 adsorption selectivities between MOF–FA and MOF–

TFA caused by the increased inuence of the second type of

adsorption sites (marked as site 2 in Fig. 6 and 7). It can thus be

hypothesized that these sites (partially) immobilize gas mole-

cules through (too) strong binding interaction26 and thus do not

(or to a lesser extent) contribute to gas permeation through the

membrane. Although this hypothesis should be proven by per-

forming time-lag experiments, it would explain the observed

difference in correlation coefficients for Qst,0 and Qst,30.
81

As the overall gas permeability through the MMM is a net

result of both MOF and polymer properties and their mutual

interactions, it is not unexpected that none of the MOF

parameters can predict the trends in MMM permeability one-

on-one. Nonetheless, the unanticipated lack of correlation for

CO2 permeability with CO2 uptake and its strong correlation

with Qst,15 and Qst,30 once more underline the difficulty to

formulate strong and general guidelines to steer MMM design

and, more importantly, the need for more research aiming at

nding consistent relationships between MOF and MMM

structures and ultimate membrane performance.

4 Conclusions

An attempt was made to fundamentally correlate MOF-808

parameters with the CO2/N2 separation performance

indicators of the corresponding MMMs. More specically, MOF

CO2 uptake, CO2 Qst at different CO2 loading, pore volume and

BET surface area were correlated with the MMM CO2/N2 sepa-

ration factor and CO2 permeability under varying feed condi-

tions. Post-synthetic functionalization of FA modulated MOF-

808 with different ligands (i.e. TFA, BA, GA, histidine and

Li2SO4) proved to be a successful tool to inuence this set of

MOF parameters, leading to a broad range of systematically

varying parameter values for BET surface area, pore volume,

CO2 uptake and CO2 Qst. For the different MOF-808 MMMs

tested in this work, MOF CO2 uptake was a poor predictor for

MMM performance, showing a very weak correlation with CO2/

N2 separation factor and only moderate correlation with CO2

permeability. This is in contrast to literature where CO2 uptake

is one of the dominant factors used to explain MMM separation

behavior. The loading-dependent CO2 Qst correlates substan-

tially better with the membrane performance indicators than

the CO2 uptake. Correlation coefficients of Qst,15 and Qst,30 with

the separation factor were higher than for CO2 uptake, but were

still considered only moderate. A strong correlation was

however found between Qst,15 and Qst,30 on one hand and P15/85,

P50/50 and P0/100 on the other hand, indicating that Qst can be

considered as the most effective predictor for MMM CO2

permeability amongst the MOF parameters. Interestingly, Qst at

zero coverage failed to show a strong correlation with the MMM

performance indicators. GCMC simulations on MOF–FA and

MOF–TFA revealed the existence of 2 types of adsorption sites in

MOF-808. The rst type of adsorption type is independent of

cluster functionalization (e.g. TFA instead of FA) and corre-

sponds with the tetragonal ‘linker’ cage, resulting in very strong

MOF–CO2 interaction (highly negative adsorption enthalpies)

even at low CO2 pressures while the second type of adsorption

site was shown to be susceptible to TFA functionalization.

Finally, the existence of different adsorption sites with varying

adsorption enthalpies was linked to the observed difference in

correlation coefficients for Qst,0 and Qst,30 with CO2

permeability.
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Truly combining the advantages of polymeric and
zeolite membranes for gas separations
Xiaoyu Tan1, Sven Robijns2, Raymond Thür1†, Quanli Ke2‡, Niels De Witte3, Aran Lamaire4, Yun Li1,

Imran Aslam1, Daan Van Havere1, Thibaut Donckels2, Tom Van Assche3, Veronique Van Speybroeck4,

Michiel Dusselier2*, Ivo Vankelecom1
*

Mixed-matrix membranes (MMMs) have been investigated to render energy-intensive separations more

efficiently by combining the selectivity and permeability performance, robustness, and nonaging properties of

the filler with the easy processing, handling, and scaling up of the polymer. However, truly combining all in one

single material has proven very challenging. In this work, we filled a commercial polyimide with ultrahigh

loadings of a high–aspect ratio, CO2-philic Na-SSZ-39 zeolite with a three-dimensional channel system that

precisely separates gas molecules. By carefully designing both zeolite and MMM synthesis, we created a gas-

percolation highway across a flexible and aging-resistant (more than 1 year) membrane. The combination of a

CO2-CH4 mixed-gas selectivity of ~423 and a CO2 permeability of ~8300 Barrer outperformed all existing

polymer-based membranes and even most zeolite-only membranes.

O
ver the past decades,membrane technol-
ogy has matured into an established
technology for many energy-intensive
separations (1–3). Compared with con-
ventional technologies,membrane tech-

nology offers a more sustainable alternative,
owing to its low energy consumption, small
footprint, and modular design, making it pos-
sible to retrofit membranes in existing plants
(2, 3). Membranes are already in use for gas
separations—for example, natural gas purifi-
cation, syngas treatment, and air separation
(4–7)—and are becoming part of the toolbox
for CO2 removal (5–10). Whereas conventional
polymeric membranes are cheap and process-
able, they often suffer from aging issues or
an intrinsic permeability-selectivity trade-
off, whichmakes it challenging to obtain high
permeability together with sufficient selec-
tivity (11–16). On the other hand, inorganic
membranes prepared from zeolites or other
crystalline microporous materials, such as
metal-organic frameworks (MOFs), typically
display better separation performances but
tend to be brittle and more expensive and pos-
sess poor processability and scalability (17–21).
Mixed-matrixmembranes (MMMs), which con-

sist of fillers embedded in a polymeric matrix,
aim at combining the intrinsic advantages of a
polymeric membrane with the filler’s superior
gas separation properties (22–27).
Zeolites are of particular interest for MMM

development because they have well-defined,
rigid pores and outstanding thermal and chem-
ical stability. Because the intrinsically low
selectivity and high permeability of rubbery
polymers (such as polydimethylsiloxane) neu-
tralize the benefits of the zeolite, rigid glassy
polymers are key for the development of high-
performance zeolite-filledMMMs (28–32). How-
ever, the poor adhesion between zeolites and
glassy polymers typically results in nonselec-
tive interfacial voids (31, 32). Consequently,
obtaining high zeolite loadings (≥50 wt %)
while guaranteeing a defect-free polymer-zeolite
interface in combination with a highly selec-
tive zeolite and appropriate glassy polymer
matrix is essential to the creation of high-
performanceMMMs for a variety of the most
critical separation challenges. In this work, a
platelet-shaped, CO2-philic, small-pore (eight-
membered ring) AEI-type zeolite (SSZ-39)
(33–36), possessing a long-range ordered three-
dimensional (3D)–channel system and gas-
selective windows, was incorporated in a
poly(3,3′-4,4′-benzophenone tetracarboxylic-
dianhydride diaminophenylindane) (Matrimid
5218) polymer. Because of the combination
of well-designed zeolite and MMM synthe-
ses, we obtained a high zeolite loading with a
quasi-continuous zeolite phase across a self-
standing membrane.

Result and discussion

Zeolite characterization

SSZ-39 zeolites were synthesized according to
modified literature recipes (33–35). X-ray dif-

fraction (XRD) of the samples confirmed the
highly crystalline, pure AEI type zeolite (fig.
S9). N2 physisorption demonstrated a micro-
pore volume of ~0.3 cm3/g (fig. S11), which is
close to the theoretical accessible volume of
the AEI framework (37), suggesting a nearly
perfect 3D-connected channel system, which
allows fast gas transport. Transmission electron
microscopy (TEM) images showed platelet-
shaped SSZ-39 particles (Fig. 1A) of ~150 nm
thickness and ~1.8 by 1.8 mm in size (fig. S48),
the average aspect ratio thus reaching ~12. The
randompacking of the high–aspect ratio zeolite
platelets (fig. S49) results in a low bulk density
of ~15mg/cm3 (fig. S12), and elemental analy-
sis of the as-synthesized SSZ-39 indicated a
Si/Al molar ratio of ~11 (table S3).
CO2, CH4, and N2 uptake and isosteric ad-

sorption enthalpies (Qst) were determined for
both calcined SSZ-39 (Na/Al ratio ≈ 0.12) and
Na+-exchanged SSZ-39 (Na-SSZ-39; Na/Al ratio
≈ 0.93) (table S3). The adsorption isotherms of
CO2, CH4, and N2 at 10°C are shown in Fig. 1D
for a pressure range of 0 to 8 bar. The theo-
retical maximum CO2 uptake of Na-SSZ-39
reached ~7.0mmol/g (~11.0mmol/cm3) at 10°C,
and the steric heat of adsorption for CO2 at
zero coverage was –35.1 kJ/mol, reflecting a
desired strong physical adsorption for mem-
brane applications. For both SSZ-39 and
Na-SSZ-39, the gas uptake decreases in the
order CO2≫CH4>N2. The isosteric adsorption
enthalpy of CO2 in Na-SSZ-39 was far lar-
ger than that of CH4 (–21.4 kJ/mol) and N2

(–19.4 kJ/mol) as a result of the large polariz-
ability and quadrupole moment of CO2 (38). A
more negative CO2 adsorption enthalpy was ob-
tained on Na-SSZ-39 compared with SSZ-39
(table S19). Additionally, the pronounced dif-
ference in CO2 adsorption in the low-pressure
region of the isotherms (Fig. 1D) suggests that
Na+ exchange resulted in an increased CO2-
philicity (38).
To better understand these findings at a

molecular level, the pure-gas and mixed-gas
adsorption behaviors in Na-SSZ-39 were mod-
eled by using grand canonical Monte Carlo
(GCMC) simulations. The pure-gas adsorption
simulations show a good qualitative resem-
blance with the experimental data (fig. S37),
and the enthalpies of adsorption are in good
agreement (at 2 bar, GCMC yields –31.6 kJ/
mol for CO2, –18.5 kJ/mol for CH4, and –15.8 kJ/
mol forN2). The 3Ddensity isosurfaces for CO2

adsorption (Fig. 1C) show that CO2 molecules
preferentially interact with the Na+ (especially
at lowCO2 pressures), whereas thewindows of
Na-SSZ-39 remain open for gas transport.
This tendency corroborates the enhanced CO2-
philicity throughNa+ exchange, improving CO2

adsorption and transport in Na-SSZ-39. The
Si/Al molar ratio of 11 implies that on average,
one aluminum site (fully counted) and thus one
sodium ion exists per cage (37). Furthermore,
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the CO2-CH4 and CO2-N2 mixed-gas sorption
simulations demonstrate the competitive
sorption of CO2 at the expense of CH4 and N2

(movie S1). This strong competitive sorption
behavior drastically reduces the uptake of CH4

andN2. For example, comparedwith the single-
gas adsorption, the CH4 uptake from an equi-
molar CO2-CH4mixture was reduced by 88.7%
(for N2, 93.3%) at 10 bar/25°C (Fig. 1, E and F).
In addition, ab initio free-energy barrier calcu-
lations [by using enhanced samplingmolecular
dynamics (MD) simulations] for the diffusion
inside the zeolite confirmed the molecular
sieving behavior of Na-SSZ-39 (fig. S41). The
biggest (static) aperture of Na-SSZ-39 predicts
diffusion of molecules with a diameter of
3.84Å,which is close to the kinetic diameter of
CH4 (3.80 Å) but prominently larger than that
of CO2 (3.30 Å). Consequently, the free-energy
barrier for CH4 permeation through the eight-
membered ring in Na-SSZ-39 is far higher than
for CO2 (a 18.7 kJ/mol difference). Therefore,
the self-diffusion coefficient for CO2 is ~1000-

fold greater than for CH4. Consequently, in a
CO2-CH4 mixture, CH4 is prevented from en-
tering the zeolite by a geometric restriction
supplemented by a competitive advantage in
CO2 adsorption. By combining the results of
MD and GCMC simulations, the theoretical
equimolar CO2-CH4 mixed-gas selectivity in
Na-SSZ-39 zeolitemounted to >10,000 (at 25°C),
thus pointing toward a substantial potential
for further improving membrane perform-
ance on the basis of this zeolite platform
(supplementary materials).

MMM characterization

Self-standing MMMs were prepared, with
Na-SSZ-39 reaching extremely high loadings
ofup to55wt%.XRDconfirmed thepreservation
of zeolite crystallinity inMMMs after all synthe-
sis steps (fig. S13). Scanning electron micros-
copy (SEM)membrane cross sections (Fig. 2A)
show that the zeolite platelets are positioned
in the polymermatrix in a random, nonaligned
packing. This homogeneous distribution of

zeolite platelets at high loading was realized
through a subtle and carefully optimized inter-
play between zeolite and casting solution
during MMM synthesis. More specifically,
favorable molecular interactions between
zeolite and the Matrimid-chloroform solution
were combinedwith a small density difference
between zeolite and solvent (~1.55 g/cm3 and
~1.49 g/cm3, respectively), the high–aspect ratio
of the filler, a high viscosity of the casting
solution, dedicated evaporation control of the
solvent, and thermal annealing. After mem-
brane solidification, remaining interfacial de-
fects were eliminated by means of a tuned
annealing protocol, which had a profound im-
pact on the finalMMMperformance (fig. S59).
The 180°C annealingprogram resulted in slight-
ly more permeable membranes than those of
the 260°C program, but the 260°C program
induced a far higher CO2-CH4 selectivity [for
50 wt % Na-SSZ-39 MMM, the selectivity in-
creased from~200 to >420 (table S5)], whereas
the 350°C program resulted in fragile and brittle
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Fig. 1. SSZ-39 zeolite. (A and B). TEM images of (A) Na-SSZ-39 platelet and (B)

its base-face. (Insets) (top left) A Fourier-filtered image from the selected area

and (bottom right) the Fourier-transform of this image, proving that the base

face refers to the [001] crystal plane of the AEI-type framework (fig. S47). (C) 3D

density isosurface for CO2 adsorption in a Na-SSZ-39 cage at 0.1 bar (red)

and 1 bar (gray) under 25°C [by means of GCMC, where (3 × 1/3) Al sites are

pink, Na+ is cyan, and O is omitted], indicating that the Na+ is a preferential

adsorption site, particularly at lower pressures. At higher pressures, additional

molecules are adsorbed, occupying the remaining space of the cage. (D) Experimental

CO2, CH4, and N2 adsorption isotherms of SZZ-39 and Na-SSZ-39 zeolites at

10°C. (E) Single-gas and equimolar mixed-gas CO2-CH4 adsorption isotherms of

Na-SSZ-39 zeolite at 25°C (by means of GCMC). (F) Single-gas and equimolar

mixed-gas CO2-N2 adsorption isotherms of Na-SSZ-39 zeolite at 25°C (by means of

GCMC) (supplementary materials).
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carbonized membranes. As shown in Fig. 2C,
260°C-annealed membranes did not show
sieve-in-a-cagemorphology,which traditionally
is a major issue for zeolite MMMs (31). Com-
pared with its nonannealed counterparts (Fig.
2B), a much better zeolite-polymer adhesion
can be observed (figs. S54 and S55). Full removal
of the polymer by means of oxidative treatment
at 800°C (fig. S51) led to a stable zeolite-only
film (Fig. 2, D and E, and figs. S51 to S53), con-
firming the high zeolite loading in a random
packing. This nearly continuous zeolite phase
across the MMM thus creates a “percolation
highway” to allow ultrafast permeation of the
selected gas molecules.
As anticipated, neither Fourier transform in-

frared nor Ramanmicrospectroscopy could find
evidence for a covalent interaction between
polymer and zeolite after annealing (figs. S18
and S61 to S66). Differential scanning calorim-
etry analysis indicated very goodpolymer-zeolite
interactions in the MMM: With the Na-SSZ-39
loading, the glass transition temperature in-
creased from 314°C (for Matrimid) to 325°C
(for annealed Na-SSZ-39 MMMs), pointing
toward “wrapping” of the zeolite by the poly-
mer and rigidification of the polymer chains
at the interface (fig. S17). We performed CO2,
CH4, and N2 sorption experiments on the 260°
C annealedMatrimidmembrane and the 50wt

%Na-SSZ-39MMM to quantify their respective
gas uptake. A substantially higher gas uptake
was noted for the MMM (fig. S30).

Membrane gas separation performance

Themixed-gas selectivities ofNa-SSZ-39MMMs
(table S5) were clearly higher than those of
their ideal-gas selectivities (table S8) because
of the competitive sorption of CO2 in the Na-
SSZ-39 zeolite. For example, for the 50 wt %
Na-SSZ-39 MMM, the CO2-CH4 ideal-gas se-
lectivity was ~336 (1 bar/25°C), whereas the
equimolarCO2-CH4mixed-gas selectivity reached
>420 (2 bar/25°C—1 bar CO2 and CH4 partial
pressures). Likewise, the CO2-N2 ideal-gas se-
lectivity at 1 bar/25°C was ~32, whereas its
mixed-gas selectivity at 2 bar/25°C increased
to ~60. Once the stronger adsorbing CO2 oc-
cupied the adsorption sites, the zeolite chan-
nels become partly inaccessible for the other
gas, thus inhibiting permeation of CH4 andN2.
On the basis of the physisorption and ideal-

gas permeation results, gas solubility and dif-
fusivity values were calculated for the unfilled
Matrimid membrane and 50 wt % Na-SSZ-39
MMM (table S20). With respect to the unfilled
membrane, the MMM displayed a 4.6-times
greater CO2 solubility, whereas the CH4 and
N2 solubility increased by 7.5 and 3.4 times,
respectively. A 220-fold increase in CO2 diffu-

sivity was denoted for the MMM compared
with that of the unfilled Matrimid membrane,
whereas CH4 and N2 diffusivity only increased
14 and 148 times, respectively. The enhance-
ment of CO2-CH4 diffusivity selectivity thus ex-
plains the strong improvement of the MMM
gas separation capability (table S21). This
results from the sharp size-sieving effect of
Na-SSZ-39 for the CO2-CH4 pair. The in-
crease in diffusivity selectivity for CO2-N2 is
less pronouncedbecauseN2possesses a smaller
kinetic diameter. The notable difference in
separation factor for CO2-CH4 and CO2-N2

confirms the central role of the highly accurate
size-sieving mechanism for the strong selec-
tivities of Na-SSZ-39 MMMs.
Mixed-gas CO2-CH4 and CO2-N2 separation

performances are presented in Fig. 3. For CO2-
CH4, we observed a continuous increase in
separation factor with increasing Na-SSZ-39
loading. Whereas the unfilled Matrimid mem-
brane denotes a CO2-CH4 separation factor of
~45 and CO2 permeability ~8 Barrer, we ob-
tained the best MMM performance with the
50 wt % Na-SSZ-39 loading, which obtained a
selectivity of >420 at 2 bar/25°C (~10-fold
increase) at a simultaneous extreme CO2 per-
meability of ~8280Barrer (~1037-fold increase).
We obtained similar results for the CO2-N2

separation performance in which the 50 wt %
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Fig. 2. SEM images of the platelet-shaped Na-SSZ-39 MMMs. (A) Cross section of the 40 wt % Na-SSZ-39 MMM after 260°C annealing. (B and C) Cross section

of 20 wt % Na-SSZ-39 MMM (B) before and (C) after annealing. (D) Top view and (E) cross section of the 30 wt % Na-SSZ-39 MMM after 800°C oxidative treatment,

burning off the polymer (figs. S51 to S53). (F) (Top) Top view and (bottom) bottom view of membranes with 10 to 50 wt % platelet-shaped zeolite loading

(supplementary materials).
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MMM combined a CO2 permeability of >8300
Barrer with a CO2-N2 separation factor of ~60
(versus ~8 and ~35 for unfilledMatrimid). The
temperature and pressure dependency of the
membrane performance are shown in Fig. 3, B
and C, with different zeolite loadings. With in-
creasing temperature, the CO2 adsorption in
the zeolite obviously decreased (fig. S27), re-
sulting in lowered CO2 permeability and CO2-
CH4 selectivity. We observed similar behavior
with rising feed pressure: Both CO2 perme-
ability andCO2-CH4 selectivity reduced. Because
of its high CO2-philicity, Na-SSZ-39 is already
saturated with CO2molecules at low feed pres-
sure. Further increased pressures thus con-
tribute less to CO2 permeation. For the same
reason, theNa-SSZ-39MMMs exhibit enhanced
performance in feeds with lower CO2 partial
pressures (table S6). For example, the 50 wt %
Na-SSZ-39 MMM gave a CO2 permeability of
>10,000 Barrer and a CO2-CH4 selectivity >460
for a 20 vol % CO2/80 vol % CH4 feed (figs. S23
and S24), which is close to the compositions of
industrial feed streams, such as certain biogas
and natural gas sources (39, 40).
When depicted on selectivity-permeability

trade-off plots, the Na-SSZ-39 MMMs already
surpass the 2008 Robeson upper bound (11)
from 30 wt % loading onward for CO2-N2 (Fig.
3D) and even from 20 wt % for CO2-CH4 (Fig.
3E). Ultimately, they realize an unprecedented
jump toward the upper-right corner of the

Robeson plot, ending up even beyond the per-
formance area that is dominated by zeolite-
onlymembranes (Fig. 3F). Outperformingmost
existing zeolite-only membranes can be related
to the properties of the Na-SSZ-39 filler as well
as the membrane morphology. Moreover, com-
pared with the zeolite-only membranes, the
Na-SSZ-39 MMMs (Fig. 4B) additionally keep
their flexibility because of the presence of the
polymermatrix (Fig. 4A andmovie S2). Further-
more, because of the stability of the Na-SSZ-39
filler and the thermal annealing protocol, the
Na-SSZ-39 MMMs (Fig. 4B) possess antiaging
properties. Although the aging characteristics
may vary with film thickness, the self-standing
50 wt %Na-SSZ-39MMM shows comparable
CO2-CH4 selectivity and CO2 permeability even
360 days after preparation (table S5). From an
application point of view in the frame of CO2

removal, this antiaging, high-flux, and high-
selectivity membrane can allow substantial
reductions in both operational and capital costs
because a simplified and more energy-efficient
operation scheme with less recycling and
milder compression and recompression stages
can be applied, in combination with reduced
membrane areas and less replacement (2, 3).
The gas-separation performance of the

Na-SSZ-39 MMMs can thus be explained by
a combination of three factors.
First, the selection of the Na-SSZ-39 zeolite

as membrane filler is critical. Because of its

accurate molecular size-sieving effect and
strong CO2-philicity, Na-SSZ-39 possesses enor-
mous diffusivity and solubility selectivities,
thus promoting ultrahigh mixed-gas selectiv-
ity. Moreover, the noncentrosymmetric AEI-
type framework allows preparation of high–
aspect ratio platelets. In contrast to many
high–aspect ratio porous materials that pos-
sess 1D channels perpendicular to their base
face (41, 42), the SSZ-39 platelet is equipped
with a 3D channel system, with 3.84-Å win-
dows in its lateral face (Fig. 1B). Therefore,
regardless of the platelet’s orientation inside
themembrane, the SSZ-39 pore system always
allows unhindered gas flow (Fig. 4, D and E).
Second, the sudden jump in CO2-CH4 sepa-

ration factor at 20 to 30 wt % loading suggests
a percolation effect (Fig. 3A); from this loading
onward, gas permeation through themembrane
is predominantly going through the zeolite
phase. The reason for this shift in phase dom-
inance should be sought in the practical ability
to incorporate ultrahigh loadings of the high–
aspect ratio filler in the polymer. This creates
a membrane morphology, which consists of a
quasi-continuous zeolite phase across themem-
brane starting from only 20 to 30 wt % loading
(Fig. 4D) and allows for percolation of the gas
molecules with minimal influence of the less
permeable polymer phase. The top and bot-
tom views (Fig. 2F) of the MMMs show that
the zeolite platelets pile up from the bottom
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Fig. 3. The gas separation performances of Na-SSZ-39 MMMs. (A) The

selectivity difference between cuboid-shaped and platelet-shaped Na-SSZ-39

MMMs. (Inset) SEM images show the morphology difference of two zeolites.

(B and C) The temperature and pressure dependence of CO2-CH4 selectivity and

CO2 permeability. Nine points constitute a plane. (D and E) The performance of

zeolite-filled MMMs from literature are shown in CO2-N2 and CO2-CH4 2008

Robeson plots. The red stars indicate the platelet-shaped Na-SSZ-39 MMMs.

(F) The pure zeolite membranes from literature compared with the Na-SSZ-39

MMMs (≥30 wt %) and 2008 CO2-CH4 Robeson plot (full datasets are available

in the supplementary materials).
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and appear at the top of membrane when
the zeolite loading reaches 30 wt % (Fig. 4C).
In this context, the nonaligned, randomly
orientedNa-SSZ-39 platelet distribution, which
leads to a selective gas permeation highway, is a
key driver and prerequisite for the membrane’s
extraordinary performance. This was also
confirmed by comparing the platelet-shaped
Na-SSZ-39 filler with a cuboid-shaped one
[with similar properties except the aspect ratio
(supplementary materials)]. As Fig. 3A shows,
the sudden increment in CO2-CH4 selectivity
was only observed for the platelet-shaped
Na-SSZ-39 MMMs. Furthermore, although
the cuboid-shaped Na-SSZ-39 MMMs also
show great performances, the platelet-shaped
Na-SSZ-39 MMMs exhibited far better CO2-CH4

selectivity and CO2 permeability (tables S5 to
S13), thus further confirming the morphology
benefits of platelet-shaped Na-SSZ-39 MMMs.
Last, because the overall gas transport through

the MMM is a net result of the properties of
both zeolite and polymer, as well as of their
mutual interactions, it is crucial to obtain a
defect-free zeolite-polymer interface. Although
rubbery polymers, such as polydimethylsiloxane
(PDMS), facilitate creation of a defect-free in-
terface (fig. S60), their intrinsically low se-
lectivity and high permeability neutralize the
beneficial contribution of the zeolite (table S15).

Thewell-designedmembrane preparation strat-
egy minimizes the occurrence of unselective
voids at the zeolite-Matrimid interface (figs.
S54, S55, S58, and S59), allowing for ultrahigh
zeolite loadings of >50 wt % without chem-
ical modification of zeolite or polymer nor
use of additives. Even at these high loadings,
the Na-SSZ-39MMMs still maintain desired
flexibility (Fig. 4A), thus also creating excel-
lent opportunities for module construction
and upscaling.

Conclusions

Wedeveloped an ultrahigh-performance zeolite-
filled MMM for CO2 separations that shows
unprecedented CO2 removal performance, not
only greater than that of any existing polymer-
ic membrane or MMM but even surpassing
that of most zeolite-only membranes. By cir-
cumventing the traditional incompatibility be-
tween zeolite filler and glassy polymer matrix,
we prepared a flexible, defect-free zeolite-
polyimide MMMwith ultrahigh (>50 wt %)
zeolite loadings. Na-SSZ-39 zeolite was dis-
covered to be a superior filler because of its
outstanding CO2-philicity, precise molecular-
sieving windows, strong competitive sorption
behavior, and excellent stability, promoting
strong, nonaging CO2-separation performanc-
es. Because of the high–aspect ratio and 3D-

channel system of the filler, a percolating gas
permeation highway was created across the
membrane, thusdrastically enhancing themem-
brane’s performance.
We used a scalablemethod to prepare defect-

free zeolite-filled membranes with a commer-
cially available glassy polymer, thus opening
the door to developingwell-processable, robust,
and economical high-performance zeolite-filled
MMMs for a variety of gas and liquid sepa-
rations. It is especially beneficial for those
zeolites that are difficult to be engineered into
defect-free zeolite-only films.
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ABSTRACT: Although many molecular dynamics simulations treat the
atomic nuclei as classical particles, an adequate description of nuclear
quantum effects (NQEs) is indispensable when studying proton transfer
reactions. Herein, quantum free energy profiles are constructed for three
typical proton transfers, which properly take NQEs into account using the
path integral formalism. The computational cost of the simulations is kept
tractable by deriving machine learning potentials. It is shown that the
classical and quasi-classical centroid free energy profiles of the proton
transfers deviate substantially from the exact quantum free energy profile.

F or many molecular systems, a quantum mechanical
description of the electronic potential energy surface

(PES) is the preferred simulation technique to properly model
the interparticle interactions. Using the appropriate thermody-
namic ensemble, the properties of these systems can then be
derived at realistic temperatures and pressures by means of
molecular dynamics (MD) simulations. While the underlying
PES is hereby quantum mechanically determined by solving
the electronic structure problem, the nuclear motion on the
PES is most often described classically by Newtonian
dynamics. As a consequence, nuclear quantum effects
(NQEs) such as zero-point energy, the quantization of energy
levels, or tunnelling are completely neglected, in spite of their
importance in many chemical and biological processes.1 In
particular, at low temperatures and for light-weighted atoms
such as hydrogen, NQEs can significantly alter the atomic
behavior. To include the quantum mechanical nature of the
nuclei in MD simulations, one can use path integral MD
(PIMD) simulations, which rely on Feynman’s path integral
formulation of quantum mechanics.2 Notwithstanding the
substantial computational overhead of ab initio PIMD,
describing both electrons and nuclei quantum mechanically,
the ever improving performance of computing resources
alongside the development of machine learning potentials
(MLPs) with an ab initio accuracy is steadily establishing the
technique as a common modeling approach.3−7

For activated processes, both classical and quantum MD
simulations require the use of enhanced sampling methods to
sample all the configurations involved in the rare event of
crossing the energy barrier between two (meta)stable states.
For classical MD, numerous enhanced sampling protocols have
been devised to calculate free energy profiles, including
umbrella sampling,8 metadynamics,9 thermodynamic integra-
tion, and variationally enhanced sampling.10 Apart from a few
dedicated path integral analogues, such as path integral

metadynamics,11 many classical enhanced sampling techniques
are also applied to PIMD using the path centroid, which
contracts the beads of the path integral ring polymer to a single
atom (Figure 1). However, this only provides a quasi-classical

approximation to the quantum free energy profile, as the beads
of the path integral ring polymer rather than the averaged path
centroids are subjected to the actual quantum free energy
profile, as also pointed out by refs 6 and 12. The quantum free
energy profile is thus obtained by treating both the electrons
and nuclei quantum mechanically and expressed as a function
of bead related quantities. Nevertheless, the path centroids can

Received: August 25, 2022
Published: December 23, 2022

Figure 1. Schematic representation of a path integral ring polymer
with five beads on a potential energy surface (PES). The path
centroid is indicated in yellow.
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still be used to bias a PIMD simulation and surmount the free
energy barrier, just as for the classical counterpart, if the free
energy profile of the centroid is afterward transformed to a
profile for the beads.
In this work, the influence of both NQEs and a proper

description of the quantum free energy profile is examined for
three molecular proton transfers: (1) the concerted proton
transfer in the formic acid dimer, (2) the sigmatropic proton
rearrangement in pentadiene, and (3) the tautomerization of
acetaldehyde to vinyl alcohol. These reactions, aside from
being ubiquitous reaction types within organic synthesis, are
specifically selected to illustrate the impact of the different free
energy descriptions on processes with different free energy
barrier shapes and heights (ranging from about 25−275 kJ/
mol). Furthermore, as the importance of NQEs is known to
increase with decreasing temperature,1 a temperature range of
200−450 K is considered.

■ METHODS

Path Integral Molecular Dynamics (PIMD). To include
the quantum mechanical nature of the atomic nuclei in a
molecular dynamics (MD) simulation, one can rely on
Feynman’s path integral formulation of quantum mechanics.
Using the Born−Oppenheimer approximation, the electronic
and nuclear degrees of freedom in an MD simulation can be
decoupled to obtain an electronic potential energy surface
(PES) that is only parametrically dependent on the nuclear
coordinates. Depending on the system that is to be studied, the
PES can be described by classical force fields, machine learning
potentials (MLPs), or ab initio solutions of the Schrödinger
equation. For the nuclei, however, one generally adopts a
classical treatment, sampling the classical canonical ensemble

with statistical weights proportional to e−βH, with
k T

1

B

= the

inverse temperature and H the Hamiltonian of the nuclear
subsystem. To sample the corresponding quantum ensemble,
the Hamiltonian is replaced by the appropriate quantum
mechanical operator Ĥ, for which the statistical weight can be
cast into the following form using a Trotter expansion13

e e e e
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2 2[ ] (1)

with V̂ the potential energy operator and T̂ the kinetic energy
operator. In the limit of P → ∞, this expansion yields exact
results. By means of the path integral technique, the quantum
canonical partition function can then be transformed into a
classical equivalent by using an extended phase space in which
every atom i is replaced by P harmonically coupled beads, that
is

Z ep rd d
P

k

P

i

N

i

k

i

k H

1 1

( ) ( )
P

= =
(2)

with
Ä

Ç

Å
Å
Å
Å
Å
Å
Å
Å
Å
Å
Å
Å
ÅÅ

É

Ö

Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
Ñ
ÑÑ

H
m

m
P

V
p

r r r r
2

1

2
( )

1
( , ..., )P

k

P

i

N

i

k

i

i P i

k

i

k

k

P

k

N

k

1 1

( )

2 ( 1) ( ) 2

1

1
( ) ( )

2

= + +

= =

+

=

(3)

where ri
(k) and pi

(k) are respectively the position and
momentum of the k-th bead of the i-th particle, mi is the

mass of particle i,
P

P
= is the angular frequency of the

harmonic nearest-neighbor interaction, and ri
(P+1) = ri

(1).

Quantum Free Energy Profiles. To derive a free energy
profile of a reaction using enhanced sampling techniques such
as umbrella sampling, metadynamics, or variationally enhanced
sampling, one starts by constructing a suitable collective
variable q, described by a function Q(rN), that allows to drive
the reaction across the activation barrier.14 In classical
statistical physics, the free energy as a function of the variable
q is then defined as

F q
Q q e

e

Q q

r

r

( )
1
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d ( ( ) )

d

1
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N H

H

N

cl =

=

(4)

where H denotes the classical Hamiltonian, Γ is the entire
phase space, and dΓ = drN dpN. In the path integral formalism,
however, every atom is replaced by a set of harmonically
coupled beads, so that thermodynamic quantities are
determined by averaging over the beads. Therefore, the
quantum free energy is defined as6,13
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where the ensemble average ⟨·⟩ uses the Hamiltonian HP of the
classical isomorphism (eq 3). Although the collective variable q
now depends on bead quantities, it is possible to calculate the
quantum free energy profile by applying a bias in a collective
variable qcl

(c) that only depends on centroid quantities, in which
the beads are contracted to a single atom. The position of the
centroid of atom i is for instance given by
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The resulting free energy profile F q( )
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c
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( ) , given by
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can subsequently be converted into Fquantum(q) by means of a
transformation of the collective variable (see Supporting
Information S1)
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where C is a negligible constant, and p q q( )
b

k

cl

c( ) ( )
| is the

conditional probability that the collective variable takes the
value q for bead k in a biased simulation when the centroid
collective variable has a value qcl

(c). Hence, by simply tracking
the values of q(k) and qcl

(c) throughout the enhanced sampling
simulations in the centroid collective variable qcl

(c), the

conditional probability p q q( )
b

k

cl

c( ) ( )
| can be constructed, and

F q( )
cl

c
centroid

( ) can be converted into Fquantum(q). Remark that

this transformation approach can be shown to be equivalent to
the method proposed in ref 6 by Tuckerman et al. (see
Supporting Information S1).
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Furthermore, given that all the beads of an atom are in
principle equivalent, the quantum free energy is also given by

F q
P

F q
P

Q qr( )
1

( )
1

ln ( ( ) )
k

P
k

k

P
k

quantum

1

( )

1

( )N
= =

= =
(9)

which can also be obtained by biasing the ring polymer’s
centroid in an enhanced PIMD simulation through a similar
transformation as in eq 8:
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Both formulas of the quantum free energy (eqs 8 and 10)
should in principle yield the same result, as they are
theoretically equivalent. Discrepancies between these different
methods of calculating the quantum free energy can however
arise due to the sensitivity of eq 8 to inequivalences in the
sampling of the beads. In particular at lower temperatures,
these bead inequivalences tend to become more prominent
(see Supporting Information S10). Therefore, eq 10 is the
preferred transformation approach, as it is more robust with
respect to bead inequivalences. If one does not rely on centroid
biased simulations, eq 9 implies that every bead should be
biased separately, which would make the calculation of the
quantum free energy profile P times more expensive. Strictly
speaking, the equivalence of the beads also allows to bias only a
single bead, although this reduces the sampling efficiency and
is most likely to yield sampling difficulties, similar to the issues
known for the calculation of rate constants (which can be
calculated from both centroid or quantum free energy
profiles).15 More specifically, when a single bead is restrained
around the top of a free energy barrier, the ring polymer
possesses the freedom to orient ifself toward either side of the
barrier. For a steep free energy barrier, the ring polymer is
most likely to sample only one side of the barrier, which
hampers a proper sampling. However, by optimizing the time
constant of the PILE16 thermostat as a function of the force
constant of the umbrella bias potential, Bishop et al.12 showed
that it is possible to obtain converged quantum free energy
profiles by biasing only a single bead. As their study only
included dimers, which give rise to free energy profiles with a
Lennard-Jones shape, the typical sampling difficulties near free
energy peaks were not encountered. Finally, we also note that
in the case of unbiased PIMD simulations the quantum free
energy profile can be readily computed from eq 5 or 9 by
means of a histogram of the bead collective variable.17

Computational Details. The proton transfer reactions
studied in this work include a double proton transfer in a
formic acid dimer, a sigmatropic proton rearrangement in
pentadiene, and the tautomerization of acetaldehyde to vinyl
alcohol (Figure 2). The free energy profile of each proton
transfer was calculated using umbrella sampling in combination
with a machine learning potential (MLP), which significantly
reduces the computational cost of the simulations. To
construct an initial classical free energy profile and to collect
the necessary training data to build an MLP for each of the
molecules, ab initio umbrella sampling simulations were
performed with PSI4,18 using a PBE0 functional19 and a 6-
311G(3df,3pd) Pople basis set.20 From every ab initio umbrella
simulation, the energies and forces of snapshots taken every 5
fs were used to train an equivariant MLP with our in-house
developed code available at https://github.com/mcoolsce/
NNFFLIB and archived on 10.5281/zenodo.6606271. The
neural network architecture of the MLP is inspired by the
Neural Equivariant Interatomic Potential (NequIP),21 but the
rotation order of the equivariant features is limited to = 1
(see Supporting Information Section S2). Both classical and
quantum free energy profiles were constructed with the MLP
to test its stability, the performance with respect to the ab initio
simulations, and to extract additional configurations that were
not present in the initial data set. The final MLP was then
obtained by training to this extended data set. More details
regarding the training of the MLP are provided in Section S3
of the Supporting Information.
The test mean absolute error on the energy and the forces is

limited to respectively 0.4 meV and 1.3 meV/Å for the formic
acid dimer, 1.1 meV and 4.5 meV/Å for pentadiene, and 0.3
meV and 1.9 meV/Å for acetaldehyde/vinyl alcohol. A
comparison between the ab initio and MLP free energy
profiles, obtained both classically or with the inclusion of
NQEs, is given in Figures S1−S6 of the Supporting
Information. For the classically sampled proton transfers, the
20 ps ab initio umbrella sampling simulations are not fully
converged, which can be easily resolved by the MLP by
extending the simulation time to 250 ps, given that the MLP
tremendously accelerates the evaluation of the PES (see
Supporting Information Section S4). In the enhanced PIMD
simulations, the spatially extended ring polymer describing the
proton facilitates the sampling of the proton transfer, so that
the ab initio free energy profiles are in excellent agreement with
the MLP free energy profiles (which have an increased
simulation time of 50 ps). However, from the convergence of
the energy around the transition states as a function of the
number of beads (Figures S7−S9), it follows that more beads
are required than the 16 beads used to construct the ab initio

Figure 2. Molecular representation of (a) a double proton transfer in a formic acid dimer, (b) a sigmatropic proton rearrangement in pentadiene,
and (c) the tautomerization of vinyl alcohol to acetaldehyde. The collective variable (CV) used to sample the proton transfer reaction is indicated
below each representation, where CNi,j denotes a coordination number (see eq 12).
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free energy profiles. The differences between the free energy
profiles derived with 16 beads or 64 beads are nevertheless
limited (Figure S11).
To steer the enhanced sampling of the proton transfers using

umbrella sampling, each molecule is biased according to a
specific collective variable (CV). For the formic acid dimer, the
collective variable for the double proton transfer is given by a
difference in coordination numbers

CV CN CN CN CN1 O ,H O ,H O ,H O ,H1 1 2 1 3 2 4 2
= + (11)

with
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where rij is the interatomic distance between atoms i and j, and
r0 = 1.4 Å. The labels of the atoms in eq 11 are indicated in
Figure 2. Given that the double proton transfer in the formic
acid dimer was shown to be concerted but not correlated (see
Supporting Information S7),22 a simultaneous proton transfer
is assumed in the definition of CV1. For the proton transfers in
pentadiene (CV2) and acetaldehyde (CV3), a simple difference
in interatomic distances can be used as a collective variable

r rCV
2 C H C H

1 1 2 1

= (13)

r rCV
3 C H O H

1 1 1
= (14)

for which the atomic labels are also indicated in Figure 2. All
the simulations in this work relied on PLUMED 2.8 to
implement the bias potential,23,24 which was coupled to
Yaff25 to perform enhanced classical MD and to i-PI26 to
perform enhanced PIMD. An overview of the umbrella force
constants and equilibrium values for every reaction is provided
in Table S4. The temperature of the classical MD simulations
was controlled by a 3-bead Nose−́Hoover chain thermostat,27

whereas the PIMD simulations made use of a PILE-L
thermostat,16 both using a time constant of 100 fs. The
classical MD and PIMD simulations used a time step of
respectively 0.5 and 0.25 fs.

■ RESULTS AND DISCUSSION

The classical and quantum free energy profiles for a double
proton transfer in a formic acid dimer, a sigmatropic proton
rearrangement in pentadiene, and the tautomerization of
acetaldehyde to vinyl alcohol are shown in Figure 3. These
three proton transfer reactions span a classical free energy
range of about 25−275 kJ/mol, which makes them ideally
suited to investigate the influence of the inclusion of NQEs on
the free energy. The concerted double proton transfer in the
formic acid dimer has the lowest classical free energy barrier
(24.1 kJ/mol at 200 K), which is reduced by a factor of about
three when the atomic nuclei are treated quantum mechan-
ically. The centroid free energy profile, which corresponds to
the collective variable in which the enhanced PIMD sampling
was performed, exhibits only small deviations from the actual
quantum free energy profile, that is obtained after performing
the transformation given by eq 8 or 10. The barrier height
changes from 8.5 kJ/mol for the centroid profile to 7.3 kJ/mol
for the bead profile, which is a small absolute difference
(similar to the one found by Tuckerman et al. for hydrogen
diffusion in an sII clathrate6), but nevertheless a reduction of
14%. Both transformations are also observed to yield the same
quantum free energy profile (Figure 3), indicating a proper
sampling of all PIMD beads and of the conditional probability
used in the transformation.
For the proton transfer in pentadiene and acetaldehyde, by

contrast, there is a striking difference between the centroid and
bead profiles. By switching from a classical sampling to a
quantum sampling in a centroid collective variable, the free
energy barrier of the proton transfer in pentadiene is lowered
by about 11 kJ/mol (from 144.2 to 133.5 kJ/mol at 450 K).
After transformation to a bead collective variable, the resulting
quantum free energy profile has a barrier of 93 kJ/mol, thereby
reducing the barrier by an additional 40 kJ/mol, yielding a total
reduction of 35% with respect to the classical description. For
acetaldehyde, the reduction is even larger. The classical free
energy barrier of 275.1 kJ/mol drops to 258.2 kJ/mol in a
centroid description and to 163.5 kJ/mol for the actual
quantum free energy profile, resulting in a diminution of 40%
with respect to the classical barrier. Due to the high activation
energy of the reaction, the transition state region is sampled
less easily, so that a discrepancy of the order of 5 kJ/mol
remains present between the two different transformation
approaches of eqs 8 and 10 due to the sensitivity of eq 8 to

Figure 3. Free energy profiles of a double proton transfer in a formic acid dimer at 200 K (lef t), a sigmatropic proton rearrangement in pentadiene
at 450 K (middle), and the tautomerization of acetaldehyde to vinyl alcohol at 450 K (right). For each proton transfer, both the classical free energy
(MD) and the quantum free energy (PIMD) are reported. The PIMD (centroid) profile represents the free energy that is directly obtained when
sampling along the centroid CV, before applying the appropriate transformation of eq 8 or 10.
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inequivalences between the beads, as explained in more detail
in Section S10 of the Supporting Information. At lower
temperatures, the reduced thermal motion also tends to
increase the inequivalences in the sampling of the beads, as
shown for pentadiene in Section S10.
Each of the three proton transfer reactions clearly

demonstrates the importance of an adequate quantum
mechanical description of the atomic nuclei in calculating a
free energy profile, in line with other proton transfers studied
in the literature.28−30 Even at a temperature of 450 K, NQEs
are observed to significantly alter the classical behavior of
pentadiene and acetaldehyde. The full extent of the NQEs on
the free energy becomes clear when exchanging the quasi-
classical centroid description for a description at the level of
the bead quanta. Due to the quantum uncertainty on the
position of the nuclei, mimicked by the spatial extension of the
path integral ring polymer, the bead quanta experience a lower
energy barrier since they are not precisely pinned to the
transition state but rather envelop it (Figures 1 and 4). As the

free energy barriers grow higher and are more sharply peaked,
this effect is reinforced, and the dissimilarity between the

centroid and the beads increases. In Figure 5, the probability
density of the radius of gyration rgyr and the maximal extent
rmax of the ring polymer of the transitioning proton(s) are
shown as a function of the collective variable for each
molecule, with

r
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Both probability densities exhibit a sparser probability
distribution around the transition state, in particular for
acetaldehyde, thus confirming the increased stretching of the
proton’s ring polymer around the transition state. Although the
spatial expansion of the proton is most pronounced, also the
neighboring oxygen or carbon atoms effectively increase in
size, which can further aid the reaction mechanism. This is
reflected in the quantum radial distribution functions (RDFs)
reported in Figures S13−S16, which show a significant
broadening for the peaks of the O−H and C−H atom pairs
involved in the proton transfer reaction in comparison with the
classical RDFs. Furthermore, the peak broadening is also
observed to be more prominent near the transition state than
near the free energy minima, in agreement with the proton
radius of gyration.

■ CONCLUSIONS

Notwithstanding the well-known impact of nuclear quantum
effects (NQEs) on the behavior of protons and their tendency

Figure 4. Centroid (a) and bead (b) representation of vinyl alcohol
from an umbrella simulation with CV3 = 0.2. In the bead
representation, every atom is replaced by a ring polymer of 64 beads.

Figure 5. Conditional probability density p(rgyr/max|CVi) of the radius of gyration (top row) and maximal ring polymer extent (bottom row) (eqs 15
and 16) of the transitioning proton(s) in formic acid, pentadiene, and acetaldehyde/vinyl alcohol as a function of the collective variable. The
average of the probability density as a function of the collective variable is indicated by a dashed black line.
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to lower the activation energy of proton transfer reactions, this
work demonstrates that also the quasi-classical approximation
of the free energy, using the path integral centroid, is unable to
explicitly represent the full impact of NQEs. In enhanced
sampling simulations, a bias on the path integral centroid is
however most convenient and computationally efficient and
can provide all the required information to generate the
quantum free energy profile at the level of the individual path
integral beads through a postprocessing transformation. Using
three molecular proton transfer reactions, spanning a classical
free energy range of about 25−275 kJ/mol, the quantum free
energy profiles were shown to significantly deviate from the
quasi-classical centroid approximations, due to the large spatial
extent of the path integral ring polymer. As the free energy
barrier becomes higher and more sharply peaked, the deviation
is observed to increase, as the difference between the free
energy experienced by the centroid and beads is more
pronounced. In order to reduce the computational cost
associated with ab initio path integral molecular dynamics
(PIMD), machine learning potentials (MLPs) were trained to
accelerate the evaluation of the potential energy surface while
maintaining an ab initio accuracy. By further exploiting the
effective cost reduction of ab initio PIMD through the use of
MLPs and by combining the MLP with PIMD acceleration
techniques, NQEs can also systematically be accounted for in
chemical reactions of larger molecular systems. For proton
transfer reactions in particular, which are omnipresent in
chemical processes, an adequate description of NQEs is
indispensable to obtain reliable quantum free energy profiles.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00874.

Mathematical details of transformation between centroid
and bead free energy profiles, elaborate discussion of
MLP architecture and generation of training data sets, ab
initio validation of MLP free energy profiles, con-
vergence of PIMD simulations, RDFs of different
molecules, and temperature dependence of proton
transfer in pentadiene (PDF)

MLPs of the formic acid dimer, pentadiene, and
acetaldehyde/vinyl alcohol (ZIP)

■ AUTHOR INFORMATION

Corresponding Author

Veronique Van Speybroeck − Center for Molecular Modeling
(CMM), Ghent University, 9052 Zwijnaarde, Belgium;
orcid.org/0000-0003-2206-178X;

Email: Veronique.VanSpeybroeck@UGent.be

Authors

Aran Lamaire − Center for Molecular Modeling (CMM),
Ghent University, 9052 Zwijnaarde, Belgium; orcid.org/
0000-0003-0093-5490

Maarten Cools-Ceuppens − Center for Molecular Modeling
(CMM), Ghent University, 9052 Zwijnaarde, Belgium;
orcid.org/0000-0002-7363-7534

Massimo Bocus − Center for Molecular Modeling (CMM),
Ghent University, 9052 Zwijnaarde, Belgium; orcid.org/
0000-0001-9474-6644

Toon Verstraelen − Center for Molecular Modeling (CMM),
Ghent University, 9052 Zwijnaarde, Belgium; orcid.org/
0000-0001-9288-5608

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jctc.2c00874

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Fund for Scientific Research
Flanders (FWO), Flanders Industry Innovation Moonshot
(ARCLATH II, No. HBC.2021.0254), and the Research Board
of Ghent University (BOF). The computational resources
(Stevin Supercomputer Infrastructure) and services used in
this work were provided by the VSC (Flemish Supercomputer
Center), funded by Ghent University, FWO, and the Flemish
Government−department EWI.

■ REFERENCES

(1) Markland, T. E.; Ceriotti, M. Nuclear quantum effects enter the
mainstream. Nat. Rev. Chem. 2018, 2, 0109.
(2) Feynman, R. P. Space-Time Approach to Non-Relativistic
Quantum Mechanics. Rev. Mod. Phys. 1948, 20, 367−387.
(3) Unke, O. T.; Chmiela, S.; Sauceda, H. E.; Gastegger, M.;
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Nuclear quantum effects on zeolite proton
hopping kinetics explored with machine
learning potentials and path integral
molecular dynamics

Massimo Bocus 1,2, Ruben Goeminne1,2, Aran Lamaire 1,

Maarten Cools-Ceuppens1, Toon Verstraelen1 & Veronique Van Speybroeck 1

Proton hopping is a key reactive process within zeolite catalysis. However, the
accurate determination of its kinetics poses major challenges both for theo-
reticians and experimentalists. Nuclear quantum effects (NQEs) are known to
influence the structure and dynamics of protons, but their rigorous inclusion
through the path integral molecular dynamics (PIMD) formalism was so far
beyond reach for zeolite catalyzed processes due to the excessive computa-
tional cost of evaluating all forces and energies at the Density Functional
Theory (DFT) level. Herein, we overcome this limitation by training first a
reactivemachine learningpotential (MLP) that can reproducewith highfidelity
the DFT potential energy surface of proton hopping around the first Al coor-
dination sphere in the H-CHA zeolite. The MLP offers an immense computa-
tional speedup, enabling us to derive accurate reaction kinetics beyond
standard transition state theory for the proton hopping reaction. Overall,
more than 0.6 μs of simulation time was needed, which is far beyond reach of
any standardDFT approach. NQEs are found to significantly impact the proton
hopping kinetics up to ~473 K. Moreover, PIMD simulations with deuterium
can be performed without any additional training to compute kinetic isotope
effects over a broad range of temperatures.

Brønsted-acidic zeolites are versatile, resistant catalysts that for dec-
ades have been recognized as the workhorse of the petrochemical
industry1. Furthermore, they are also expected to play a vital role in
next-generation biorefineries for the conversion of non-fossil
feedstocks2. From a theoretical point of view, zeolites belong to the
most studied materials in the field of heterogeneous computational
catalysis3. In their ideal, defect-free crystalline form, Brønsted-acidic
zeolites are composed of interconnected SiO4 tetrahedra, where a
fraction of the Si4+ ions is substituted by Al3+. The excess of negative
charge is compensated by the addition of a proton—the Brønsted Acid
Site (BAS)—on one of the oxygens in the first coordination sphere of

the Al substitution. Interestingly, the BAS is not confined to a specific
oxygenof theAl tetrahedron, but it can jump fromoneoxygen atom to
another in what is commonly known as the ‘proton hopping’ reaction.
This process is one of the most fundamental activated events within
zeolite chemistry (Fig. 1a) and represents the archetypal proton-
transfer reaction which is at the base of any Brønsted acid-catalyzed
reaction.

Because of its apparent simplicity, proton hopping is an ideal case
study for both experiment and theory, hence various methods have
been used to investigate the process kinetics. Experimentally, Nuclear
Magnetic Resonance (NMR)4–6, Impedance Spectroscopy (IS)7 and
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InfraRed spectroscopy (IR)8 have been employed to retrieve the acti-
vation energies for the proton hopping process. From the theoretical
side, the reaction has been tackled with various methodologies ran-
ging from static simulations9–15 to enhanced-sampling techniques
based on molecular dynamics (MD)16. Given this plethora of scientific
reports, it would be tempting to assume that every detail of the proton
hopping reaction is now revealed. However, when surveying the
available literature, a huge spread in both the theoretically and
experimentally obtained activation energies for proton hopping bar-
riers can be found (Fig. 1b).

In general, activation energies derived from NMR spectroscopy
are lower than the theoretical ones. From IRexperiments, twodifferent
activation energies were obtained for two different temperature ran-
ges (398-548 and 573–773 K, see red diamonds in Fig. 1), a fact thatwas
attributed to the switch from intra-site hopping to inter-site hopping8.
However, a more recent investigation has disproven such interpreta-
tion and indicated active site proximity effects as the main cause for
the observed change in activation energy17. Inter-site hopping was also
suggested to be responsible for the high activation energies retrieved
with IS7.

To understand this lack of consistency, it is important to consider
themain possible sources of discrepancy between the proton hopping
barriers from literature. First, the residual presence of water in the
catalyst is often indicated as the main source for the—in general—low
experimental barriers10, as it is almost impossible to achieve a com-
pletely dry material with routine drying procedures18. Moreover, the
presence of defective sites like extra-framework aluminum species is
known to alter the BAS’ acidity compared to the pristine material19. On
the theoretical side, most of the calculations performed so far did not
explicitly account for the quantum nature of the hydrogen nucleus.
Instead, the nuclei in the system are treated as classical particles
moving on an underlying Potential Energy Surface (PES), which is
obtained by solving the electronicmany-body problemusing quantum
many-body techniques. This is normally done usingDensity Functional
Theory (DFT) for the sake of computational efficiency. In what follows,
the terminology ‘classical DFT PES’ will be used to refer to nuclei that
are treated as classical particles on a DFT-determined PES, thus the
electronic degrees of freedom are treated quantum mechanically
whereas the nuclei are treated as classical particles. To include Nuclear
Quantum Effects (NQEs), approximative methods have been used. For

example, tunneling corrections have sometimes been applied to
account for NQEs12. To more rigorously account for NQEs, one should
resort to computationally more expensive methods such as the Path
Integral Molecular Dynamics (PIMD) approach, which relies on Feyn-
man’s path integral formulation of quantum mechanics. Within PIMD
simulations, the statistics of quantum particles are retrieved using a
classical ring polymer consisting of P replicas of the system20. Each
replica runs on the classical DFT PES, making PIMD P times more
expensive than a standard MD simulation. This is because an inde-
pendent DFT-level energy and force evaluation must be performed
every MD step for each replica. Within the field of heterogeneous-
catalyzed reactions such simulations have so far been mostly unfea-
sible due to the high computational cost of each PIMD step, as at least
10 replicas are usually required to achieve converged results—making
the simulations prohibitively expensive21. Nonetheless, there is clear
evidence that NQEs may have a significant impact on the physico-
chemical properties of systems containing light atoms20,22–24. For
example, it is well-known that they can significantly affect the strength
of hydrogen bonds in a variety of systems25,26. NQEs have never been
explicitly included in zeolite-related reactions and thus it remains
unclear to what extent they would affect the rate of proton hopping
and by extension any proton-transfer reactions within the field of
zeolite catalysis.

To fill this gap of knowledge, we present in the current con-
tribution amethodology thatmayallow to systematically includeNQEs
when investigating activated hydrogen transfer events. To this end,
proton hopping in H-CHA with isolated active sites is used as a case
study (Fig. 1c), for whichwe first trained an accurateMachine Learning
Potential (MLP) based on an underlying set of high-temperature DFT
Umbrella Sampling (US) simulations. The use of enhanced-sampling
simulations is essential to explore in an efficient way the less-probable
highly energetic regions of the PES, which are typically associated with
reactive events. The underlying DFT simulations at finite temperatures
serve as input to train a deep neural network MLP (Fig. 2). Once an
accurate MLP is constructed, an enormous computational speedup
can be achieved, which allowed to: (i) compute the Free Energy Sur-
faces (FESs) of all possible hoppings around an isolated Al defect in the
temperature range 273–873 K with a large number of umbrellas and
long simulation times to obtain well-converged results, (ii) explicitly
include NQEs through the PIMD approach, (iii) derive accurate kinetic
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constants beyond the Transition State Theory (TST) approximation,
taking barrier recrossing into account via the reactive flux formalism27

and (iv) perform an additional set of simulations with deuterium
instead of protium to explicitly compute the Kinetic Isotope Effect
(KIE) on the reaction.

We show that even at catalytically relevant temperatures (>400K)
NQEs may still be important to consider when computing reaction
kinetics and their relevance is not restricted to the absolute low tem-
perature regime. While the work performed here is illustrative for the
most basic proton hopping reaction in zeolites, it provides the means
to routinely include NQEs and explicitly calculate KIEs when studying
any proton-transfer event in heterogeneous catalysis.

Results
Construction of a reactive MLP with DFT accuracy
To train an accurate MLP, a sufficiently large set of DFT datapoints is
required, which should cover the relevant regions of the reaction
phase space. To this end, high-temperature (873K)DFTUS simulations
were performed on a CHA conventional cell containing 36T Si atoms,
where 1 silicon is replaced by Al to give a final Si/Al ratio of 35. The
temperature choice of 873 K is arbitrary but, in general, on the higher
end of typical zeolite-catalyzed processes1. In the CHA topology, all T
atoms are equivalent. However, the four O atoms in the first coordi-
nation sphere of the Al defect are not (Fig. 1c). This leads to 6 distinct
hopping paths, which are all considered in this work. To assess whe-
ther anypath couldbe significantly disfavored, activation free energies
were initially screenedwith static calculations. The results suggest that
all 6 possible hopping paths have relatively similar activation free
energies (within ~20 kJmol−1) and no single one is strongly (dis)favored
(Supplementary Note 2). Therefore, 6 separate DFT US simulations at
873K were performed to sample all the possible hoppings. A differ-
ence in coordinationnumbers between the proton and the twooxygen
atoms involved in the hopping was used as main collective variable to
bias the system (see “Methods” section and Supplementary Note 3).
One-dimensional umbrellas were used to sample the reaction path
and, if needed, additional two-dimensional umbrellas were added to
improve the sampling of scarcely visited regions of the phase space
(more details are reported in Supplementary Note 3.2). A full overview
of the DFT US results is reported in Supplementary Note 4.

Energies and forces were extracted every 5 fs from the DFT US
trajectories, yielding a total of ~1,200,000 structures which were used
to train an MLP with the SchNetPack package (see “Methods” section
and Fig. 2)28,29. Performing MD simulations with the MLP provides a

dramatic speedup in computational time, going from ~8.3 s/step on 56
Xeon E5-2680v4 CPUs@2.4GHz cores to ~0.01 s/step on a single NVI-
DIA Volta V100 GPU. As part of the MLP validation, well-converged
873KDFTFESswere generated to compare themwith theMLP-derived
ones within a reasonably small uncertainty. To this end, about 50 ps of
simulation time was required for each DFT umbrella. Considering that
19 umbrellas are needed to sample each of the 6 hoppings, this was a
computationally demanding task. On the other hand, it also provided
uswith a very large number ofDFTdatapoints, hence the large number
of structures used to train the MLP. With the acquired knowledge that
a mean absolute error on the force of about 40meVÅ−1 is sufficient to
obtain very accurate FESs (vide infra), we also tested the performance
of newer andmore data efficient equivariant neural networks30, where
preliminary results indicate that a few hundred fs per umbrella
are sufficient to achieve converged results (Supplementary Note 10),
providing an enormous computational saving in the DFT data
generation.

To further validate the trained MLP, we also tested whether it
could reproduce FESs at lower temperatures than the training one. To
this end, three additional sets of DFT US simulations were performed.
The 2–3 hopping was tested at 573 and 273 K, while the 1–4 hopping
was tested at 273 K. With this choice, the hoppings with the smallest
activation energies are tested and all four oxygens are considered at
the lowest temperature. For the sake of clarity, a detailed comparison
between the MLP and DFT results is presented in Supplementary
Note 6.1, while here only the 2–3 hopping is discussed in detail. As
shown in Fig. 3, the DFT and MLP FESs exhibit an almost perfect
overlap, with most variations contained well within the error bars. The
free energy barrier exhibits a clear increase with temperature, which is
in line with a rigid transition state associated with a negative entropy
variation. It must be pointed out that, thanks to the large computa-
tional speedup enabledby theMLP, longer simulation times (100ps vs.
50 ps per umbrella) and a larger number of umbrellas (39 vs. 19 per
hopping) were easily achievable. This led to a vastly improved sam-
pling of the reaction PES, thereby obtaining much better converged
FESs. Moreover, all MLP simulations were repeated three separate
times starting fromdifferent initial velocities and the associated results
and uncertainties were obtained by averaging over these three inde-
pendent runs. Initially, the 573 K DFT profile presented a moderate
spike in the transition state region, which was not present in the MLP
profile. Therefore, 2 additional umbrellas were added in the proximity
of the transition state and an additional 40 ps of simulation was per-
formed in every umbrella, for a total of 90ps. The final DFT profile
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Fig. 2 | Kinetic and thermodynamic properties with and without NQEs over a

wide range of temperatures can be computed using an MLP trained on high-

temperature enhanced-sampling DFT simulations. The pictures show a simpli-
fied schematic representation of the PES experienced by the protonwhenhopping

between two oxygens around the Al site (red and blue spheres, respectively),
sampledwithDFT simulations (a) and subsequently learnedwith theMLP (b). Inb a
schematic view of the hydrogen ring polymer with P beads running on the classical
MLP PES is shown.
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reaches almost perfect agreement with theMLP one, highlighting how
the (small) differences betweenMLP andDFT FESs are almost certainly
caused by sampling issues rather than by significant deviations in the
underlying PES. The results show that (i) the trained MLP is effectively
capable of encoding chemical reactivity and (ii) high accuracy on the
computed FESs is retained also for temperatures lower than the
training one, offering thermodynamic transferability in terms of
operating conditions.

While directly superimposing FESs provides an intuitive visual
means of comparison, the FES itself is not experimentally measurable.
The finalmacroscopic quantity of interest is the kinetic constant of the
reaction, which does not depend on the choice of the collective vari-
able used to represent the FES31,32. By means of classical (TST), the
forward and backward kinetic constants for the 6 high-temperature
hoppings, the 2–3 hopping at 573 K and the 1–4 and 2–3 hoppings at
273K were retrieved (see “Methods” section). Fig 4 reports a graphical
comparison between the DFT and MLP rates, where the computed
kinetic constants are converted to a corresponding phenomenological
barrier using Eyring’s equation32. The sole purpose of the latter is to
provide a more tangible equivalent to the kinetic constant, without
comparing values that can span multiple orders of magnitude (more
details are provided in the “Methods” section). None of the computed
barriers differ more than ~5 kJmol−1 and, for most of the hoppings, the
MLP values lie within the error bars of the DFT ones. These results
indicate that the MLP accurately reproduces the DFT PES underlying
the proton hopping reaction in H-CHA and can therefore be used to
compute reaction rates at any temperature of interest and to explicitly
introduce NQEs through the PIMD approach (Fig. 2).

Full characterization of the hopping kinetics
Having validated the MLP to faithfully reproduce the proton hopping
FESs over a broad temperature range (273-873 K), additional US
simulations were performed to retrieve the full reaction kinetics con-
sidering all hopping paths. Moreover, NQEs can be systematically
included in the reaction investigation as the PIMD formalism becomes
accessible, thanks to the large computational efficiency of theMLP. To
obtainwell-converged FESs, at least 16 system replicas (also referred to
as beads) are required in the ring polymer (Supplementary Note 7.1). A
graphical visualization of the spreadof the beads around the transition
state region comparedwith the classical case is shown in Fig. 5,where it
becomes clear that quite some uncertainty is present on the proton’s
position compared to the classical deterministic trajectories. A full
overview of the classical and quantum FESs is reported in Supple-
mentary Notes 6.1 and 7.3, respectively. Introducing NQEs leads to a
general decrease of the free energy barriers compared to the case

where nuclei are treated classically. This effect tends to lessen with
increasing temperatures, in accordance with the expected con-
vergence between the quantum and classical behavior for high
temperatures.

Not only does the MLP allow to include in a reliable—yet com-
putationally feasible—way NQEs, but it also allows to determine
reaction kinetics beyond classical TST and explicitly include barrier
recrossing through the reactive flux formalism (obtaining the true
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kinetic constant of the reaction)27,33, which is in its turn part of the
Bennett-Chandler reaction rate theory34,35. In this approach, multi-
ple unbiased simulations (5000 in this case) are initialized atop the
transition state and monitored through time, to retrieve whether
they end up in the product basin or whether they recross the barrier
towards the reactant basin (see “Methods” section). This approach
is most appropriate when NQEs are included, as quantum TST
approximations such as ring polymer molecular dynamics (RPMD)
TST do not yield a strict upper bound for the quantum rate (more
details can be found in Supplementary Note 7.4)36. Overall, the MLP
US simulations allowed to compute three different kinetic con-
stants for all hopping paths and all temperatures: a classical TST-
based one (kc

TST), derived from classical MD and the TST approx-
imation, a classical Bennett-Chandler one (kc

BC), where barrier
recrossing is now explicitly taken into account and, finally, a
quantum Bennett-Chandler one (kq

BC), analogous to k
c
BC but derived

from the RPMD simulations and thus including NQEs. Remark that
the amount of data used to obtain them is well beyond the reach of
any pure ab initio methodology where all energy and force evalua-
tions are performed at the DFT level. Even when excluding the
thousands of short trajectories required to obtain well-converged
kBC values, computing the quantum FESs requires 42 sets of US
simulations (6 hopping paths at 7 different temperatures), each
consisting of 39 umbrellas simulated with 16 parallel beads—for a
total of more than 0.6 μs of simulation time. Such simulation
lengths are clearly beyond the limit of any DFT-based MD
simulation.

While demonstrating the impact of NQEs on the reaction rate is
important to highlight the cases in which NQEs cannot be neglected
and should thus be accounted for computationally, the resulting
‘quantum speedup’ is not experimentally measurable as NQEs are an
intrinsic part of nature. What is often measured experimentally, on
the other hand, is the KIE—namely the change in rate when the
hydrogen atoms in the system are substituted with deuterium
(other isotopic substitutions are of course also possible37). Inter-
estingly, the MLP trained on 1H simulations can be directly used for
KIE calculations, as the reaction PES does not depend on the atomic
masses but only on their charge. An additional set of PIMD simula-
tions was therefore performed at 273, 573 and 873 K with the BAS
mass set to 2 a.m.u. Given the linear behavior of ln k

q
BC

� �

over the
whole temperature range (vide infra, Fig. 7), the intermediate
temperatures were no longer considered. A full overview of
the simulations’ results is reported in Supplementary Note 7.5. The
error on the MLP forces with respect to DFT remains basically
unaffected by the change in the hydrogen mass, confirming that
both simulations sample analogous PES regions (Supplementary

Fig. 20). The reactive flux kinetic constant for the PIMD simulations
with deuterium will be indicated with k

q
BC(

2H), while for protium
simulations the isotope label will be omitted.

Using the computed kinetic constants, the equilibrium coverage
of the 4 oxygen sites (θi, i= 1� 4) was determined as a function of
temperature (more details can be found in Supplementary Note 8).
The results for 1H are shown in Fig. 6a–c. When considering the k

c
TST

and k
c
BC kinetic constants, similar equilibrium populations are

obtained within the limits of uncertainty (Fig. 6a, b), which is a con-
sequence of the similar recrossing rate between the forward and
backwardbarriers. Ingeneral,O1 andO3 are themost populated sites at
any temperature, followed by O2 and O4. In the classical case, O3 has
the largest population up to 373K, while at higher temperatures its
population becomes nearly identical to O1. Significantly different
results are obtained when the quantum kinetic constants (kq

BC, Fig. 6c)
are considered, where θ3 remains significantly larger than θ1 at all
temperatures. A similar trend is obtained for the PIMD simulations
with deuterium (Supplementary Fig. 19). When the proton is on O3, it
finds itself oriented towards the center of the 6 T atoms ring (Fig. 6d)
and can, therefore, interact with the oxygens on the opposite side. To
understand more profoundly the impact of these intra-framework
interactions, we performed a 273 K classical MD and PIMD simulations
of the zeolite with the proton located on O3. We then analyzed the
radial distribution functions (RDFs) of the proton with the 6 oxygens
sharing the Si and Al with O3 (‘adjacent’ in Fig. 6e) and all the other
oxygens in the unit cell (‘others’). We found that—as expected— the
BAS lieswithin 2–3 Å from theoxygenson theother sideof the6-Si ring
and will therefore interact with them. By comparing the classical and
quantum RDFs (Fig. 6e), it can be seen how the maximum in the RDF
H-O (others) occurs at slightly shorter distances in the quantum case
and, moreover, shorter distances—in the order of ~2 Å—are explored
more often. Based on thesefindings, it appears that when the quantum
nature of the hydrogen nucleus is considered the weak interaction
between the non-adjacent framework oxygens and the proton
becomes stronger and, as a result, O3 becomes further stabilized with
an increase inθ3. No other site interactswith other frameworkoxygens
within 3 Å (Supplementary Fig. 18). Previous reports in the literature,
based on geometrical considerations concerning the crystallographic
zeolite unit cell, suggested that none of the four BAS locations are
suited to formH-bondswith other oxygens in the framework38. This no
longer seems to be the case when temperature effects and NQEs are
explicitly taken into account. The number of zeolite frameworks pre-
senting this type of intra-framework interaction could thus be higher
than previously thought38 at realistic operando conditions.

Once all the equilibrium coverages as a function of temperature
are known, the overall hopping rate can be computed using the

Fig. 5 | The use of PIMD leads to a significant spread in the proton location.

These two snapshots, arbitrarily extracted from the transition state umbrella of the
2–3 hopping, highlight how the system beads in PIMD (b) can be spread quite
significantly in space with respect to the classical case (a). For the sake of clarity,

only the H-SSZ-13 atoms up to the second coordination sphere around the Al site
are shown and in b a superposition of all beads is only present for the proton. Si is
depicted in yellow, O in red, Al in blue and H in white.
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formula:

r =
X

4

i = 1

X

4

j≠i

kijθi, ð1Þ

where kij is the kinetic constant of the hopping fromOi to Oj and θi the
coverage of Oi. From this, an Arrhenius plot for the hopping rate as a
function of the temperature is computed (Fig. 7a), whose activation
energy should be comparable with experiment. First, we analyzed in
how far each of the hoppings is contributing to the overall rate. In all
cases, only two hopping paths dominate the rate kinetics (Fig. 7b),
namely the 1↔ 4 and 2↔ 3 paths, as one could expect based on their
low free energy barriers. Note that the forward and backward rates
have similar contributions, as a higher free energy of the minimum
corresponds to both a lower coverage and a lower free energy barrier
to hop towards a stabler minimum. These two factors tend to cancel
eachotherwhen computing kijθi. Minor contributions are given by the
1↔ 2 and 2↔ 4 paths, while the remaining two paths (1↔ 3 and 3↔ 4)
only have noticeable contributions at the highest temperatures. In the
deuterium case, the 2↔ 3 path becomes even more dominant at the
expenses of 1↔ 4 as it appears that the transition state energy is not
shifted consistently by the isotope substitution (Supplemen-
tary Fig. 18).

By considering the slope of the best fit lines in the Arrhenius plots
(Fig. 7a) it is possible to retrieve an effective activation energy for the
proton hopping reaction. The kc

TST results yield an activation energy of
67.1 kJmol−1. Going beyond the TST approximation and explicitly

including recrossing (kc
BC) does not significantly change the results,

with a consistent—but almost negligible—decrease in the rate across
the whole temperature range. When NQEs are included (kq

BC), in con-
trast, the activation energy decreases with about 11 kJmol−1 due to the
possibility of the proton to tunnel through the potential energy bar-
riers. When analyzing the rates related to a specific hopping (Supple-
mentary Fig. 17), it was noticed that this effect is not constant, and
becomes more prominent in the hopping paths with a more sharply
peaked FES around the transition state region (Supplementary Figs. 15
and 16). This is because a narrower barrier increases the probability of
tunneling, which in practice means that the beads of the ring polymer
are easily located on both sides of the potential energy barrier
experiencing on average a lower free energy. These results show that
the impact of NQEs is not systematic in nature and can therefore be
challenging to capture with ad hoc corrections. Indeed, previous
investigations which included NQEs through an a posteriori tunneling
correction suggested that above room temperature no significant
effect should be observed12. Our results, on the other hand, show that
the reactionproceeds 65 times faster at 273 K if NQEs are included and,
even at 373K, a 16-fold increase in the computed rate is still present
(Fig. 7c). At 473 K, the reaction remains 7 times faster while the
speedup, as expected, tends to become negligible at higher tempera-
tures. It appears therefore that for zeolite-catalyzed processes con-
ducted atmilder conditions, amongwhich the ones related to biomass
conversion are a predominant example2, NQEsmight benon-negligible
when computing the kinetics of proton-transfer steps. A few examples
where these effects might be important are the aqueous cyclohexanol
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dehydration inH-Beta zeolite at temperatures of about 400K39 and the
oxidation of methane to methanol in copper-loaded zeolites carried
out at ~473K40. These two cases serve as examples of the relevant
application area and conditions influenced by NQEs in zeolites. How-
ever, it is clear thatmanymore cases couldbe affected by the inclusion
of NQEs.

When protium is substituted by deuterium (kq
BC(

2H)) the activa-
tion energy becomes 58.4 kJmol−1, yielding a small increase of 2.6 kJ
mol−1. This is in line with the modest magnitude of the predicted KIE
(given by the ratio between the total rate with protium and with deu-
terium, Fig. 7d), which equals 3.1 at 273 K and decreases to 1.4 at 873 K,
in line with standard Bigeleisen-Mayer KIE theory41,42. It can be noted
how the deuterium rates remain significantly larger than the classical
k
c
BC ones, indicating that the increase in mass is not sufficient to fully

suppress the quantumbehavior. Unfortunately, there has not been any
experimental attempt so far to measure the KIE for proton hopping in
zeolites. Theoretically, an early investigation based on static cluster
calculations was performed by Fermann and Auerbach43. According to
their semiclassical TST model, the differences between 1H and 2H are
limited above room temperature, in line with our results.

So far, the study focused on H-CHA, which has a single indis-
tinguishable T-site and a small unit cell. To broaden our scope, it is
important to assess the MLP capability of describing other zeolite
frameworks on which the MLP was not trained. To this end, the
transferability of theMLP to other zeolite topologies was investigated.
More specifically, we selected five all-silica frameworks from the
international zeolite (IZA) database44 that are of interest for catalytic
applications3 (AFX, CHA, FER, MFI and MOR) and performed a 100ps

NVT DFT MD simulation using the crystallographic unit cell para-
meters reported in the IZA database (see Supplementary Note 9). The
CHA topologywas included as a control system, to ensure that theMLP
is robust with respect to changes in the unit cell volume. None of the
MLP simulations presented obvious instabilities and the error on the
forces is not excessive, even for frameworks that do not share any
secondary building unit with CHA, varying between 196meVÅ−1 for
MOR and 258meVÅ−1 for MFI. The quality of the zeolite trajectories,
monitored through the Si–O and Si–Si RDFs, remains reasonably good
with only small long-range differences forMFI (Supplementary Fig. 19).
Testing the proton hopping reactivity in a systematic way for more
frameworks would require a further set of expensive ab initio US
simulations and, therefore, is outside the scope of this work. The
results obtained on the all-silica frameworks, nonetheless, still indicate
that the MLP can capture to a large extent the chemistry of Si–O–Si
bonds and, therefore, we expect that not many additional DFT simu-
lations would be needed to retrain it and extend its accuracy to new
zeolite frameworks, for instance building on the transferable MLP for
siliceous frameworks byErlebachet al.45 towards aluminum-containing
zeolites of catalytic interest.

Discussion
Proton-transfer reactions are of primordial importance within zeolite
catalysis. Thus far, it was unclear in how far NQEs affect the barriers
and rates of proton hopping processes at realistic operating condi-
tions, as their explicit inclusion through PIMD was prohibitively
expensive if the underlying classical PES is evaluated at a DFT level of
theory. Herein, we showed that a reactiveMLP can be trained based on
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underlying high-temperature (873K) US simulations at the DFT level,
that provides kinetic results with a similar accuracy as the underlying
DFT data. However, thanks to the enormous computational speedup
gained by describing the PES based on the MLP compared to the ori-
ginal DFT energy and force calculations, the MLP can be used to per-
form virtually any type of simulation that relies on the classical PES of
the considered reaction(s) over a broad range of temperatures. The
proposed methodology thus not only succeeds in reproducing the
underlying DFT simulations but comes with a series of advantages that
were so far unreachable due to the prohibitively excessive
computational cost.

First, the convergence of the free energy surfaces obtained from
enhanced-sampling techniques can be improved by using many more
umbrellas and by simulating for a longer time. Secondly, PIMD can be
employed to explicitly account for the quantumnature of the nuclei in
the system. While the inclusion of NQEs through MLPs has already
been proposed in the literature22,46,47, the application of PIMD/MLP to
an activated event in heterogenous catalysis was still unexplored. We
remark that for simulations at cryogenic temperatures the number of
beads required to achieve converged results could become very large
even for the MLP. This problem can be mitigated by coupling the MLP
simulations with path integral acceleration techniques20. Thirdly, it
also becomes possible to go beyond the TST approximation and
explicitly include barrier recrossing via the reactive flux formalism,
thereby obtaining the true kinetic constant of the reaction. Because of
the thousands of short MD trajectories that have to be initialized atop
the transition state, this type of calculationwas so far too expensive to
beperformed at aDFT level of theory. Themore efficientmethodology
for describing the forces and energies may also open the window to
use methods like transition path sampling within the field of zeolite
catalysis, which were thus far not truly accessible due to the large
number of paths that needs to be sampled at the DFT level48. Finally,
KIEs can be explicitly computed if the PIMD simulations are performed
with different nuclear masses, as this does not affect the underlying
PES learned by the MLP.

Our results show that the expected Arrhenius activation energy
for the hopping process, considering all six hoppings and the cov-
erages of the four oxygen sites, is 67.1 kJ mol−1 in the absence of
NQEs, whereas including the quantum nature of the proton brings
the activation energy down to 55.8 kJ mol−1. When quantitively
comparing this activation energy to experimental results, it is
important to note that this study makes use of the revPBE-D3 level
of theory, which is known to underestimate the activation energies
of chemical reactions16,49,50. In this sense, our barriers will present a
lower boundary for the chemically accurate activation energy.
Because of the large improvement in data efficiency of newer MLP
architectures (Section S10 of the Supplementary Information), we
believe that training an accurate model based on a more expensive
albeit more reliable exchange-correlation functionals should
become feasible. The computed activation energy remains rela-
tively higher than the experimentally available ones. Themost likely
source of discrepancy lies in the perfect crystalline nature of the
adopted zeolite model. The presence of residual water molecules,
defects (EFAL species, for instance) and an heterogeneous alumi-
num distribution are basically unavoidable at the macroscale and all
these factors are known to potentially affect the behavior of pro-
tons in zeolites17,19,51. According to the simulations, a primary KIE of
about 3 is expected at 273 K but no experimental evidence is
available thus far to corroborate this result.

This proof-of-concept study presents a general scheme to obtain
MLP models that can simulate proton hoppings and activated pro-
cesses in zeolite catalysis with improved realism. The proposed
methodology is, in principle, extendible to additional reactions and
reactive environments, making it a valuable tool for studying a wide
range of catalytic phenomena52.

Methods
Umbrella sampling simulations
The hopping of the H-CHA BAS between the oxygens in the first
coordination sphere of the Al defectwas studied bymeans of umbrella
sampling simulations53,54. In this approach, quadratic bias potentials
(the ‘umbrellas’) are placed along a certain collective variable (q) which
should smoothly vary between reactants and products. The bias has
the form V i qð Þ= 1=2K i q� q0,i

� �2, where K i is the force constant of the
ith umbrella and q0,i its center. An MD simulation is then performed
within each umbrella. To study the proton hopping, the chosen col-
lective variable is a difference of coordination numbers (CNs) between
the BAS and the two oxygens involved in the hopping:

q=CN Oi; H
� �

� CN Oj; H
� �

=
1�

rOiH

r0

� �N

1�
rOiH

r0

� �2N �
1�

rOjH

r0

� �N

1�
rOjH

r0

� �2N ð2Þ

The specific values of theN and r0parameterswere adaptedbased
on the reaction conditions, more information can be found in Sup-
plementary Note 5.2. The bias potential was applied using PLUMED55,56

and the final statistical analysis of the data was performed with our in-
house developed ThermoLIB library57. For some of the hoppings,
additional wall potentials were required to prevent undesired side
reactions; further details are reported in Supplementary Note 3.1.4

DFT molecular dynamics
To perform the DFT MD simulations, the CP2K software package
(version 7.1)58,59 was employed to compute energies and forces at a
revPBE-D3/TZVP60–62 level of theory. Because of themixed plane waves
—atom-centered orbitals approach63 used by CP2K, the plane waves
energy cutoff was set to 350 Ry andGTHpseudopotentials64wereused
to smooth the electron density in the proximity of the nuclei. A sig-
nificant dependencyof the forces on the planewaves cutoffwas found,
but this was shown to have a negligible impact on the final FESs when
much higher settings are used (Supplementary Note 3.1.5). The time
step for the integration of the equations of motion was set to 0.5 fs.
After equilibration of the unit cell (Supplementary Note 3.3.1), pro-
duction runs were performed in the NVT ensemble using a Nosé-
Hoover thermostat with a chain consisting of five beads65,66 to control
the temperature and a time constant of 334 fs (100 cm−1).

MLP training and usage
A SchNet MLP was trained with the SchNetPack package on the DFT
energies and forces which were extracted every 5 fs from the DFT US
simulations at 873 K28,29. First, the energies and forces were unbiased
by subtracting the bias potential applied in the US simulations with
PLUMED55,56. The unbiased DFT datapoints were randomly divided in a
training and validation set with a 80:20 ratio. Subsequently, the MLP
was trained with a cutoff of 6 Å, 128 features, 50 gaussians and
6 interaction blocks. The resulting MAE on the validation set is
41.9meV/Å. More details on the training are provided in Supplemen-
tary Note 5.1. Classical unbiased and US simulations with the trained
MLP were performed with our in-house code YAFF67 using a time step
of 0.5 fs and a Nosé-Hoover thermostat with three beads for tem-
perature control65,66. PIMD simulations were performed with the i-PI
driver68 using a time step of 0.25 fs and a PILE thermostat69 with a time
constant of 100 fs for temperature control. Because of the harmonic
repulsion between the beads, some of them might explore regions of
the phase space that are not necessarily well-sampled in classical DFT
US. Therefore, we also performed an extra DFT PIMDUS simulation for
the 2–3hopping (SupplementaryNote 7.2) and the resulting FES shows
an excellent agreement with the MLP one. It is important to remark
that this agreement is very likely not generalizable to other systems or
reactions and should always be tested appropriately70. In both the
classical and PIMDUS simulations, PLUMEDwasused to apply the bias.
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Kinetic rate constant calculation
The plain activation free energy obtained from a FES is largely
dependent on the choice of collective variable31,32. To remove such
dependency, it is necessary to move towards a more general macro-
scopic property of the process under study, namely the kinetic rate
constant. In the Bennett-Chandler approach to transition state
theory34,35, the rate constant of a reaction can be written as71:

kBC tð Þ= _q 0ð Þθ q tð Þ � q*� �� �

q 0ð Þ=q*
e�βF q*ð Þ

R q*

�1
e�βF qð Þdq

, ð3Þ

where thefirst term is the ensemble averageof the timederivatives ofq
for trajectories that, starting atop the transition state (q 0ð Þ=q*), end
up in the product basin (as imposed by the Heavyside function
θ q tð Þ � q*
� �

). With theMLP, it is possible to explicitly compute the first
termby performing a large number of unbiasedMD simulations (5000
in this case) starting on the transition state and monitor how many of
themeffectively end up in the product basin27,33. The true rate constant
is, in principle, given by kBC = lim

t!+1
kBC tð Þ. Luckily, its value quickly

reaches a plateau and 50 fs of simulationwere sufficient to obtain well-
converged results (Supplementary Note 6.2). The rate constant
calculated in this manner is referred to as the Bennett-Chandler
one (kBC).

In general, this approach is too expensive, especially for the DFT
case, so that only the approximate transition state theory constant
(kTST = lim

t!0+
kBC tð Þ) can be computed from the US trajectories, thereby

avoiding the need for additional simulations. While kTST represents an
upper limit of the true kinetic constant, assuming a recrossing prob-
ability equal to zero, it canbe used to compare theDFT andMLP results.
Further details are reported in SupplementaryNote 3.3. To calculate the
quantum rate constants, taking NQEs into account, the approximate
technique of RPMDwas used (see Supplementary Note 7.4)72. Although
this approximation can only capture short-time quantum effects, it has
been shown to yield good quantum rates in comparison with other
approximations73 or quantum mechanical calculations74.

As the kinetic constant values can span several orders of magni-
tude, we often make use of Eyring’s equation to convert them into
phenomenological barriers, which encode the same information while
being – in our opinion – more tangible than a reaction rate.

4Fz

phen = �
1
β
ln βhkð Þ ð4Þ

Data availability
The complete training set, examples of input files, processing scripts
and the trained MLP have been deposited in the Zenodo database
(https://zenodo.org/record/7267913#.Y2U8tHbMK3A). Any additional
data is available from the authors upon request. An extended discus-
sion of the results can be found in the Supplementary Informa-
tion. Source data are provided with this paper.

Code availability
CP2K (https://github.com/cp2k/cp2k), PLUMED (https://github.com/
plumed/plumed2), SchNetPack (https://github.com/atomistic-
machine-learning/schnetpack) and YAFF (https://github.com/
molmod/yaff) are all open source and freely available at the pro-
vided links. ThermoLIB is available upon request at https://molmod.
ugent.be/software/thermolib.
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Quantum tunneling rotors in a zeolitic imidazolate framework ZIF-8 can provide insights into local gas
adsorption sites and local dynamics of porous structure, which are inaccessible to standard physisorption or x-ray
diffraction sensitive primarily to long-range order. Using in situ high-resolution inelastic neutron scattering at
3 K, we follow the evolution of methyl tunneling with respect to the number of dosed gas molecules. While
nitrogen adsorption decreases the energy of the tunneling peak, and ultimately hinders it completely (0.33 meV
to zero), argon substantially increases the energy to 0.42 meV. Ab initio calculations of the rotational barrier of
ZIF-8 show an exception to the reported adsorption sites hierarchy, resulting in anomalous adsorption behavior
and linker dynamics at subatmospheric pressure. The findings reveal quantum tunneling rotors in metal-organic
frameworks as a sensitive atomistic probe of local physicochemical phenomena.

DOI: 10.1103/PhysRevMaterials.7.073402

I. INTRODUCTION

Gas adsorption studies are ubiquitous in metal-organic
framework (MOF) research. Nevertheless, conflicting reports
of MOF behavior persist in the literature, for example, on the
fundamental question of structural flexibility [1] vs rigidity
[2] because the information provided by gas adsorption ex-
periments, together with other long-range techniques such as
x-ray diffraction (XRD), is not always sufficient to advance
the understanding of dynamic and transient phenomena [3].
Likewise, research on molecular rotors in MOFs is gaining
attention, revealing a range of rotational linker dynamics
(either free or hindered motions) [4,5] with implications on
physical and chemical properties of the framework structure

*svemir.rudic@stfc.ac.uk
†veronique.vanspeybroeck@ugent.be
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§jin-chong.tan@eng.ox.ac.uk
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[6]. The much-contested behavior of a widely studied MOF,
Zeolitic Imidazolate Framework-8 (ZIF-8), is a case in point.
ZIF-8′s so-called gate-opening behavior [1], and its linker
movements in general [7,8], are still not fully understood
despite 25 years of active research [9]. Inelastic neutron scat-
tering (INS) [10], specifically by quantum rotational tunneling
of methyl (−CH3) groups in ZIF-8, offers the possibility
to resolve many unanswered questions. Rotational tunneling
is the phenomenon of the librational states of a molecule
whose rotating atoms, in this case, the three H atoms, are
indistinguishable [11,12] and is illustrated schematically in
Fig. 1(a). These methyl rotors, which account for 24 −CH3

groups for each unit cell of ZIF-8, are sensitive to changes
in the surrounding potentials and, therefore, can act as local
probes of their atomic environments inside the framework
pores. This sprawling network of quantum tunneling sensors
can be harnessed to track gas adsorption processes, revealing
local mechanisms at the atomic level. Although the methyl
rotor in an empty ZIF-8 has been previously linked to quantum
tunneling by Yildirim et al. [13], they have not investigated the
effect of gas dosing on the tunneling phenomenon.

Early studies of the ZIF-8 structure and its behavior in re-
sponse to gases recognized two extreme states, mainly defined
by the orientation of the 2-methylimidazolate (mIm) linker,
termed the “closed” and “open” gate. The exact mechanism

2475-9953/2023/7(7)/073402(8) 073402-1 Published by the American Physical Society
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FIG. 1. Methyl tunneling in ZIF-8 with adsorbed guests, measured at 3 K. (a) Indistinguishable librational states of CH3 rotors in ZIF-8
under quantum rotational tunneling. Color scheme: Zn (pink), C (gray), N (blue), and H (beige). (b), (c) Inelastic neutron-scattering (INS)
spectra (collected at 3 K) of ZIF-8 powder dosed at 77 K with varying amounts of N2 and Ar gas, respectively. (d), (e) Three-dimensional
interpolated surfaces of INS spectra in (b) and (c), respectively.

behind the transformation was unclear and was complicated
by the experimental technique—applying high hydrostatic
pressure to a single crystal and tracking averaged structural
changes in XRD patterns [14]. Based on these observations,
it was recognized that both states were needed to simulate
the gas adsorption behavior of ZIF-8 [1,15], but the existence
of preferential adsorption sites was rejected based on early
theoretical studies [16]. Subsequent studies, which included
INS experiments and density-functional theory calculations
of terahertz (THz) vibrational modes of ZIF-8, revealed that
the linker orientation could change dynamically, including via
“swing” motions of intermediate states that would open and
close the pore window aperture into the sodalite cage without

the need for guest adsorption [7]. Further experiments showed
these motions in THz spectroscopy [17,18] and nuclear mag-
netic resonance experiments [19], which in conjunction with
theoretical simulations have identified multiple vibrational
motions of the ZIF-8′s structural moieties. By simulating and
synthesizing ZIF-8 variants with various substitutes for the
−CH3 groups of mIm linkers, it was also shown that these
motions were affected by the chemistry of the framework,
which in turn affected gas adsorption behavior [6,20–23]. The
work by Moggach and co-workers [24] enriched this expand-
ing view of ZIF-8 by showing that there exist preferential
adsorption sites within the framework’s pores, despite earlier
suggestions [16] to the contrary. This literature, together with

073402-2
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our results from the local quantum tunneling probes presented
here, confer a rich view of ZIF-8′s behavior, whereby dynamic
vibrational modes and adsorption energies at specific sites, all
guided by the underlying physics and chemistry of the porous
framework, play radical roles in observed phenomena.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Materials

ZIF-8 was purchased from Sigma-Aldrich. For a typical
sample, 1.2 g of ZIF-8 powder (particle size ∼1 µm) was
loaded into a perforated Al sachet and evacuated at 200 °C
overnight to ensure the sample was desolvated prior to the gas
dosing experiments.

B. INS and neutron powder diffraction

The high-resolution INS and neutron powder-diffraction
(NPD) data [10,25,26] were collected on the OSIRIS spec-
trometer at the ISIS Pulsed Neutron and Muon Source at
the Rutherford Appleton Laboratory in Chilton, UK. OSIRIS
is a high-resolution (25.4 µeV) indirect-geometry neutron
spectrometer with long-wavelength diffraction capabilities
[27–29]. The secondary spectrometer is positioned at ∼34 m
from the 25 K liquid hydrogen moderator. Optimized for
low-energy, high-resolution inelastic neutron-scattering stud-
ies, OSIRIS uses a broadband of incident wavelengths which
are Bragg scattered from a crystal-analyzer array follow-
ing interaction with the sample. For the INS experiment,
the (002) plane of the pyrolytic graphite analyzer was used,
thus defining the single final energy of detected neutrons as
1.84 meV. The cooled beryllium filter between the sample
and the analyzer suppressed higher-order reflections of the
graphite analyzer. Due to utilizing a pulsed neutron source,
time-of-flight methods are used to determine energies at
each particular scattering angle. Using the repetition rate of
16 Hz, which is one-third of the repetition rate of ISIS Target
Station 1, an energy transfer range of 20 meV (∼5 THz)
was achieved. The scattered neutrons were detected in an
angular range corresponding to the momentum transfer (Q)
range 0.42−1.82 Å−1. The scattered data from all Q values in
this range were summed up to produce the INS spectrum. The
neutron-diffraction data were obtained from the instrument as
a by-product of the spectroscopy experiments from diffrac-
tion detectors in the backscattered geometry. Its resolution
amounts to �d/d = 2.5 × 10−3, where �d is the full width
at half maximum of diffraction peaks in d spacing.

C. Gas dosing

The sample was loaded into a cylindrical vanadium can
connected to a gas-handling system. N2 and Ar gas loading
was done volumetrically at 77 K to emulate the Brunauer-
Emmett-Teller (BET) test conditions (see below) and to
ensure that the sample adsorbed the gas. The sample was
degassed at 10−7 mbar between gas dosing experiments. At
each gas dose, the system was allowed to equilibrate for at
least 30 min. The sample was then gradually cooled down
to 3 K (within ∼1 h), where the INS measurements were
performed. This methodology of dosing at 77 K and probing

at 3 K has previously been adopted to investigate the gas
adsorption process within MOFs utilizing INS [30].

D. Gas adsorption measurements

BET isotherms of ZIF-8 for N2 and Ar were measured on
a Quantachrome Autosorb iQ-Chemi instrument at 77 K.

E. Electronic structure calculations

To determine the rotational energy barrier of a “methyl top”
(i.e., −CH3 rotor) in ZIF-8, with and without adsorbed N2

molecules or Ar atoms, each ZIF-8 structure was optimized
using CP2K [31,32] in combination with the ASE (atomic
simulation environment) [33]. Given that the methyl tops in
ZIF-8 behave as quasifree rotors, the energy differences as-
sociated with their rotation are very small and sensitive to
minor structural differences, which makes their optimization
more difficult. Therefore, the crystal symmetry (space group
I4̄3m) was kept fixed during the optimization, to maintain the
equivalence of the different methyl tops. As only structures
with full occupation of all equivalent N2 or Ar adsorption
sites were considered, the N2 molecules or Ar atoms were also
required to adhere to the crystal symmetry. The optimizations
converged when the forces on all atoms were smaller than
0.0025 eV/Å.

Subsequently, the rotational energy barrier was obtained by
rotating one of the methyl tops around the axis of the C–C
bond to which it was connected. After every rotational step,
an intermediate optimization was performed for the hydrogen
atoms of the methyl top, as these hydrogen atoms were not
necessarily equivalent due to their different local environment
in the structure. During this intermediate optimization, the
other atoms were kept fixed.

All the calculations used the optimal unit cell for ZIF-8,
which was determined by fitting an equation of state for the
empty framework (guest-free). Furthermore, all the calcu-
lations were performed using the Perdew–Burke-Ernzerhof
functional with the D3 dispersion scheme and Becke-Johnson
damping (PBE-D3(BJ)) [34–36], combined with Goedecker-
Teter-Hutter pseudopotentials [37], a plane-wave basis set
with a cutoff of 800 Ry and a relative cutoff of 60 Ry, and
Gaussian TZVP-MOLOPT [38] basis sets for all elements
except Ar, as for this element only a DZVP-MOLOPT basis
set is available.

F. Rotational energy levels

Once the rotational energy barrier of the methyl top was
determined from electronic structure calculations, as outlined
in the previous section, the discrete rotational energy levels
can be obtained by numerically solving the Schrödinger equa-
tion for a hindered rotor, for which we use the so-called direct
matrix method [39,40]. Using Numerov’s method, a fourth-
order approximation to the wave function can be obtained:

ψi+1

(

1 +
(�ϕ)2

12
fi+1

)

= 2ψi

(

1 −
5 (�ϕ)2

12
fi

)

− ψi−1

(

1 +
(�ϕ)2

12
fi−1

)

+O(�ϕ6), (1)
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with �ϕ = ϕi+1 − ϕi, ψi = ψ (ϕi ), and fi = f (ϕi ) = −Vi−E
B

.
For a hindered rotor, characterized by the Hamiltonian

H = −B
d2

dϕ2
+ V (ϕ), (2)

with

B =
1

2I
=

1

2
∑

i mir
2
i

, (3)

the Schrödinger equation can be rewritten as

−B
ψi−1 − 2ψi + ψi+1

(�ϕ)2 +
Vi−1ψi−1 + 10Viψi + Vi+1ψi+1

12

= E
ψi−1 + 10ψi + ψi+1

12
. (4)

Using the matrix representations

ψ =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

ψ1
...

ψi
...

ψN

⎞

⎟

⎟

⎟

⎟

⎟

⎠

, A = I−1 − 2I0 + I1, C = I−1 + 10I0 + I1,

V =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

V1
...

Vi
...

VN

⎞

⎟

⎟

⎟

⎟

⎟

⎠

, (5)

with Ip a matrix with [Ip]
i,i+p

= 1 (i ∈ {1, . . . , N}) and zeros
elsewhere, the fourth-order Numerov approximation of the
Schrödinger equation can be transformed into an eigenvalue
equation:

−
12B

(�ϕ)2 C−1A ψ + V ψ = E ψ. (6)

To impose periodic boundary conditions (i.e., ψ0 = ψN ),
as implied when using an angular coordinate such as ϕ, one
sets A1N = AN1 = C1N = CN1 = 1. From the rotational en-
ergy barriers obtained from electronic structure calculations, it
follows that the potential energy of the hindered methyl rotors
can be parametrized by

V (ϕ) = c0 + c1 sin(3ϕ) + c2 cos(3ϕ) + c3 sin(6ϕ)

+ c4 cos(6ϕ), (7)

with the parameters ci obtained from least-squares linear
regression. The resulting potential fits are shown in Supple-
mental Material, Fig. S4 (for adsorption of Ar atoms) and
Fig. S5 (for adsorption of N2 molecules) [41], and the cor-
responding parameters ci are listed in Tables S1 and S4 [41],
respectively. These tables illustrate that the inclusion of the
cos(6ϕ) term plays an important role in obtaining an accurate
fit. The barrier height is defined as the difference between the
highest value of the rotational energy barrier (EB) and the low-
est rotational energy level (E0), i.e., (EB − E0), to adequately
take the zero-point energy of the rotor into account. The en-
ergy at which the experimental tunneling peak is located is
compared with the energy of the rotational transition between
the two lowest-energy levels (0 → 1), i.e., (E1 − E0).

III. RESULTS AND DISCUSSION

The tunneling transitions appear in INS spectra recorded
on the OSIRIS spectrometer [27–29] under high vacuum
and at temperatures below 30 K as a well-defined peak at
0.33 meV [see the black spectra in Figs. 1(b) and 1(c)], match-
ing the energy determined by Yildirim and co-workers [13]
who studied the tunneling of methyl rotors in ZIF-8 without
adsorbed guest molecules. When ZIF-8 is loaded with N2 or
Ar gas molecules, the tunneling peak changes its intensity and
shifts in energy, signaling a change in the rotational energy of
the rotors, which implies a change in their rotational barriers.
These changes are induced by the interactions of the gas
molecules with the framework. Individual tunneling spectra
for increasing doses of the respective gases are shown in
Figs. 1(b) and 1(c). These spectra were used to fit piecewise
cubic Hermite interpolating polynomial lines through individ-
ual energy-transfer data points along the gas dose dimension.
This allows us to construct 3D surfaces to reveal the evolution
of the tunneling peak with increasing gas doses. The results
are shown in Figs. 1(d) and 1(e), together with their 2D projec-
tions onto an energy-transfer (meV)−gas dose (molecules per
unit cell) plane. Neutron powder-diffraction (NPD) patterns,
collected together with the scattering spectra, are interpolated
in the same way and plotted as 2D projections of 3D surfaces.
INS spectra and NPD data are then plotted on a common gas
dose axis with the corresponding BET adsorption isotherms
for the same sample. Figures 2(a) and 2(b) show these results
for N2- and Ar-dosed ZIF-8, respectively.

Gas adsorption leads to changes in intensity and shifts of
the tunneling peak for both N2 and Ar dosing. The differ-
ence is that N2 decreases the energy of the tunneling and
eventually hinders it completely, whereas Ar increases the
energy. Despite this opposite result, the level of gas loading
at which these changes occur is within similar ranges that
can be defined in terms of adsorption site occupancy. The
levels for cumulative full occupancy of each adsorption site
are shown as dashed-dotted lines in Figs. 2(a) and 2(b): at 8
molecules per unit cell (molec/uc) there is enough gas in the
system to occupy all sites 1, by 32 molec/uc there is enough
gas to occupy both sites 1 and sites 2, and so on (further details
about adsorption sites are given in the Supplemental Material
[41]). The phenomena observed in the adsorption isotherms,
INS spectra, and NPD patterns all fit within these adsorption
site brackets and should be understood to result from gas
molecules occupying those adsorption sites. Figure 2(c) shows
adsorption sites 1 to 5, previously identified by Moggach and
co-workers [24]. Ab initio calculations were performed as part
of this study to confirm this assertion of preferential adsorp-
tion sites playing a key role in observed tunneling phenomena.
The results are summarized below.

Rotational energy barriers of a methyl top (rotor) upon Ar
gas adsorption are shown in Fig. 2(d). The rotational barrier
heights and the corresponding rotational transitions between
the two lowest energy levels (0 → 1) are listed in Table I
for the “empty” ZIF-8 framework (i.e., without gas), and a
sequential filling of the first three argon adsorption sites. The
five lowest rotational energy levels are listed in Table S3 of
the Supplemental Material [41]. For the empty framework, the
experimental tunneling peak is observed at 0.33 meV [13],
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FIG. 2. (a), (b) BET adsorption measurements correlated with interpolated inelastic neutron-scattering spectra and interpolated neutron-
diffraction patterns of ZIF-8 dosed with N2 and Ar gas, respectively. BET measurements were performed at 77 K while neutron measurements
were at 3 K. Dosing with gases for neutron experiments was done at 77 K to emulate BET adsorption conditions. Black dashed-dotted
lines mark levels of cumulative full occupancy of each adsorption site. White dotted lines mark gas doses at which measurements were
performed. (c)i Positions of adsorption sites 1 to 5 in ZIF-8, reproduced from Ref. [19]. Illustrations of average (c)ii closed and (c)iii open
states (crystallographic information files (CIFs) from Ref. [14]) reached by 4-membered rings (4-MRs) as they undergo dynamic gate opening
(DGO) motions. (c)iv ‘Gate-blocked’ (GB) state is illustrated as a result of site 4 occupied by gas molecules. van der Waals surfaces are
marked in yellow. (d) Theoretically calculated rotational energy barrier of a methyl top in ZIF-8 with a sequential filling of the respective
argon adsorption sites; for every adsorption site, all equivalent adsorption positions are occupied simultaneously.
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TABLE I. Rotational constant B, optimal N–C–C–H dihedral angle ϕ0, maximum of rotational barrier EB, rotational energy barrier EB − E0,
and energy E1 − E0 of 0 → 1 rotational transition for different Ar adsorption sites in ZIF-8. All energy quantities are given in meV. Theoretical
energy E1 − E0 is scaled by a factor of 0.8 to resemble the experimental tunneling peak of empty ZIF-8 at 0.33 meV. Note that scaled theoretical
values applied here are for ease of comparison with experimental data and do not alter any conclusions.

No. Ar atoms B ϕ0 (◦) EB EB − E0 E1 − E0 (E1 − E0)∗0.8

ZIF-8 (empty) 0 0.573 88.2 4.308 1.821 0.410 0.328
ZIF-8 + Ar-1 8 0.573 88.2 4.119 1.728 0.428 0.342
ZIF-8 + Ar-{1, 2} 32 0.573 88.2 3.511 1.475 0.487 0.389
ZIF-8 + Ar-{1, 2, 3} 38 0.574 86.9 13.95 10.97 0.071 0.057
ZIF-8 + Ar-{1, 2, 4} 44 0.573 88.1 2.623 1.214 0.560 0.448

which is slightly overestimated computationally, yielding a
value of 0.41 meV. In contrast, it is worth noting that Ruggiero
and co-workers [42] reported a substantially lower computa-
tional value of 0.225 meV for the first rotational transition,
which is in discrepancy with experiments.

When filling the first type of adsorption sites in ZIF-8
(denoted as Ar-1), requiring a total of 8 argon atoms per
unit cell, the energy of the first rotational transition (E1 − E0)
remains virtually unaltered (Table I). If also the second type of
adsorption sites (denoted as Ar-2) are filled, yielding a total of
32 argon atoms across sites 1 and 2 per unit cell, the rotational
energy barrier (EB) of the methyl top is lowered by about 0.6
meV, resulting in a modest increase in the energy of the first
rotational transition. The addition of 6 further argon atoms per
unit cell, occupying the third type of adsorption sites (denoted
as Ar-3, as highlighted in Table I), substantially increases
the rotational energy barrier so that the energy of the first
rotational transition decreases drastically to 0.07 meV, and
the methyl top changes its behavior from a quasifree rotor to
an almost hindered rotor, frozen in a particular rotation state.
However, suppose the fourth type of adsorption site (denoted
as Ar-4) is occupied instead of the third type (Ar-3). In that
case, the rotational energy barrier of the methyl top decreases
instead of increasing so that the energy of the first rotational
transition rises, similar to the experimentally observed trend.
This finding concludes that site 3 is not filled during sub-
atmospheric adsorption experiments (unlike at high pressure
[24]); otherwise, the tunneling peak would have disappeared
at a dose of 38 molec/uc, which contradicts our experimental
observations.

Likewise, ab initio calculations were performed to interro-
gate the effects of N2 adsorption on the rotational tunneling
energy of ZIF-8 (see details in Sec. II). As in the case of
Ar, the computational results (Table S5 [41]) predict that
after filling the first and second adsorption sites, the addi-
tional nitrogen molecules occupy the fourth type of adsorption
sites, rather than the third type. For this adsorption sequence,
the first rotational transition (E1 − E0) decreases by about
0.02 − 0.04 meV after the initial adsorption of N2 (by the
occupation of sites 1 and 2). When also filling adsorption sites
4, the rotational transition decreased further by 0.07 meV, so
that the tunneling transition is lowered by ∼0.1 meV with
respect to the empty ZIF-8, hence in good agreement with
the experimental INS spectra [Fig. 2(a)] where the tunneling
peak is shifted to lower energy. Subsequently, it is observed
experimentally that the tunneling peaks disappear [Fig. 1(b)],
which suggests the nitrogen molecules eventually do start to

occupy site 3, for which ab initio calculations (Table S5 [41])
predicted a high rotational energy barrier (EB).

Based on the tunneling phenomena, the adsorption process
of ZIF-8 can be subdivided into four stages, as designated in
Figs. 2(a) and 2(b). The first stage (I) of the process—between
0 and 8 molec/uc—supplies enough gas to occupy all sites 1
[designated as S1 in Fig. 2(c)]. This phase is the initial loading
of the framework, during which the isotherm starts sloping
upwards while the intensity of the tunneling peak decreases.
Therefore, no shifts of INS or NPD peaks occur during this
phase.

The second stage (II)–between 8 and 32 molec/uc—
supplies enough gas to occupy all sites 2 in addition to sites
1. During this phase the isotherm rises rapidly for both gases,
but more so for Ar. The tunneling peak at around 0.33 meV
decreases gradually, and the “dosed” tunneling peaks emerge
at energies of 0.22 meV for N2 and 0.42 meV for Ar. This
change in energy of the tunneling peak is not gradual, how-
ever. The tunneling energy shifts from one energy to another
for some methyl rotors before others, but the shift is sudden
rather than gradual. This shift is not completed until the end
of the next stage of the adsorption process.

The third stage (III)–between 32 and 44 molec/uc—fills
sites 4 in addition to sites 1 and 2. Isotherms level off in
this phase before turning upwards again, the tunneling peaks
convert completely to their lower and higher energies for N2

and Ar, respectively, and shifts in NPD peaks occur for both
gases: for N2, the unit cell of ZIF-8 expands (1.4% volumetric
expansion), while for Ar, it contracts (2.2% volumetric con-
traction). These contrasting changes for the two gases show
that despite being considered inert at these conditions, ad-
sorption of these gases results in physicochemical interactions
with the framework, which produce changes in local poten-
tials and accumulate to trigger structural transformation in the
long-range order of the framework. Furthermore, we propose
that these contrasting changes are, for instance, influenced by
the difference in size of the guest molecules (N2 > Ar) or the
quadrupole moment of N2, rendering differential host-guest
interactions, albeit unraveling the precise mechanism respon-
sible for this effect will warrant further investigation.

In the fourth stage (IV)—for Ar, between 44 and
60 molec/uc—sites 5 and 6 are filled in addition to sites
1, 2, and 4. Hysteresis loops can be seen forming in the
adsorption-desorption isotherms [16]. Our results suggest that
the interaction energies at specific adsorption sites have a
role to play in the observed effect. More precisely, the tun-
neling peak does not disappear for Ar, but it splits into
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three components—indicating that different methyl groups
see three types of environments. Crucially, however, the
0.42-meV tunneling peak dominates the additional higher-
and lower-energy peaks. Therefore, the methyl groups of
ZIF-8 subject to high Ar loading still exhibit rotational tunnel-
ing, albeit at different energies. For N2 adsorption, however,
the tunneling peaks observed in experiments completely dis-
appear after site 3 starts to be occupied [Fig. 2(a)]. A full
occupation of site 3 occurs at 50 molec/uc, coinciding with
the point at which the experimental adsorption isotherm also
changes in shape.

IV. CONCLUDING REMARKS

Our experimental results supplemented with ab initio cal-
culations show that the reported adsorption sites hierarchy
based on interaction energy inside the ZIF-8 pores (observed
under GPa pressure by Moggach and co-workers [24]) holds
for low-pressure conditions with one exception: the adsorp-
tion sites inside 4-membered rings [sites 3 in Fig. 2(c)] of
ZIF-8 are not occupied by argon gas molecules at subatmo-
spheric pressure. Nevertheless, for both gases the adsorption
sites on either side of the four-membered rings (4-MRs, sites
4) are indeed occupied when enough gas is supplied, which
is key to understanding ZIF-8′s adsorption behavior: the steps
in adsorption isotherms and the shifts in long-range order of
ZIF-8 occur after sites 1 and 2 have been filled and in the
process of filling sites 4 [see Figs. 2(a) and 2(b)]. Structurally,
this necessitates linker rotations to make sites 4 accessible—
the dynamic “gate-opening” motions—explaining the results
observed in other experiments [see Figs. 2(c)ii and 2(c)iii for
a schematic]. However, it also implies a “gate-blocked” struc-
ture in which the linkers of ZIF-8 are no longer able to rotate
to a gate-closed position due to guest molecules adsorbed in
sites 4 [see Figs. 2(c)iii and 2(c)iv for a schematic]—this is ac-
companied by a shift in the long-range order of the framework
observed in neutron powder-diffraction patterns [Figs. 2(a)
and 2(b)].

In conclusion, in situ high-resolution INS spectroscopy
[27–29] observes the methyl tunneling rotors while simul-
taneously yielding neutron powder-diffraction patterns con-

taining structural information. This combination enriches gas
adsorption isotherms with previously unobserved insights,
and could inspire future investigations of porous hybrid ma-
terials exhibiting tunneling phenomena.
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Abstract

The intricate hydrogen bond network of water gives rise to various structures with

anomalous properties at different thermodynamic conditions. Nanoconfinement can

further modify the water structure and properties, and induce specific water motifs,

which are instrumental for technological applications such as atmospheric water har-

vesting. However, so far, a causal relationship between nanoconfinement and the pres-

ence of specific hydrophilic adsorption sites is lacking, hampering the further design of

nanostructured materials for water templating. Therefore, this work investigates the

organisation of water in zirconium-based metal-organic frameworks (MOFs) with vary-

ing topologies, pore sizes, and chemical composition, to extract design rules to shape

water. The highly tuneable pores and hydrophilicity of MOFs makes them ideally

suited for this purpose. We find that small nanopores favour orderly water clusters

that nucleate at hydrophilic adsorption sites. Favourably positioning the secondary
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adsorption sites, hydrogen-bonded to the primary adsorption sites, allows larger clus-

ters to form at moderate adsorption conditions. To disentangle the importance of

nanoconfinement and hydrophilic nucleation sites in this process, we introduce an an-

alytical model with precise control of the adsorption sites. This sheds a new light on

design parameters to induce specific water clusters and hydrogen-bonded networks,

thus rationalising the application space of water in nanoconfinement.

Introduction

Liquid water is well-known for its anomalous behaviour in comparison with other liquids,

including a density maximum at 4 °C – resulting in the famous expansion upon freezing –

and a high surface tension.1 These anomalies are linked with the unusual structure of water,

which is determined by an intricate network of hydrogen bonds.2,3 At lower temperatures,

the hydrogen bond networks manifest most orderly in ice crystals4 or in clathrate hydrates,

which are ice-like cage structures that encapsulate clean energy vectors such as methane or

hydrogen5,6. When confining water molecules to nanosized pores or channels, the hydrogen

bond network can be heavily disrupted, thereby significantly altering the physical proper-

ties of nanoconfined water compared to bulk water. A reduced dielectric constant can for

instance persist in water layers up to 100 nm before recovering bulk behaviour.7 A thor-

ough understanding of the different factors that influence the nanoconfined water’s intricate

hydrogen bond network is critical to exploit these unusual properties towards practical ap-

plications such as water harvesting8–10 or shock absorbers11. Herein, we further contribute

to such understanding by systematically investigating the origins of different hydrogen bond

motifs in structurally nanoconfined water.

Carbon nanotubes (CNTs) were one of the first materials investigated in the context of

water confinement. Depending on the nanotube diameter and thermodynamic conditions,

water molecules in CNTs were reported to form one-dimensional hydrogen bonded chains

along the hydrophobic nanotubes12,13, as well as shell-chain structures with a cylindrical

2
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square-ice shell surrounding the water chain14, or structured stackings of n-membered water

rings15,16. The one-dimensional cylindrical confinement of water thus induces the formation

of ice-like phases which are unstable in a bulk phase and possess altered properties such as an

enhanced diffusion rate. In the case of two-dimensional water confinement, for instance be-

tween two graphene sheets, transmission electron microscopy (TEM) measurements showed

the existence of a square ice phase, which deviates from the tetrahedral hydrogen bond co-

ordination of bulk ice.17 For the specific case of a monolayer of nanoconfined water, Kapil

et al.18 demonstrated that the phase diagram also contains other stable polymorphs of ice,

such as hexagonal, pentagonal, and hexatic ice.

Over the past few years, water confined in three-dimensional nanostructures has system-

atically gained more attention in view of several applications. To exploit the extraordinary

properties of three-dimensionally confined water, metal-organic frameworks (MOFs) are ideal

host materials, thanks to their highly tunable nature.19–21 Their modular composition of

metal nodes and organic linkers gives rise to a wide variation in water-confining environ-

ments, so that they can be tailored for various applications. Just as in the case of one- and

two-dimensional confinement of water, also three-dimensionally confined water in the pores

of MOFs behaves differently from bulk water. In flexible MOFs, such as MIL-53(Ga), water

adsorption can induce new phases besides the narrow- and large-pore phases known for the

empty framework.22 Furthermore, the confinement of water in MOFs is also known to slow

down the water reorientation dynamics and affect the hydrogen bond network, along with

the related tetrahedral order.22,23

The most notable opportunities three-dimensional water confinement in MOFs offers are

atmospheric water harvesting8–10, water purification24–26, shock absorption11, and adsorbent-

based heat-pumps and chillers with water as a green working fluid27–29. Some frameworks

with a hydrophobic character, such as the zeolitic imidazolate framework ZIF-8, possess the

ability to function as shock absorbers due to their resistance to water intrusion. In ZIF-8,

the spontaneous intrusion of water requires the formation of water clusters with a critical
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number of molecules to start filling one of the nanopores. If the strain rate of the water

intrusion exceeds the intrinsic rate for the nucleation of critical-sized water clusters, the

high-rate mechanical impact is attenuated as a consequence of the energy dissipated in the

forced intrusion process.11

In many MOFs, however, both hydrophilic and hydrophobic sites are present, which de-

termine the specific adsorption behaviour of the material. The aromatic linkers are typically

hydrophobic, while open metal sites and µ-OH groups are hydrophilic and act as nucleation

sites in the formation of water clusters.30,31 This initial step in the water adsorption process

was labelled the seeding stage by Hanikel et al.32 in the analysis of water adsorption in

MOF-303, a MOF that is exceptionally well suited for atmospheric water harvesting. After

the seeding stage, water adsorption in MOF-303 continues through a clustering and network-

ing stage, during which the first adsorbed water molecules grow into clusters and eventually

unite into an extended hydrogen-bonded water network. This adsorption mechanism occurs

in many MOFs (e.g., CAU-10-H31, MOF-80127,33,34, MIL-10135, Co2Cl2BTDD
23), as well as

in the purely covalently bonded equivalent of MOFs, known as covalent organic frameworks

(COFs)36.

During the seeding stage, the hydrophilic sites in the framework play a decisive role,

which can be easily demonstrated by the addition or removal of such sites. When pyrazole

is substituted by less hydrophilic furan32 or thiophene37 in MOF-303, the primary water

adsorption sites of the framework are altered, which diminishes the water uptake at low

relative humidities. Similarly, the incorporation of hydrophilic linker functionalities for UiO-

66 enhances the water uptake at low pressures, whereas incorporating hydrophobic linker

functionalities has the opposite effect.38,39

In this work, we present a systematic investigation of how the meticulous tuning of

nanoconfinement, hydrophobic, and hydrophilic sites may induce the formation of particular

water clusters. To this end, a series of zirconium MOFs with different topologies but similar

building units is considered, including UiO-66, UiO-67, UiO-68, MOF-801, MOF-808, MOF-
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UiO-66MOF-801
UiO-67

UiO-68

MOF-841

MOF-808 NU-1000

fcu topology fcu topology
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10.3, 11.1 Å

18.7 Å 10.1, 29.2 Å

5.3, 5.6, 7.7 Å 7.4, 7.75, 8.8 Å
9.9, 10.5, 13.2 Å

11.6, 12.5, 18.2 Å

Figure 1: Overview of the structures of the zirconium MOFs investigated in this work. The
pores of each framework are indicated with coloured spheres and the corresponding pore
diameters are listed below the figure. Note that the structure of NU-1000 is rescaled with a
factor of 0.65 compared to the other structures.

841, and NU-1000, as shown in Figure 1. This specific choice of materials allows to evaluate

the influence of varying pore sizes (see Figure 1 and Table S1) and degrees of hydrophilicity on

the water organisation in highly similar frameworks. MOF-801, UiO-66, UiO-67, and UiO-

68 share for instance the same topology and metal nodes, which are connected by linkers

of different length, leading to various degrees of confinement. The selected systems can

thus be seen as model systems for highly tunable nanostructures, which enable a systematic

investigation of the features affecting the organisation of nanoconfined water.

Using different structural identifiers, water confined in the smaller MOFs is shown to

deviate substantially from bulk water, as the structural organisation of water is strongly

templated by the host framework. To disentangle the role of confinement and the impor-
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tance of hydrophilic and hydrophobic regions within the framework, an analytical model

is constructed to rationalise the observed behaviour in the MOFs. This model provides

a more fundamental insight into the strong interplay between primary and secondary ad-

sorption sites in MOF-801 and UiO-66, which can significantly influence the clustering and

networking stages during water adsorption and thus shape the water adsorption isotherms.

This understanding can be used to further guide the design of tunable nanostructures for

applications that involve water confinement.

Results

For each of the zirconium MOFs in Figure 1 different water loadings are investigated, with

a maximal loading determined from grand canonical Monte Carlo (GCMC) simulations at 1

bar and 300 K. As explained in more detail in the Methods section, path integral molecular

dynamics (PIMD) simulations are performed to determine the structural properties of the

confined water. The computationally more expensive path integral formalism is used as

water molecules are prone to nuclear quantum effects (NQEs), which can significantly affect

the description of hydrogen bonds.40 When introducing water molecules in the nanoporous

frameworks, each MOF exhibits a cell volume contraction (see Figure S2). Initially, this

contraction increases with the number of water molecules until a relative volume reduction

of about 2 % is reached. When more guests are added to the framework, the material starts

to expand again and can exceed the unit cell volume of the empty framework.

To capture the structural organisation of a network of water molecules, one can consider

the number of hydrogen bonds in which each molecule participates. In Figure 2 and Figure

S3 of the Supporting Information the probability of different hydrogen bond connectivities

is shown for the different frameworks with various water loadings alongside the reference

distribution of bulk water. For bulk liquid water, every molecule tends to partake on av-

erage in 2.7 hydrogen bonds, as configurations with 2 to 4 hydrogen bonds are most likely.

6
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Figure 2: Probability distribution of the number of hydrogen bonds per water molecule
for confinement in different MOFs. For each framework, a gradient colour scale is used to
indicate the water loading in the unit cell. The hydrogen bond distribution of bulk water is
indicated with a grey dashed line. The specific volume of each framework is indicated in the
upper right corner of every pane.

For confined water, the hydrogen bond network can be heavily disrupted by the confining

framework depending on the size of the pores. When few water molecules are present, the

hydrogen bond distribution is skewed towards 0 or 1, as only a limited number of hydrogen

bonds can be formed. For higher water loadings, the influence of the framework becomes

apparent for smaller frameworks such as UiO-66, MOF-801, and MOF-841, as their hy-

drogen bond distribution does not converge to the one of bulk water. The materials with

larger nanopores, such as UiO-67, UiO-68, MOF-808, and NU-1000, do show hydrogen bond

distributions similar to liquid water.

Structural information beyond the first solvation shell around every water molecule can

be obtained from radial distribution functions (RDFs) of the oxygen atoms (see Figure 3

and Figure S4). The first peak of the RDF represents neighbouring water molecules and
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thus provides similar information as the hydrogen bond distributions. In comparison with

ordinary liquid water, this peak is mainly modulated in intensity, whereas its shape and

position are only minorly different. The first minimum, on the contrary, does show an

appreciable shift for the smaller UiO-66 and MOF-801 frameworks of respectively 0.2 Å

and 0.4 Å towards larger interatomic distances. As MOF-801 has the smallest pores, the

structural perturbation is clearly most pronounced for this framework, yielding a broader

and flatter minimum. This perturbation also pervades the second solvation shell represented

by the second RDF peak, which becomes sharper than in bulk water and is shifted to larger

distances by 0.4–0.5 Å. For frameworks containing larger pores, such as UiO-67 and MOF-

808, the RDF is observed to closely approach the bulk equivalent for larger water loadings,

with only small shifts in the peak positions of about 0.15 Å.

The origin of the deviating structural organisation of water in the MOF’s nanopores can

be traced back to the formation of clusters that nucleate at hydrophilic sites. Particular

contributions of the clusters to the RDFs of UiO-66 and MOF-801 are shown in the insets of

Figure 3 and in Figure S5. To visualise the preferential adsorption sites and the structures

that emerge from it, the water density in the MOFs is shown for different slabs in Figure 4a

and Figures S6–S9. A schematic representation of the MOFs with an fcu topology is also

depicted in Figure 4a, with the tetrahedral pores indicated in green and pink, whereas the

octahedral pore of the framework is filled with an orange sphere. Two types of tetrahedral

pores are present, with respectively µ-OH groups (green pores, labelled T1) or µ-O groups

(pink pores, labelled T2) on the cornering metal clusters. For MOF-801, distinct geometrical

water patterns can be discerned, which closely reflect the framework’s structure. In the

tetrahedral T1 pores, the cornering µ-OH groups serve as anchor points for the formation of

a cubic structure that was also resolved experimentally by Furukawa et al. through X-ray

diffraction.33 Starting from the adsorbed water molecules at the four µ-OH groups within

the pore (site 1 in Figure 4a), the cube is completed by additional water molecules that

hydrogen bond to these anchor points (site 2 in Figure 4a). Furthermore, these additional

8
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Figure 3: Radial distribution functions (RDFs) between the oxygen atoms of the water
molecules in different MOFs. For each framework, a gradient colour scale is used to indicate
the water loading in the unit cell. The O–O RDF of bulk water is indicated with a grey
dashed line. The insets for UiO-66 and MOF-801 (labelled 1–3) show the contributions of
representative O–O pairs to the second peak of the RDF. The inset for UiO-67 shows the
bulk-like shell structure in the octahedral pore.
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water molecules, in their turn, can engage in a hydrogen bond that connects the tetrahedral

pore with the neighbouring octahedral pore (site 3 in Figure 4a). At lower water loadings,

the tetrahedral pore of MOF-801 can also accommodate a square cluster instead of a cubic

cluster, as shown in Figure S7.

When increasing the pore size by going from MOF-801 to UiO-66, thus increasing the

diameter of the tetrahedral pore by about 2 Å (by changing the fumerate linkers by ben-

zenedicarboxylate linkers), two different density profiles appear within the T1- and T2-type

tetrahedral pores (in Figure 4a). The T1-type pore still accommodates cubic water clusters

that nucleate at the µ-OH groups located in the corners of the pore. The T2-type pore, on

the contrary, has µ-O instead of µ-OH groups in its corners, which displaces the primary

adsorption sites. In the T2-type pores, the primary adsorption sites are located closer to the

corners (site 4 in Figure 4a), which misaligns the nucleation points for a pore-filling cubic

water cluster. The absence of an optimal water cluster to fill the pore results in more freedom

for the hydrogen bonds formed with the adsorption sites, which is reflected in the reduced

and dispersed density surrounding these sites. For MOF-801, by contrast, the smaller size of

the tetrahedral pores allows to also stabilise the cubic water cluster in the T2-type pore, as

the adsorption sites are located closer to the centre of the pore and thus provide the required

hydrogen bonds to complete the cube (just as in the T1-type pore). Note that a distinc-

tion in adsorption sites between the tetrahedral pores was also experimentally observed by

Furukawa et al.33, but the difference in adsorption sites was not resolved atomically with

respect to the patterns induced by the specific terminations of the metal nodes.

To rationalise the adsorption behaviour in a confined environment such as MOF-801 or

UiO-66, an analytical potential was used to separate the effects of geometrical confinement

from the presence of hydrophilic adsorption sites. To this end, a repulsive cubic box with

different side lengths was used, which contains either no adsorption sites, tetrahedrally ar-

ranged adsorption sites, or cubically arranged adsorption sites (see Figures 4b, Section S10,

and the Methods Section). In the absence of hydrophilic sites (Figure S15), a collection of
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Figure 4: Density plots of water molecules confined in (a) different MOFs and (b) a repulsive
cubic box (see Methods section). Pane (a) also contains a schematic representation of a
water-filled MOF, with examples of the water clusters present in the T1 and T2 pore. The
different adsorption sites are labelled as follows: (1) adsorbed at a µ-OH group of the metal
node, (2) hydrogen bonded to sites 1, (3) connecting tetrahedral and octahedral pores, and
(4) adsorbed at a µ-O group of the metal node (see also Figure S10). Densities lower than
0.001 g/cm3 are attributed the colour black. The densities of the MOFs are symmetrized
using the space group of the framework (see Supporting Information S8), so that only four
slabs of one half of the framework are shown. The densities of the repulsive cubic boxes are
symmetrised using the P43m space group, so that only the density in the top half of the
box is shown. The box has a side L = 8 Å and adsorption sites with a strength of K = 20
kJ/mol. Results for different box parameters are reported in Section S10 of the Supporting
Information.
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eight water molecules only takes on a cubic shape for very small box lengths (smaller than

6 Å). As the water molecules are located closely near the edges of the box, attempting to

escape the box, it is rather unlikely that this number of water molecules would be present in

a realistic pore. In the presence of tetrahedrally arranged hydrophilic sites, the adsorption

patterns observed in UiO-66 can be reproduced with an appropriate placement of the adsorp-

tion sites (Figures S16–S23). For box lengths varying from 6 to 10 Å, a cubic water cluster

is formed when the tetrahedral adsorption sites outline a cube with a side of about 3 Å. In

this case, the corners of the cube which do not contain an adsorption site are located at a

hydrogen bond distance from the tetrahedral adsorption sites, thus favouring the formation

of a cubic water cluster. If the adsorption sites are further apart and define a cube with a

side of about 4 Å, the tetrahedral arrangement of the T2-type pores in UiO-66 is retrieved.

When the tetrahedrally arranged hydrophilic sites are replaced by a cubical arrangement,

the cubic water clusters can be stabilised at lower adsorption energies and over a wider range

of distances (i.e., a cube with a side of about 3–4 Å). This analytical model therefore not

only demonstrates the importance of hydrophilic sites in the formation of water clusters, but

also a possible design principle in which a set of primary adsorption sites outlines a larger

cluster with secondary adsorption sites located at hydrogen bond distances from the primary

sites. By exploiting this principle, it is also possible to construct larger clusters as shown in

Figures S25–S26.

The interplay between primary and secondary adsorption sites also strongly influences

the water adsorption behaviour. In the context of atmospheric water harvesting, the ideal

adsorption behaviour is characterised by a step-shaped isotherm with a steep uptake at a

relative pressure between 0.1 and 0.3, to allow for an easy adsorption at low pressures while

retaining moderate regeneration conditions.8,41 In Figure 5, water adsorption isotherms are

shown for a virtual cubic pore with a side of 6 Å and tetrahedrally arranged adsorption sites

at different positions. With the aid of secondary adsorption sites, the desired adsorption

behaviour for atmospheric water harvesting can be retrieved for primary adsorption sites
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Figure 5: Water adsorption isotherms for water molecules confined in a repulsive cubic box
with a side length of 6 Å and tetrahedrally arranged adsorption sites. The position of the
adsorption sites is varied with the parameter ε. The four primary adsorption sites have a
strength of 35 kJ/mol and are indicated in red. The secondary adsorption sites only occur
for ε = 1.5 Å and are indicated in orange.

with a moderate strength of 35 kJ/mol. In the absence of secondary adsorption sites, a

larger spacing between the adsorption sites is observed to flatten the isotherm, whereas a

closer spacing of the sites shifts the isotherm to lower relative pressures. Both mechanisms

significantly reduce the working capacity of the virtual pore. A more elaborate discussion of

the influence of different parameters on the adsorption isotherms, including the adsorption

strength, is given in Section S10.2 of the Supporting Information.

A further increase of the pore size by going from UiO-66 to UiO-67 yields a more at-

tenuated image of the water density (Figure 4a). The µ-OH groups in the T1-type pores

remain preferential adsorption sites that can branch out cubically, thus preserving a specific

order within the additional spatial freedom of the larger pore. A unique cubic cluster as in

the T1-type pores of UiO-66 is however no longer present. In the T2-type pores, the spatial

freedom further thins the water density, although the adsorption sites near the corners of

the pore are still clearly visible. For UiO-68, the trend associated with increasing pore sizes

continues, with a more diluted density in the pores that remains pierced by the adsorption
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sites (Figure S6). Alternatively, the pore size of UiO-66 can also be increased by introducing

defects in the framework. By removing one or two linkers in the model of UiO-66, along with

the protons on the connected zirconium bricks for charge balance, some primary adsorption

sites change from µ-OH to µ-O, so that together with the increase in pore size the prefer-

ential secondary adsorption sites disappear (Figure S9). A specific organisation of water in

clusters is therefore only to be expected for MOFs with appropriately tuned pore sizes and

favourably located hydrophilic sites, which are key features in the design and performance

of atmospheric MOF water harvesters.

Similarly to MOF-801 and UiO-66, other framework-induced water motifs can be ob-

served in zirconium MOFs with a different topology. In the tetrahedral MOF-841 crystal,

the µ-O and µ-OH adsorption sites are again surrounded by a second layer of adsorbed wa-

ter molecules, but are no longer enclosed in a cubical pore (Figure S6). In MOF-808, the

µ-O(H) adsorption sites are located both in the smaller tetrahedral pores and in the large

adamantane cages, which yields a layer of water molecules that envelops the framework. In

the larger pores, just as for UiO-68, the spatial freedom of the molecules dilutes the density.

Also in NU-1000 (Figure S8), a specific clustered water organisation is absent in the large

pores, but in the space confined between the linkers, ring-like structures can be discerned.

As illustrated by this selection of zirconium MOFs, structured water clusters can be

formed within MOFs in the presence of hydrophilic adsorption sites. If the confining pore

is sufficiently small, it fully templates the hydrogen-bonded network of water molecules it

contains. Another example of this behaviour is for instance given by the one-dimensional

water wires that are present in the narrow-pore phase of MIL-53.42,43 However, when the

volume of the framework increases and the material transitions to the large-pore phase, the

larger pores can adsorb more water molecules and a more disordered water network replaces

the water wires. Also in Co2Cl2BTDD water wires are formed, which nucleate at the open

metal sites of the framework and instigate the subsequent pore filling process.23 In PCP-1,

an ordered stacking of two-dimensional square water structures was revealed with single-
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crystal X-ray diffraction,44 which demonstrates once more the possibility to form ice-like

ordered structures at room temperature. In CAU-10-H, a water cluster is built around a

double pentamer, which cannot be hosted in CAU-10-CH3 due to the presence of the methyl

groups.31

Additional information about the substructure of the hydrogen bonded network can be

obtained by means of a graph search for specific structures. More particularly, one can scan

the network for square, pentagonal, and hexagonal ring structures, which are the constituents

of clathrate hydrates or ice.4,5 In bulk water, the pentagonal and hexagonal rings are more

prevalent than the square ones, as shown in Figures S14–S16. In confinement, the pore

size and shape determine the relative occurrence of the different ring structures. The small

tetrahedral pores in UiO-66 and MOF-801 result in a larger amount of square rings, which

makes them equally or more prevalent than the larger pentagonal and hexagonal rings. When

the pore size of the framework increases, the bulk-like behaviour re-emerges for high water

loadings and the pentagonal and hexagonal rings are again most numerously present.

Discussion

Using a diverse set of zirconium MOFs, with similar building units but varying topologies

and pore sizes, the organisation of water in different nanoconfining environments was sys-

tematically investigated to unravel to which extent water can be templated by the host

framework. Only for large pores, the bulk-like behaviour of water can be retrieved. In the

smaller pores, the network of water molecules – and the resulting properties – are shaped by

the pore that hosts them. To form orderly water clusters in a pore, hydrophilic adsorption

sites play a pivotal role, as demonstrated by the analytical model that was devised in this

work. Besides the importance of hydrophilic sites in the nucleation of water clusters, they

may also induce secondary adsorption sites through hydrogen bonding, which allows for the

construction of larger orderly water clusters with a limited number of hydrophilic sites. The
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cubic water cluster observed in the tetrahedral pores of MOF-801 and UiO-66 is an exam-

ple of such an interplay of primary and secondary adsorption sites, as rationalised by the

analytical model. Given the decisive role of water clusters in the adsorption behaviour of

nanoporous materials, secondary adsorption sites can assist in shaping the water adsorption

isotherms by improving the adsorption capacity of the material while maintaining modest

desorption energies, as required for instance in atmospheric water harvesting.

Methods

Force fields

For each MOF considered in this work, a flexible force field was derived from first-principles

data using the QuickFF protocol.45 By relying on the equilibrium structure and the Hessian of

isolated clusters distilled from the framework, the potential energy surface of the framework

can be cast into an analytical representation. The first-principles calculations of the clusters

were performed with Gaussian 1646, using a B3LYP level of theory47, a LanL2DZ basis

set and effective core potential for the zirconium atoms48, and a 6-311g(d,p) basis set49

for the hydrogen, carbon, and oxygen atoms. The framework charges were obtained from

MBIS partitioning50 of the electron density calculated with GPAW51, whereas the van der

Waals interactions were described with Dreiding Lennard-Jones parameters52. For the water

molecules, the q-TIP4P/f force field was used to avoid a double counting of the nuclear

quantum effects (NQEs) when using path integral molecular dynamics (PIMD).53 More

details regarding the energy expression of the force fields are provided in Section S2.1 of the

Supporting Information.

For MOF-801, the force field simulations were also compared with PIMD simulations

performed with a machine learning potential (MLP), to assess the robustness of the results.

In the MLP, the atomic interactions are represented by a neural network with a MACE54 ar-

chitecture that is trained on PBE-D3(BJ)55,56 energies and forces of configurations generated
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with the Psiflow57 methodology, as detailed in Section S2.2 of the Supporting Information.

Both descriptions of water in MOF-801 are observed to yield similar results, as demonstrated

in Section S8 of the Supporting Information.

PIMD simulations

To generate initial configurations with different water loadings for each MOF, grand canonical

Monte Carlo (GCMC) simulations at 300 K and 1 bar were performed with RASPA58, using

equal translation, rotation, and insertion probabilities. Subsequently, the GCMC snapshots

were used as initial configurations for path integral molecular dynamics (PIMD) simulations

performed with i-PI59. PIMD was used instead of regular MD as nuclear quantum effects

(NQEs) can play an important role in the description of water.40 A brief outline of PIMD

is provided in Section S3 of the Supporting Information. The temperature of the PIMD

simulations was set to 300 K and controlled by a Langevin thermostat60 with a time constant

of 100 fs. The pressure was set to 1 bar and controlled by a Raiteri-Gale-Bussi barostat61

with a timeconstant of 1 ps. For every atom 32 beads were used to evaluate the short-

range interactions, whereas the long-range interactions were evaluated on a contracted ring-

polymer of 8 beads. The force evaluation in i-PI was delegated to Yaff62 in combination

with LAMMPS63 to speed up the calculation of the non-covalent interactions. Every simulation

was run with a time step of 0.25 fs and has a total simulation time of 250 ps. The reference

simulation for bulk water used a box with 216 water molecules with a density of 997 kg/m3.

This simulation was run for 200 ps with a constant volume.

Analytical model

As a toy model, three artificial confining environments were considered (see Figure 4). A

first environment consists of a repulsive cubic box in which water molecules can move freely
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and are restrained by repulsive walls modelled by the following potential:

V (x, y, z) =
κ

2
(x− x0)

2 H(x− x0) +
κ

2
(y − y0)

2 H(y − y0)+
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2
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2
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2 (1−H(z + z0)), (1)

with H the Heaviside function, κ the strength of the repulsive walls, and 2 ‖r0‖ the length

of a side of the repulsive cube. For all simulations, a κ value of 100 kJ/(mol Å2) was used.

The second and third confining environment closely mimic the tetrahedral pores of UiO-66

by introducing local adsorption sites in the above mentioned repulsive cubic box with the

following analytical potential:

V (x, y, z) = −K
∑

i

cos
( π

w
‖r− r0,i‖

)

H
(

−‖r− r0,i‖+
w

2

)

, (2)

with K, w, and r0,i respectively the strength, width, and position of the adsorption

sites. Both a tetrahedral and a cubic arrangement of the adsorption sites were considered,

as illustrated in Figure 4, with r0,i =
[

±
(

L

2
− ε
)

,±
(

L

2
− ε
)

,±
(

L

2
− ε
)]

and L the box edge

length. The width w of the adsorption sites was set to 3 Å.

To construct water adsorption isotherms for the analytical models with adsorption sites,

the transition matrix Monte Carlo methodology (TMMC) was used.64 After an initial canon-

ical Monte Carlo equilibration of 105 steps at 300 K, a classical MD simulation of 500 ps is

performed with a virtual Widom insertion and deletion after every MD step. By performing

these simulations for different water loadings, the water adsorption isotherm can be deter-

mined. A more elaborate discussion of the water adsorption isotherms for the analytical

models, using both the q-TIP4P/f force field and the MBX water model65, can be found in

Section S10 of the Supporting Information.
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S1 MOF topologies

fcu topology

MOF-801, UiO-66, UiO-67, UiO-68
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spn topology

MOF-808
csq topology

NU-1000

Figure S1: Schematic representation of the topologies of the zirconium MOFs considered in this work.
Figures adopted from https://crystalsymmetry.wordpress.com/nets/mof-nets/.
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S2 Description of the potential energy surface

S2.1 Force field parametrisation

For each metal-organic framework (MOF) considered within this work, the corresponding potential energy

surface was described by a force field constructed according to the QuickFF protocol1,2. In this protocol,

the ab initio equilibrium structure and the Hessian of isolated clusters of the structure at the B3LYP level

of theory3 are used to parametrise the covalent part of the force field

VFF
cov = Vbond + Vbend + Vtorsion + Voopdist + Vcross (S2.1)

= Vbond + ∑
i,j,k

(i 6=j 6=k)

Kθ
ijk

2
(θijk − θijk,0)

2
[

1 − 0.14 (θijk − θijk,0) + 5.6 · 10−5(θijk − θijk,0)
2 − 7 · 10−7(θijk − θijk,0)

3

+ 2.2 · 10−8(θi − θi,0)
4
]

+ ∑
i

K
φ
i

2
[1 − cos(mφ,i(φi − φi,0))] + ∑

i

Kd
i

2
(di − di,0)

2

+ ∑
i,j,k

(i 6=j 6=k)

Krr
ijk(rij − rij,0)(rjk − rjk,0) + ∑

i,j,k
(i 6=j 6=k)

[

Krrθ
ijk (rij − rij,0) + Krrθ′

ijk (rjk − rjk,0)
]

(θijk − θijk,0),

with Vbond, Vbend, Vtorsion, Voopdist, and Vcross the force field contributions of the bonds, bends, torsion

angles, out-of-plane distances (oopdist), and cross terms respectively. Each contribution is parametrised

by the appropriate internal coordinates, including the bond distances ri, the bend angles θi (vide infra),

the out-of-plane distances di, and the dihedral angles φi. The rest values of these internal coordinates are

denoted by rij,0, θijk,0, di,0, and φi,0. The multiplicity of the dihedral angles is denoted by mφ,i and the force

constants are labelled Kr
ij, Kθ

ijk, Kd
i , K

φ
i , Krr

ijk, and Krrθ
ijk . All the bonds, except for the one characterising the

µ3–OH moieties, are parametrised by the following quartic potential

Vbond = ∑
i,j

(i 6=j)

Kr
ij

2
(rij − rij,0)

2
[

1 − 2.55 (rij − rij,0) +
7

12
(2.55 (rij − rij,0))

2
]

, (S2.2)

whereas the µ3–OH moieties are parametrised by a harmonic bond potential

Vbond = ∑
i,j

(i 6=j)

Kr
ij

2
(rij − rij,0)

2. (S2.3)

The non-covalent part of the force field, containing the electrostatic and van der Waals interactions, is

given by

VFF
noncov =

1
2 ∑

i,j
(i 6=j)

qiqj

4πε0rij
erf

(

rij

dij

)

+ ∑
i,j

(i 6=j)

4εij





(

σij

rij

)12

−
(

σij

rij

)6


 , (S2.4)

with qi the charge of atom i, rij the distance between atoms i and j, dij =
√

d2
i + d2

j a mixed charge radius
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derived from the individual Gaussian charge distribution radii di and dj, erf the error function, εij the well

depth of the Lennard-Jones potential, and σij the distance at which the Lennard-Jones potential equals

zero. The parameters of the Gaussian charge distributions are derived using the Minimal Basis Iterative

Stockholder (MBIS) method4, whereas the Lennard-Jones parameters for the interaction between atoms i

and j are determined from the Dreiding parameters tabulated in Ref. 5 by means of the Lorentz-Berthelot

mixing rules: σij =
σi+σj

2 and εij =
√

εiε j. As there are no Dreiding parameters for zirconium atoms, UFF

Lennard-Jones parameters6 were used for the zirconium atoms. In previous work of some of the authors,

similar force field parametrisations were proven to be very successful in describing the behaviour of both

pristine and defect UiO-type MOFs.7

The water molecules are described by the q-TIP4P/f water model of Habershon et al.8, which was particu-

larly devised for path integral molecular dynamics simulations (see Section S3) to avoid a possible double

counting of the nuclear quantum effects when fitting to experimental data. The q-TIP4P/f model was

derived from the well-known classical rigid TIP4P/2005 model of Abascal and Vega9, which also contains

four interaction sites including three charge centres and one Lennard-Jones centre. The Lennard-Jones

centre coincides with the oxygen atom of the water molecule, whereas the charge centres consist of the

hydrogen atoms supplemented by an additional charge site, the so-called M site, which is located on the

bisector of the H–O–H angle:

rM = γrO + (1 − γ)
rH1 + rH2

2
, (S2.5)

with γ = 0.73612. By displacing the negative charge from the oxygen atom to the M site, a better mean-

field description of the polarization of the water molecules can be obtained. The q-TIP4P/f water model

has been proven to successfully reproduce many properties of water (including its density, radial distri-

bution functions, melting point, diffusion coefficient, and infrared spectrum) and has therefore been used

in many studies.10–14

S2.2 Machine learning potential for MOF-801 and ab initio modelling of UiO-66

To verify the results obtained with the force fields described in Section S2.1, ab initio molecular dynamics

(MD) simulations were performed for MOF-801 and UiO-66 for a high water loading (110 and 130 water

molecules, respectively). These ab initio calculations were performed with CP2K,15 using the PBE func-

tional with D3(BJ) dispersion corrections,16–18 GTH pseudopotentials,19 and TZV2P-MOLOPT basis sets

in combination with a plane wave basis set with a cutoff energy of 1000 Ry (and a relative cutoff energy

of 60 Ry).20 For each framework, five MD simulations were run with different initial water configurations

for 2.5 or 5 ps for MOF-801 and UiO-66, respectively.

To further examine the implications of an ab initio description of the interatomic interactions, using more

advanced path integral MD simulations (PIMD) (see Section S3) for different water loadings, a machine

learning potential (MLP) with a MACE architecture was trained for MOF-801.21 To this end, a dataset of

11 341 structures was generated, which was randomly split into a training and validation set according

to a 90:10 ratio. This dataset is archived on 10.5281/zenodo.12664241. An initial, pre-training dataset
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was generated by means of classical MD simulations at 150 K, 300 K, and 600 K using MACE-MP-0.22

For each temperature, 100 simulations of 20 ps were performed, with different initial seeds, from which

configurations were extracted every 2.5 ps. All these configurations were subsequently evaluated with

CP2K, using the same settings as the ab initio simulations discussed in the previous paragraph. Starting

from this pre-training dataset, 300 PIMD simulations (with 32 beads) were propagated in parallel within

an active learning scheme, using 100 simulations for each temperature (100 K, 300 K, and 600 K) and a

variety of water loadings. Using Psiflow 4 (pre-release),23 four iterations were performed within the

active learning scheme. Additional data for the MLP was obtained from PIMD simulations with a lower

number of beads (i.e. 2, 4, 8, or 16) and different temperatures (including 600 K and 900 K). As PIMD

induces larger interatomic forces on the beads than classical MD, which increases the risk of numerical

instability, the active learning workflow was complemented by stochastic weight averaging (SWA) as it

has been empirically shown that this can reduce overfitting and improve the generalisation performance.24

Within the 300 epochs used for training, SWA was only employed during the last 200 epochs. The learning

rate scheduler was set to reduce the learning rate if the validation loss did not decrease for 20 epochs.

In the loss function, the energy weight equals 100 times the weight of the forces to obtain a sufficiently

accurate description of the relative stability of various water geometries. A cutoff radius of 6.5 Å was

used to ensure sufficient overlap between the atomic environments at low water loadings. The atomic

features consist of 16 scalar features (ℓ = 0) and 16 vector features (ℓ = 1). The learning rate was set

to 0.02 and the batch size to 8 as the MOF-801 structure contains many crystallographically equivalent

atomic environments. The MACE model uses a correlation order of three and a default angular resolution

ℓmax = 3. The resulting validation errors of the MLP for the energy and forces are 0.8 meV/atom and 40.3

meV/Å, respectively.

S3 Path integral MD

To include nuclear quantum effects (NQEs) such as zero-point energy or tunnelling in molecular dynamics

(MD) simulations, one can make use of the (second order) path integral MD (PIMD) formalism, where the

canonical density matrix e−βĤ of an N-atom system is approximated by the following Trotter factorisation

e−βĤ ≈
[

e−
β

2P V̂e
− β

P

N
∑

i=1

p̂2
i

2mi e−
β

2P V̂
]P

, (S3.1)

with β = (kBT)−1 the inverse temperature, pi and ri respectively the momentum and position of the

i-th particle, and V(r1, . . . , rN) the potential energy surface. Within this approximation, the quantum

mechanical canonical partition function Z = Tr[e−βĤ ] can be reduced to

ZP =
P

∏
k=1

N

∏
i=1

∫

dp(k)
i

∫

dr(k)i e−βHP , (S3.2)

so that the Hamiltonian Ĥ of the N-atom system is replaced by the Hamiltonian HP = H0
P + VP of an
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extended molecular system, with

H0
P =

P

∑
k=1

N

∑
i=1





p(k)2

i

2mi
+

1
2

miω
2
P

(

r(k+1)
i − r(k)i

)2


 and VP =
1
P

P

∑
k=1

V(r(k)1 , . . . , r(k)N ), (S3.3)

with r(k)i and p(k)
i respectively the position and momentum of the k-th bead of the i-th particle, P the

number of beads, ωP =
√

P
βh̄ the angular frequency of the harmonic nearest-neighbour interaction, and

r(P+1)
i = r(1)i . By introducing the effective Hamiltonian HP, in which every atom of the system is replaced

by a ring polymer of P atom replicas that interact harmonically with their nearest-neighbours, one can

mimic NQEs in MD simulations. When the number of beads P tends to infinity, the classical ring polymer

isomorphism yields quantum mechanically exact results.

S4 Pore diameters and unit cells

Table S1: Pore diameters of the different MOFs and their average GCMC loading of H2O molecules (at 1
bar). The pore diameter distribution in zeo++25 was calculated for the optimised MOF structures.

Pore diameter exp. (Å) Pore diameter zeo++ (Å) GCMC loading unit cell

UiO-66 7.4 and 8.426 7.4, 7.75, and 8.8 153

UiO-67 9.9, 10.5, and 13.2 486

UiO-68 11.6, 12.5, and 18.2 1011

MOF-801 4.8, 5.6, and 7.426 5.3, 5.6, and 7.7

MOF-808 18.426 18.7 1212

MOF-841 9.226 10.3 and 11.1 151

NU-1000 3127,28 10.1 and 29.2 671

Table S2: Unit cell information of the different MOFs. The cell lengths and angles are averages obtained
from PIMD simulations at the lowest water loading (i.e. 20 water molecules per unit cell for UiO-68 and
MOF-808, and 10 water molecules per unit cell for the other frameworks).

Number of atoms Mass (amu) Cell lengths (Å) Cell angles (degrees)

UiO-66 456 6656.24 21.33, 21.33, 21.34 90.0, 90.0, 90.0

UiO-67 696 8482.55 27.54, 27.54, 27.54 90.0, 90.0, 90.0

UiO-68 936 10308.85 33.70, 33.72, 33.71 90.0, 90.0, 90.0

MOF-801 312 5454.83 18.34, 18.34, 18.33 90.0, 90.0, 90.0

MOF-808 1248 21819.34 36.30, 36.33, 36.33 90.0, 90.0, 89.9

MOF-841 280 3688.61 15.69, 15.72, 28.20 89.5, 90.3, 89.1

NU-1000 546 6650.17 40.51, 40.53, 16.80 90.0, 89.9, 120.0
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S5 Volume dependence guest loading
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Figure S2: Relative change in the unit cell volume as a function of the number of adsorbed water molecules
in different MOFs.
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S6 Hydrogen bond distributions
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Figure S3: Probability distribution of the number of hydrogen bonds per water molecule for confinement
in different MOFs. For each framework, a gradient colour scale is used to indicate the water loading in the
unit cell. The hydrogen bond distribution of bulk water is indicated with a grey dashed line. The bottom
right pane depicts the geometrical criteria used to define a hydrogen bond.
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S7 Radial distribution functions
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Figure S4: Radial distribution functions (RDFs) between the oxygen atoms of the water molecules in
different MOFs. For each framework, a gradient colour scale is used to indicate the water loading in the
unit cell. The O–O RDF of bulk water is indicated with a grey dashed line.
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Figure S5: RDFs between the oxygen atoms of the water molecules in UiO-66 (loaded with 140 wa-
ter molecules) and MOF-801 (loaded with 110 water molecules) and the isolated contributions of the
molecules in the T1 pores (blue) or T2 pores (orange). For the clarity of visualisation, the RDF contribu-
tions of the T1 and T2 pores were rescaled. Representative O–O pairs contributing to the peaks labelled 1
and 2 for the T1 pores are visualised in the insets.
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S8 Density

To construct the density plots in Figure 4 and Figure S6, the discretised water density in each material was

symmetrised using the space group of the framework. More specifically, the symmetrised water density

can be calculated by averaging over the three-dimensional matrices of the discretised water density that

are obtained by applying the rotation and translation symmetry operations of the space group. In Figure

S7, the unsymmetrised densities of MOF-801 are shown for different water loadings. For the highest wa-

ter loading, the unsymmetrised density can be compared with the symmetrised density in Figure 4. The

unsymmetrised densities of NU-1000 are shown in Figure S8.

In Figure S9, a density plot of pristine UiO-66 is compared with density plots of defective UiO-66, with

one or two missing linkers. To model the defective UiO-66 structures, a proton on each of the zirconium

bricks connected to the linker is also removed for charge balance. The tetrahedral pores of the framework

that are merged by the linker defects do no longer give rise to the cubic water clusters of pristine UiO-66.

This is a consequence of the additional spatial freedom of the water molecules in the pore (similarly to

frameworks with larger pore sizes), in combination with the mutation of some µ-OH adsorption sites into

µ-O sites.

In Figures S11 and S12, the water densities in MOF-801 and UiO-66 obtained from force field PIMD

simulations are compared with ab initio MD simulations (for a high water loading). For MOF-801, both

descriptions of the interatomic interactions give rise to a similar water density, with cubic water clusters

in both tetrahedral pores. Around the zirconium bricks, small differences in the density are present due

to small displacements of certain adsorption sites. In UiO-66, also the µ-O adsorption sites in the T2

pore exhibit a small displacement when comparing force field simulations to ab initio simulations. As a

consequence, the preferential distance from a water molecule to a µ-O site slightly increases, so that the

T2 pore of UiO-66 can now also accommodate cubic water clusters, although these are not as stable as in

MOF-801, as indicated by the lower water density for the four secondary adsorption sites.

A further investigation of the water density in MOF-801 for different water loadings, using the MLP

described in Section S2.2 to perform PIMD simulations with an ab initio accuracy, also demonstrates a

good resemblance with the force field results. As shown in Figure S13, the water molecules at lower water

loadings tend to adsorb first around the zirconium bricks of the framework and occupy the primary µ-OH

adsorption sites in the T1 pores, just as in Figure S7.
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Figure S11: Density plots of 110 water molecules confined in MOF-801 obtained with force field PIMD
simulations with 32 beads (see Section S2.1) or ab initio MD simulations at a PBE-D3(BJ) level of theory.
The densities are symmetrised using the space group of the framework, so that only four slabs along the
c-axis are shown.

Figure S12: Density plots of 130 water molecules confined in UiO-66 obtained with force field PIMD
simulations with 32 beads (see Section S2.1) or ab initio MD simulations at a PBE-D3(BJ) level of theory.
The densities are symmetrised using the space group of the framework, so that only four slabs along the
c-axis are shown.
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Figure S13: Density plots of water molecules confined in MOF-801 showing eight slabs along the c-axis
as obtained from 16 bead PIMD simulations with a neural network MLP. The slabs are indicated on a
schematic representation of the framework on the bottom of Figure S7.
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S9 Cluster analysis

To identify water clusters in the MOFs, we first determine the hydrogen bonds between the adsorbed water

molecules for every time step and every bead of the PIMD simulation (see Section S6). Subsequently, these

hydrogen bonds are converted into the edges of a graph, from which we remove the bridges to isolate

connected subgraphs. Finally, these subgraphs are screened for isomorphisms with the graphs of the

different water clusters mentioned in Ref. 29 (which contain up to 10 water molecules). The NetworkX30

Python package was used for all graph manipulations. The probability of finding square, pentagonal, or

hexagonal water clusters in the different MOFs is shown in Figures S14–S16 for different water loadings.
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Figure S15: Probability of the occurrence of a certain number of pentagonal-shaped water clusters for
different water loadings in different zirconium MOFs. The probability for a simulation of bulk water with
216 water molecules is shown in the bottom right corner.
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Figure S16: Probability of the occurrence of a certain number of hexagonal-shaped water clusters for
different water loadings in different zirconium MOFs. The probability for a simulation of bulk water with
216 water molecules is shown in the bottom right corner.
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S10 Analytical potentials

S10.1 Density

To rationalise the water clusters observed in MOF-801 and UiO-66, different analytical potentials are con-

sidered (Figure S17), as explained in the Methods section, which reduce the MOF–water interactions to

a simple set of primary adsorption sites. The density plots obtained for these potentials (with different

parametrisations) are shown in Figures S18–S26. The RDFs for the analytical potentials containing tetra-

hedrally or cubically arranged adsorption sites are shown in Figure S27.

Remark that for a repulsive box without adsorption sites (Figure S18), a small box size forces the water

molecules into a water–water repulsion regime, so that the least energetically disfavoured configuration

is observed with the water molecules near or in the weakly repulsive region of the walls. For moderate

box sizes, the highest water density is still observed near the edges of the box, because the dynamically

changing network of hydrogen bonds still creates structures that encounter the repulsive walls of the box.

Moreover, the largest volume of the box is also contained in this edge region, e.g. 70% of the volume of a

box with a side length of 6 Å is located in a 2 Å edge region of the box (i.e. when excluding an inner cube

with a side length of 4 Å). For large box sizes, the water molecules can move freely within the box and the

highest density is located in the centre of the box.

To demonstrate the potential of well-considered primary adsorption sites that can give rise to an extended

water cluster through secondary adsorption sites, which are hydrogen bonded to the primary sites, an

additional analytical potential is considered in Figure S28. In this potential, eight adsorption sites are

defined in a repulsive cubic box containing 27 water molecules. The adsorption sites are positioned in

such a way that a cubic 3 x 3 water grid can be formed, as all the grid points are either primary adsorption

sites or located within a hydrogen bonding distance of two neighbouring primary adsorption sites (see

Figure S29). For a relatively small box with a side of 8 Å (Figure S28), this average water density is indeed a

cubic 3 x 3 grid. For larger box sizes (e.g. 10 or 11 Å in Figure S28), not all grid positions are systematically

occupied, but in the middle layer (slab 2) along the z-axis the order induced by the secondary adsorption

sites is clearly visible.
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Figure S17: Graphical representation of three analytical toy models which confine water molecules in
a repulsive cubic box with side length L. The repulsive box can contain (a) no adsorption sites, (b)
tetrahedrally arranged adsorption sites, or (c) cubically arranged adsorption sites.
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Figure S18: Density plots of eight water molecules confined in a repulsive cubic box with side length L (in
Å). The densities are symmetrized using the P43m space group, so that only the density in the top half of
the box is shown. The edges of the simulation box are indicated in white.
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Figure S19: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
10 Å and tetrahedrally arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol
and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S20: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
10 Å and cubically arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol
and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S21: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
9 Å and tetrahedrally arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol
and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S22: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
9 Å and cubically arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol and
the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S23: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
8 Å and tetrahedrally arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol
and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S24: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
8 Å and cubically arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol and
the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S25: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
7 Å and tetrahedrally arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol
and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.

S-28

300 Paper X



Figure S26: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
7 Å and cubically arranged adsorption sites. The strength K of the adsorption sites is given in kJ/mol and
the distance of the sites to the box walls ε is given in Å. The densities are symmetrized using the P43m
space group, so that only the density in the top half of the box is shown. The edges of the simulation box
are indicated in white.
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Figure S27: O–O RDFs of eight water molecules in the repulsive cubic box with tetrahedrally (left column)
and cubically (right column) arranged adsorption sites with a strength K = 25 kJ/mol for different dis-
tances ε to the box walls and different box side lengths L. The peaks around 4 and 5 Å are in agreement
with the cluster contributions identified for UiO-66 and MOF-801 (Figure S5).
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Figure S28: Density plots of 27 water molecules confined in a repulsive cubic box with side length L and
adsorption sites with a strength K = 35 kJ/mol and distance ε to the box walls. The eight adsorption sites
are visualised in the middle pane.
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Figure S29: Schematic representation of the primary and secondary adsorption sites for tetrahedrally
arranged primary adsorption sites (left) or the arrangement of primary adsorption sites from Figure S28
(right).

S10.2 Water adsorption isotherms

To illustrate the importance of secondary adsorption sites in the context of atmospheric water harvesting,

Figures S30–S33 show the water adsorption isotherms for the analytical potentials with a tetrahedral or

cubic arrangement of the adsorption sites for box sizes of 6 or 8 Å. The ideal water adsorption behaviour

for atmospheric water harvesting is characterised by a step-shaped isotherm with a steep uptake for a

relative pressure P/P0 between 0.1 and 0.3, which allows for an easy water adsorption at low pressures,

while retaining moderate regeneration conditions.31,32 For a repulsive cubic box with a side length of 6 Å

and tetrahedrally arranged adsorption sites (Figure S30), this ideal adsorption behaviour is retrieved for

adsorption sites at a distance ε = 1.5 Å from the box walls and an adsorption strength of 35 kJ/mol. In this

configuration, the tetrahedrally arranged adsorption sites outline a cube with a side of about 3 Å, which

implies the presence of four secondary adsorption sites that are hydrogen bonded to the four primary

tetrahedral adsorption sites. At low relative pressures, these secondary sites can be filled alongside the

primary adsorption sites, yielding an uptake of about eight water molecules. When increasing the strength

of the primary adsorption sites, the uptake at these sites shift to lower relative pressures, which limits the

working capacity of the pore as these water molecules cannot be desorbed at moderate thermodynamic

conditions. Remark that for a comparison with experimental results, the heat of adsorption should be used

rather than the strength of the primary adsorption sites. As the heat of adsorption also accounts for the

internal energy of the water molecules and the interaction energy between the different water molecules,

this yields a lower number than the pure interaction energy of the adsorption sites, as shown in Figure S36.

When the primary adsorption sites are placed closer together (ε = 2 Å), the same uptake at very low

relative pressures is observed. However, as there are no secondary adsorption sites for this configuration,

the total uptake is limited to the four primary adsorption sites. When the primary adsorption sites are
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placed further apart (ε = 1 Å), the secondary adsorption sites are also absent and the lack of cooperative

adsorption among the sites significantly decreases the steepness of the isotherm step, which also limits

the working capacity associated with the pore.

For a box with a side length of 8 Å (Figure S32), similar conclusions can be drawn. The most interesting

isotherm for atmospheric water harvesting is again obtained in the presence of secondary adsorption sites

(ε = 2.5 Å and K = 35 kJ/mol). When the primary adsorption sites are placed further apart (ε = 2.5 Å),

the isotherm step is again flattened across the pressure range.

When the secondary adsorption sites are replaced by primary adsorption sites in the box with a side length

of 6 Å (Figure S31, ε = 1.5 Å), the strong cooperative interaction between the cubically arranged adsorp-

tion sites results in an immediate occupation of the sites at the lowest pressures. If the eight (primary)

adsorption sites are placed further apart (ε = 1 Å), near the corners of the repulsive box, an appropriate

step isotherm can be retrieved for an adsorption strength of K = 30 kJ/mol with a slightly higher uptake

than in the case of only four primary adsorption sites. For the larger box with a side length of 8 Å, similar

conclusions can be drawn. The most effective adsorption behaviour is obtained when placing the eight

primary adsorption sites in the corners of the cubic box (Figure S33, ε = 1.0 or 1.5 Å), yielding an ap-

propriate step isotherm for adsorption sites with a strength of 30 kJ/mol. When the primary adsorption

sites are located near the corners of the box, apart from one another, other water molecules can hydrogen

bond to these sites (Figure S35), thus creating a hydrogen bonded structure which maximally exploits the

volume of this larger box and increases the uptake. Remark that for ε = 1.0 the distance between the

adsorption sites equals about two hydrogen bonds, so that a water molecule can be adsorbed in between

the primary adsorption sites. In larger pores, more adsorption sites located near the edges are thus more

advantageous than a small cubic water cluster in the centre of the pore to obtain a higher water uptake.

To assess the approximation of only considering an isolated virtual cubic pore in the analytical model, we

also consider a configuration of two neighbouring cubic pores (each with a side length of 6 Å) which are

separated by a repulsive wall with a non-repulsive window (Figure S34). The non-repulsive window takes

up one quarter of the separating wall, which is 2 Å thick. Only one of the two pores contains tetrahedrally

arranged adsorption sites, while the other box contains no adsorption sites. Within the pressure range

relevant for atmospheric water harvesting, the water adsorption isotherm differs only negligibly from an

isolated cubic box with the same adsorption sites, thus confirming the relevance of the approximate ana-

lytical model with a single isolated pore.

The vapor pressure P0 (at 300 K) used to determine the relative pressure in Figures S30–S34 is 0.03567 bar.
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Figure S30: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 6 Å and tetrahedrally arranged adsorption sites. K is the strength of the adsorption sites (taking
values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the sites to the box walls.
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Figure S31: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 6 Å and cubically arranged adsorption sites. K is the strength of the adsorption sites (taking
values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the sites to the box walls.
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Figure S32: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 8 Å and tetrahedrally arranged adsorption sites. K is the strength of the adsorption sites (taking
values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the sites to the box walls.
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Figure S33: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 8 Å and cubically arranged adsorption sites. K is the strength of the adsorption sites (taking
values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the sites to the box walls.
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Figure S33: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 8 Å and cubically arranged adsorption sites. K is the strength of the adsorption sites (taking
values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the sites to the box walls.

Figure S34: Water adsorption isotherms for water molecules confined in a repulsive cubic box. Two
different configurations are considered: (i) an isolated cubic box with a side length of 6 Å and tetrahedrally
arranged adsorption sites and (ii) two neighbouring cubic boxes with a side length of 6 Å, separated by
a repulsive wall with a non-repulsive window; only one of the two boxes contains tetrahedrally arranged
adsorption sites, while the other contains no adsorption sites. The adsorption sites have a strength of 30
kJ/mol and are placed at a distance ε = 1.5 Å from the box walls. The four primary adsorption sites are
indicated with red spheres, whereas the secondary adsorption sites are indicated with orange spheres.
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Figure S35: Density plots of different numbers of water molecules confined in a repulsive cubic box with a
side length of 8 Å and cubically arranged adsorption sites. The strength K of the adsorption sites is given
in kJ/mol and the distance of the sites to the box walls ε is given in Å. The densities are symmetrized
using the P43m space group, so that only the density in the top half of the box is shown. The edges of the
simulation box are indicated in white.
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Figure S36: Isosteric heat of adsorption for water molecules confined in a repulsive cubic box with a side
length of 6 Å and tetrahedrally arranged adsorption sites with a strength of 35 kJ/mol. The distance ε of
the sites to the box walls equals 1.5 Å. The isosteric heat of adsorption was calculated from the TMMC
calculations using Eq. (8) of Ref. 33.

Influence of the water model on the adsorption isotherms

As water adsorption isotherms are notoriously difficult to compute, due to their sensitivity to small devi-

ations in interaction energies, we evaluate the robustness of the results obtained with the q-TIP4P/f force

field through a comparison with the MBX water model.34 As MBX has been fitted on a large dataset of

CCSD(T) energies, this model yields a higher accuracy for the interaction energies of water clusters than

most other water models.

Structurally, the same water clusters are predicted by both models, as shown in Figure S37 for the specific

case of eight water molecules in a box with tetrahedrally arranged adsorption sites. Energetically, a re-

evaluation of the energy of clusters up to eight water molecules obtained from MBX MD simulations with

the q-TIP4P/f force field, or vice versa, yield an energy difference of 1–1.5 kJ/mol per interaction between

water molecules. For a cluster of eight water molecules, the total energy difference per molecule is ob-

served to be about 5 kJ/mol. Although this difference in energy does not affect the structural properties,

it is expected to be of importance for the adsorption characteristics, as small discrepancies in interaction

energies can strongly influence adsorption isotherms. In Figure S38, the MBX water adsorption isotherms

for a box with cubically arranged adsorption sites are shown, which are similar to the isotherms obtained

with q-TIP4P/f (Figure S31). Due to the difference in interaction energy between both models, the MBX

isotherms are however shifted towards larger relative pressures. Nevertheless, the main conclusions re-

main valid. For ε = 1.5 Å, for example, only very weak primary adsorption sites of 20 kJ/mol can yield

a step isotherm, as stronger adsorption sites get immediately occupied at the lowest pressures. Also for
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ε = 2.0 Å, the gradual uptake after the first four water molecules is shifted towards larger relative pres-

sures and is stretched across a wider pressure range.

When considering only four primary adsorption sites, in a tetrahedral arrangement, the differences be-

tween both water models are more pronounced (Figure S39). In contrast to the step isotherms obtained

with q-TIP4P/f (Figure S30), the energetic differences in the MBX model yield isotherms that are signifi-

cantly stretched across a larger pressure range and only yield the cubic water clusters at larger pressures.

Given the sensitivity of isotherms to small differences in interaction energies and the higher accuracy

of the MBX interaction energies, this reveals an artefact of the simplification of the analytical model in

explaining the behaviour of MOF water adsorption isotherms. As shown in Figure S40, MOFs such as

MOF-801 do not only contain isolated primary adsorption sites (e.g. from µ–OH sites), but also stabilise

water molecules within the remainder of the pore due to weak interactions with the framework. When in-

troducing these weak interactions in the form of weak secondary sites (with a strength of 5–10 kJ/mol), as

shown in Figure S39, a step isotherm shape can be retrieved within the relevant pressure range. Therefore,

MBX predicts that the important secondary adsorption sites required to produce the desired adsorption

behaviour contain both contributions from the water molecules adsorbed at primary adsorption sites and

from weak interactions with the MOF framework.
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Figure S37: Density plots of eight water molecules confined in a repulsive cubic box with a side length of
6 Å and tetrahedrally arranged adsorption sites, comparing the q-TIP4P/f and MBX water models. The
strength K of the adsorption sites is given in kJ/mol and the distance of the sites to the box walls ε is given
in Å. The densities are symmetrized using the P43m space group, so that only the density in the top half
of the box is shown. The edges of the simulation box are indicated in white.
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Figure S38: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 6 Å and cubically arranged adsorption sites, obtained with the MBX water model. K is the
strength of the adsorption sites (taking values of 20, 30, 35, 40, and 50 kJ/mol) and ε is the distance of the
sites to the box walls.
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Figure S39: Water adsorption isotherms for water molecules confined in a repulsive cubic box with a side
length of 6 Å and cubically arranged adsorption sites, obtained with the MBX water model. K is the
strength of the red, primary adsorption sites in the inset (taking values of 20, 30, 35, 40, and 50 kJ/mol),
while the strength of the orange, secondary adsorption sites is varied from 0 to 10 kJ/mol in the separate
panes. ε is the distance of the sites to the box walls.
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Figure S40: Isosurface of a water molecule in MOF-801 for an adsorption energy of -15 kJ/mol, obtained
with the q-TIP4P/f force field using the methodology outlined in Ref. 35.
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carbon capture, natural gas/biogas purification, hydrocarbon and hydrogen recovery. Accurate size-sieving 
of gas molecules was realized together with rational determination of optimal gas-zeolite interactions. 30 
Crucial for industrial applications, these well-tuned membranes displayed excellent non-ageing properties 
and high flexibility, presented higher mixed-gas selectivities than ideal-gas selectivities, performed even 
better at low CO2-partial pressures, and can be made humidity-insensitive.  

 

 35 
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Introduction 

Chemical separations account for 10-15% of the global energy consumption, especially gas separations are 
particularly challenging and energy-intensive (1). Compared to conventional technologies, membrane 
technology offers a more sustainable alternative, owing to its low energy consumption, small footprint and 
modular design (2, 3). To develop next-generation gas separation membranes, materials that combine 5 
molecular-sieving with specific chemical interactions are crucial (4-9). However, understanding and 
manipulating the interaction environment in angstrom-sized porous systems for membranes remains 
challenging (10). The SSZ-13 zeolite (CHA-type) possesses a long-range-ordered 3-dimensional channel 
system with 3.72 Å windows, exactly located in the range of the kinetic diameters of gases. CHA’s gas 
sorption and transport properties can be readily manipulated via its Si/Al ratio and counterions (11-13). 10 
CHA excellently separates gases in adsorption processes or as zeolite-only membranes (14-24) for natural 
gas purification, CO2 capture, syngas treatment, air separation, hydrogen production, and volatile 
radionuclide separations. However, CHA with a low Si/Al is difficult to prepare as a defect-free zeolite-
only film, and CHA with a high Si/Al (>80) does not allow for a proper tuning of selective inner-pore 
interactions (25-31). 15 

To surpass these limitations and fully exploit the potential of this promising type of zeolite, CHA particles 
were synthesized covering a broad range of Si/Al ratios (~3 to +∞) with different counterions. When 
subsequently loaded in polymers to form mixed matrix membranes (MMMs), CHA’s superior separation 
properties can be combined with the processibility and flexibility of polymeric membranes. By closely 
integrating well-designed experimental and computational studies (32, 33), manifold possibilities for 20 
various size and polarity-based gas separations were reached and membranes with systematically tuned 
performances were engineered. Essential for the full expression of these properties in the MMM is a high 
filler loading. Compared to our last report (34), by thoroughly optimizing the membrane fabrication 
strategy, zeolite loadings are now further increased to 60-65wt.%. This leads to a pronounced quasi-
continuous zeolite phase across the flexible polymer matrix for the cubic CHA, hence obtaining ultra-25 
permeable and ultra-selective gas pathways with remarkable non-ageing properties. More importantly, in 
contrast to the earlier reported platelet-shaped SSZ-39 zeolite, CHA zeolites are already commercially 
exploited (35, 36), which makes the CHA-MMMs not only a tunable high-performance membrane platform 
for various industrial applications but also an economical and practical option for scaling up, hence 
amplifying potential impact. 30 

Zeolite and membrane characterizations 

Highly crystalline, pure CHA zeolites (Fig. S9) with different Si/Al and counterions were synthesized 
according to modified literature recipes (37-40), possessing the micropore volumes of 0.25~0.3 cm3/g (Fig. 
S22−S24, Table S3). This value, comparable to the maximal accessible volume, suggests a nearly-perfect 
3D-connected channel system. The elemental analysis (Table S2, Fig. S66−S71, Table S19) confirmed the 35 
counterion loadings and Si/Al ratios of 3, 5, 10, +∞ (pure silica) of the lab-synthesized zeolites, and a 
Si/Al=16 for the commercial sample. Zeolite particles were oblate-shaped (CHA-3), spherical-shaped 
(CHA-5) and cubic-shaped (CHA-10, Si-CHA) (Fig. 1A-1D) with different sizes (0.5–5 µm). Sorption 
isotherms of CO2, CH4, O2, N2, Ar and H2 were measured for Na-CHA-10 at 25°C (Fig. 2D). A sharply 
rising CO2 isotherm together with a theoretical maximum CO2 uptake of 7.36 mmol/g were confirmed 40 
(Table S6), attributed to its high CO2-philicity, thus showing an outstanding capacity for CO2 capture (41). 
Consistent with literature (12, 42), the Na-CHA-10 presents an adsorption capacity decrease in the order of 
CO2≫CH4>N2, while the adsorption capacities of N2, O2 and Ar are very similar. As expected, a very low 
H2 gas uptake is observed, due to the limited interaction of H2 with the framework.  

MMMs were prepared with CHA via a solution-casting strategy, reaching high zeolite loadings up to 45 
60−65wt.% (Fig. S13−S14). Zeolite crystallinity was preserved in the MMMs after all synthesis steps (Fig. 
S11) and no chemical changes of the MMM were observed during the membrane preparation (Fig. 
S19−S21, Fig. S78−S81). Thermal analysis further indicated good polymer-zeolite interactions in the 
MMM:the glass transition temperature of the polymer matrix increased from 314°C to 325°C with CHA 
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loading (Fig. S12), pointing towards ‘wrapping’ of the zeolite by polymer and rigidification of the polymer 
chains regardless the size (<5µm in this work), shape or Si/Al of the CHA filler. CO2, CH4 and N2 sorption 
experiments on the annealed unfilled membrane and the 60wt.% Na-CHA-10 MMM denoted a substantially 
higher gas uptake for the MMMs than the unfilled Matrimid (Fig. S35). 

 5 
Figure 1. Visualization of CHA zeolites and CHA-MMMs: (A-E). lab-synthesized CHA zeolites (from A to D: Si/Al=3, 5, 10, +∞) presenting 
various sizes and shapes; (E). a commercial CHA zeolite (Si/Al=16) with a less regular size and shape than lab-synthesized samples; (F-G). cubic-
shaped Na-CHA-10 with a high crystallinity; (H). 70-nm sectioning of a thermal-annealed Na-CHA-10 MMM, where the dark part is the zeolite 
and the light part is the polymer matrix, indicating a defect-free zeolite-polymer interface; (I-J). cross-section of a 60wt.% thermal-annealed Na-
CHA-10 MMM, presenting a defect-free zeolite-polymer interface and high zeolite loading; (K-L). an oxidized 60wt.% Na-CHA-10 MMM, with 10 
all polymer removed, revealing a self-standing zeolite-only film. (details in SI) 

Quasi-continuous, defect-free zeolitic percolation highway 

Full removal of the polymer by oxidative treatment at 800°C (Fig. S51) led to a remarkably stable zeolite-
only film with a thickness similar to the unoxidized MMM (Fig. 1K−1L, S52−S56), thus demonstrating an 
ultra-high zeolite loading in a random packing. In addition, the cross-section image of the MMM (Fig. 15 
1I−1J, S45−S50) also indicates that the CHA zeolites are non-aligned, but closely packed within the 
polymer matrix. This quasi-continuous CHA zeolite phase across the MMM thus creates a selective 
‘percolation highway’ (Fig. 4A) to allow fast and highly selective transport of targeted gas molecules (34). 

The free volume and atomic-level defects (0.1−1 nm) of the MMM were quantified via positron annihilation 
lifetime spectroscopy (PALS, Fig. S27−S32) and the voids (>1 nm) at the zeolite/polymer interface were 20 
investigated by high-resolution electron microscopes (Fig. 1H-1J). All showed an effective elimination of 
defects by thermal annealing and thus a good zeolite-polymer interface. According to PALS, two types of 
free-volume elements appear in the MMM and the overall free volume of MMMs slightly decreased after 
thermal annealing (Table S5). The bigger free-volume elements of the MMM (mean radius of 0.37 nm) 
originate from the CHA filler. The smaller free-volume elements (mean radius of 0.12-0.14 nm) probably 25 
point to the polymer-filler interfaces, which are smaller than the kinetic diameter of gas molecules, and thus 
won’t impact the gas separations.  

Tuning of the inner-pore molecular interactions 

Intermolecular interactions within CHA pronouncedly influence the gas transport of the MMM, where Al-
content and associated counterions play decisive roles. Particularly, with increasing Al-content (more 30 
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charge-balancing counterions), the affinity of CHA for gas molecules is enhanced through stronger (di- or 
quadru)polar interactions (12, 20, 33). To manipulate these interactions, Na+-exchanged CHA (Na-CHA) 
samples with Si/Al = 3, 5, 10, +∞ were synthesized (Fig.1A-1D) for 50 wt.% CHA-MMMs preparation. 
For equimolar CO2/CH4 at 25°C/2 bar, Na-CHA-3 MMM showed a CO2 permeability of ~30 Barrer and a 
CO2/CH4 selectivity of ~68, i.e. a much lower performance than its higher Si/Al counterparts (Fig. 2A). Na-5 
CHA-5 MMM presented an improved permeability of ~350 Barrer and selectivity of 135, whereas the Na-
CHA-10 MMM obtained >2100 Barrer (i.e. >70-times more permeable than Na-CHA-3 MMM), and a 
selectivity >230. Interestingly, CHA-MMMs with Si/Al>10 again presented declined separation 
performance, where the Si-CHA MMM exhibited a CO2 permeability of ~1140 Barrer and a selectivity of 
~170. The equimolar CO2/N2 mixed-gas separations with these MMMs further confirmed this trend for CO2 10 
permeabilities (Fig. 2B). While the selectivity difference between Na-CHA-5 and Na-CHA-10 MMMs was 
small (~55), and Na-CHA-3 MMM showed a relatively low selectivity (~45) because of its hindered CO2 

permeation pathway, Si-CHA MMMs presented a sharp selectivity drop to ~33 due to the absence of Al, 
causing weakened competitive sorption between CO2 and N2. The Na-CHA-10 MMM thus presented 
superior CO2 separation performances over all others. 15 

 

Figure 2. Influence of interaction environment in CHA and CHA-MMMs performances: (A-B). Equimolar CO2/CH4 and CO2/N2 separation 
performances for unfilled Matrimid and 50 wt.% Na-CHA-3, Na-CHA-5, Na-CHA-10 and Si-CHA MMMs under 25°C/2 bar; (C). CO2 uptake, 
micropore volume and heat of CO2 adsorption for Na-CHA-3, Na-CHA-5, Na-CHA-11, Si-CHA zeolites under 25°C/1 bar via simulation; (D). H2, 
Ar, O2, N2, CO2 and CH4 adsorption isotherms of Na-CHA-10 zeolite under 25°C; (E-H). gas separation performances of 50 wt.% CHA-10 MMMs 20 
with different counterions (H+, Li+, Na+, K+, Cs+, Cu2+, Co2+, Ni2+, Zn2+) for equimolar mixed-gas CO2/CH4 separation, CO2/N2 separation, N2/CH4 
separation and ideal-gas H2/CH4 separation; (I). CO2 adsorption isosurface plots (upper) and CO2 diffusion free energy profiles (bottom) for Na-
CHA-3, Na-CHA-5, Na-CHA-11 and Si-CHA at 25°C/1 bar via GCMC and MD simulations, where the higher density areas and high diffusion 
energy areas are indicated in red and the lower ones by blue. (detail in SI) 

To understand the influence of the Si/Al ratio, the inner-pore molecular interactions were simulated using 25 
a machine learning potential with a first-principles accuracy (43). The largest CO2 uptake was obtained for 
Na-CHA-11 (Na+/cage=1), which can be rationalized based on the opposite trends for the heat of adsorption 
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and the pore volume as a function of the Si/Al (Fig. 2C). When the Na+-content exceeds two Na+/cage (e.g. 
Na-CHA-3), the viable gas diffusion pathways decrease, as diffusion through some windows is hindered 
by the presence of Na+ (Fig. 2I). Furthermore, the free energy barriers to diffuse between cages also increase 
with Na+-content, due to its high CO2 affinity. Fig. 2I displays the free energy barriers for the diffusion of 
a single CO2 molecule through a window. In Na-CHA-11, the surrounding of a Na+ represents a region of 5 
low free energy, implying a high probability of encountering a CO2 molecule in that region. Due to the high 
CO2-Na+ affinity, the CO2 molecule is less likely to reside in Na+-free regions. Therefore, in Na-CHA-11, 
preferential diffusion pathways connect Na+ along windows. For lower Si/Al, strong CO2-Na+ interactions 
eliminate the diffusion pathways with a low free energy barrier (Fig. S39), further reducing the CO2 
mobility, as observed by the sharp permeability drop of relevant CHA-MMMs. Additionally, calculated 10 
CO2 diffusion coefficients (Table S18) exhibit a monotonic decrease of two orders of magnitude from Si-
CHA to Na-CHA-3.  

Counterion nature, location and amount (33) strongly define interaction potentials and pore morphologies. 
The counterion loading influences the pore volume profoundly for low Si/Al zeolites, but no significant 
pore volume change is observed in CHA-10 since it only hosts a limited number of counterions (Table S3). 15 
The interaction strength is in general inversely proportional to the charge density or ionic radius of the 
counterion. Only H+ is an exception being strongly shielded by the zeolite framework. This finally leads to 
the following rank in interaction potentials: divalent counterions≫Li+> Na+>K+>Cs+>H+ (12, 19, 44).  

The role of counterions was studied by comparing the performance of 50wt.% CHA-10 MMMs including 
monovalent and divalent ones (H+, Li+, Na+, K+, Cs+, Cu2+, Ni2+, Zn2+, Co2+). Their mixed-gas (CO2/CH4, 20 
CO2/N2, N2/CH4) and ideal-gas (H2/CH4) separation results at 25°C are shown in Fig. 2E-2H. Interestingly, 
even for CHA-10 MMMs, a higher interaction potential is not always beneficial to gas permeation. For 
CO2–related separations, the CO2 permeability follows the order Na+>K+>Cs+>Li+>H+>divalent cation 
forms, because the CO2–philicity of CHA-10 follows the order of Na+>K+>Cs+>H+. Excessive interaction 
potentials of Li+ and divalent counterions (Cu2+, Ni2+, Zn2+, Co2+) thus impair gas transport. For H2 and N2 25 
permeation, K-CHA-10 MMM presents the highest gas flux, attributed to preferential interaction, and the 
Cs-CHA-10 MMM shows the best CO2/CH4, CO2/N2 and H2/CH4 selectivity, probably due to the large size 
of Cs+. Overall, Na+, K+, Cs+ loaded CHA-10 MMMs present better permeability-selectivity combinations 
for gas pairs than stronger or weaker interacting counterions, indicating an ideal, intermediate interaction 
potential for optimal gas permeation and competitive adsorption properties. Among them, Na-CHA-11 30 
possesses a calculated heat of CO2 adsorption of ~33 kJ/mol, pointing to an optimal interaction range for 
high-performance membrane development.  

Ultrafast and precise gas separations 

Comprehensive gas permeation testing was conducted for CHA-MMMs with different Si/Al and 
counterions. Ideal-gas permeabilities of 60wt.% Na-CHA-10 MMM are plotted as a function of the kinetic 35 
diameter of the gases in Fig. 3A, clearly presenting the pivotal role of both size exclusion and interaction 
aspects, specifically for CO2. Based on physisorption and ideal-gas permeations, solubilities and 
diffusivities of H2, Ar, CO2, O2, N2 and CH4 were calculated for the 60wt.% Na-CHA-10 MMM (Table 
S16). Compared to the unfilled membrane, the MMM displayed a 170-fold greater CO2 diffusivity, whereas 
the CH4 diffusivity increased 19-fold only. The pronounced enhancement of CO2/CH4 diffusivity selectivity 40 
thus clearly demonstrates the sharp size-sieving mechanism.  

Because the window size of CHA (3.72 Å) is in-between the kinetic diameter of hydrocarbons and light 
gases, CHA-MMMs present great opportunities for such separations (Fig. 3). For instance, the 60wt.% Na-
CHA-10 MMM shows stunning ideal selectivities: CO2/C3H8 >6500, CO2/C3H6 ~5000, CO2/C2H6 >1400, 
CO2/C2H4 ~280, together with an ideal CO2 permeability of ~7300 Barrer (1 bar/25°C). This makes it an 45 
outstanding candidate to recover hydrocarbons from e.g. CO2 hydrogenation processes (45, 46). Another 
potential application could be hydrocarbon recovery in polyolefin production, where N2 should be removed. 
60 wt.% Na-CHA-10 MMM exhibits impressive ideal selectivities: N2/C3H8 ~330, N2/C3H6 ~250, N2/C2H6 
~70, N2/C2H4 ~15, N2/CH4 ~10, combined with an ideal N2 permeability >370 Barrer (1bar/25°C). 60 wt.% 
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Na-CHA-10 MMM also presents attractive industry-relevant H2/CH4 separation performance, where the 
ideal selectivity reaches ~90 and H2 permeability >3800 Barrer (1 bar/25°C).  

In addition to the dominant role of size-exclusion, strong competitive adsorption of CHA also enhances 
separation performance, thus the mixed-gas selectivities of CHA-MMMs were significantly higher than 
their ideal-gas selectivities for separations involving polar gases. This feature can be attributed to the strong 5 
competitive sorption of polar gas molecules (such as CO2) in the CHA filler (32). For example, thanks to 
the high CO2–philicity of CHA, strongly adsorbing CO2 occupies the adsorption sites of CHA, making 
zeolite channels partly inaccessible to weakly adsorbing gases like CH4, N2, O2, thus inhibiting their 
permeation and improving selectivity. 

 10 
Figure 3. Gas separation performance for CHA-MMMs: (A). ideal-gas permeabilities of 60 wt.% Na-CHA-10 MMM for gases with different 
sizes and polarities. A clear size-sieving effect by the window of CHA and preferential diffusion of polar gases, like CO2, are observed; (B). mixed-
gas CO2/N2 separation of Na-CHA-10 MMMs; (C). mixed-gas CO2/CH4 separation of Na-CHA-10 MMMs; (D). ideal-gas H2/CH4 separation of 
Na-CHA-10 MMMs; (E). ideal-gas He/CH4 separation by high-loading CHA-MMMs; (F). mixed-gas N2/CH4 separation of Na-CHA-10 MMMs.  

For example, for the 60 wt.% Na-CHA-10 MMM, the CO2/CH4 ideal-gas selectivity was ~175 (1 bar/25°C), 15 
whereas its equimolar CO2/CH4 mixed-gas selectivity reached >250 with a CO2 permeability up to 6200 
Barrer (2 bar/25°C). Likewise, the CO2/N2 ideal-gas selectivity at 1 bar/25°C was ~20, while its mixed-gas 
selectivity (2 bar/25°C) increased to 50 together with a CO2 permeability of ~7000 Barrer (Fig. 3B). When 
depicted on selectivity-permeability trade-off plots, the Na-CHA-10 MMMs largely surpass several 
Robeson upper bounds, such as for CO2/CH4, CO2/N2, H2/CH4, N2/CH4, He/CH4 (Fig. 3) and presents good 20 
potential for many other industry-relevant separations (CO2/olefins, H2/hydrocarbons, N2/hydrocarbons, 
CO2/O2).  

With increasing temperature (Fig. S38), the CHA affinity decreases for most gases (12, 32). The reduced 
adsorption lowers gas permeability and selectivity. For instance, both Na-CHA-10 and Si-CHA MMMs 
exhibit reduced CO2 permeability and CO2/CH4 selectivity when the temperature increases from 25°C to 25 
65°C. However, with lower Si/Al ratios of CHA filler, this performance decline is much less pronounced 
(Table S12). Their strong interaction strength minimizes affinity loss and allows MMMs to work at higher-
temperature applications. Moreover, thanks to its high CO2-philicity, the CHA filler could get quasi-
saturated with CO2 at low pressure, Na-CHA-10 MMMs thus exhibit enhanced performance in feeds with 
low CO2 partial pressures (as found in many industrial applications), where the CO2/CH4 selectivity could 30 
reach 310 with a CO2 permeability ~8000 Barrer (Table S14). 
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Towards industrial applications 

Both CHA and Matrimid are commercially available, hence making CHA-MMMs a particularly promising 
candidate for large-scale, industrial applications. A commercial zeolite (Na-CHA-16, Fig. 1E) was utilized 
for MMM preparation up to 60wt.% zeolite loading (Fig. S64) and sizes up to ~19 cm (Fig. 4B). As 
expected, due to its lower pore volume (Table S3, Fig. S36) and imperfect particle size distribution, for 5 
equimolar CO2/CH4 separation, the 50wt.% Na-CHA-16 MMM gives a lower CO2 permeability (~400 
Barrer) and selectivity (~100) than its lab-made counterparts, but still clearly surpasses the current state-of-
the-art. Importantly, CHA-MMMs retain the desired flexibility that should allow for module construction 
(Fig. 4C), and excellent non-aging properties were observed with consistent CO2/CH4 selectivity and CO2 
permeability one year after preparation.  10 

In industrial applications, impurities may cause severe membrane performance decline. The most common 
impurity, H2O, with its high dipole moment, exhibits a far stronger affinity for CHA than CO2, CH4 or N2, 
thus pushing them away from the adsorption site. Outperforming all other CHA-MMMs (Fig. 4D), the Si-
CHA MMM presents outstanding anti-moisture properties for CO2/CH4 separation: quasi-consistent gas 
permeability and selectivity were maintained in wet conditions (Table S10-S11). This arises from the 15 
absence of counterions in Si-CHA, preventing strong competitive adsorption of H2O and making them 
particularly interesting for industrial applications with polar impurities. 

 

Figure 4. Characterization and illustrations of CHA-MMMs: (A). Schematic illustration of CHA-MMMs for gas separations, with a zeolitic 
percolation highway across the membrane and unhindered gas permeation through tunable, size-sieving fillers; (B) Appearance of Na-CHA-10 20 
MMMs, up to 65wt.% zeolite loading (diameter of 2 cm), and 50wt.% Na-CHA-16 MMMs with diameters of 6 cm and 19 cm. (C). The flexibility 
of a 50 wt.% Na-CHA-16 MMM; (D). Equimolar CO2/CH4 separations for 50wt.% CHA-MMMs for both wet (relative humidity=70%) and dry 
feeds under 25°C/2 bar, plotted with the 2008 Robeson upper bound, proving the anti-moisture properties of Si-CHA MMM. Insert image: 
adsorption density plot of Na-CHA-11 for the competitive adsorption of H2O and CO2 in GCMC simulations (under 25°C/1 bar). 

 25 
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Methods 

Materials 

Isopropanol (>99.5%) and absolute ethanol (>99.8%), cobalt nitrate hexahydrate (98%+), lithium nitrate 
(anhydrous, 99%), tetraethyl orthosilicate (TEOS, 99%) and tetraethylammonium hydroxide (pentahydrate) 5 
were supplied by Fischer Scientific. Diethyl ether (>99%, stabilized), iodomethane (99%, stabilized), 
methanol (99.9% for analysis) ammonium nitrate (98%), zinc acetate dihydrate (98%), copper nitrate 
trihydrate (99%) and chloroform (>99%) were supplied by Acros organics. NaHCO3 (-40+140 mesh) and 
40 wt.% colloidal silica suspension (Ludox AS-40) were purchased from Sigma-Aldrich. NaOH (pellets, 
>98 wt.%), KOH (pellets), acetone (technical) and NaCl (>99%) were purchased from VWR Chemical. 10 
Trimethyladamantylamonium hydroxide solution (20 wt.%) was supplied by SACHEM. HF (40 wt% Aq.), 
nickel nitrate (hexahydrate) and cesium nitrate were ordered with Merck Life Science. FAU zeolite 
(CBV712, CBV300) was supplied by Zeolyst. Ion exchange resin (Dowex Monosphere 550A UPW) was 
purchased from Dow Chemical. 3,3’-4,4’-benzophenone tetracarboxylic-dianhydride diaminophenylindane 
(Matrimid® 5218, Mw = 40000 g/mol) was kindly provided by Huntsman (Switzerland). CO2 (>99.999%), 15 
CH4 (>99.999%), N2 (>99.999%), H2 (>99.999%), O2 (>99.999%), He (>99.999%), Ar (>99.999%), C2H4 
(>99.995%), C2H6 (>99.995%), C3H6 (>99.7%) and C3H8 (>99.7%) were purchased from Air Liquide and 
used as delivered. 

 

Synthesis of zeolites 20 

Pure silica CHA (Si-CHA) was synthesised using a seed-assisted fluorine route similar to Camblor et al. 
(37). To produce the seeds, 13 g of  TEOS was hydrolyzed in 31.18 g of a 1 M solution of N,N,N-
Trimethyladamantylammonium hydroxide (TMAdamOH). This mixture was left to hydrolise until 31.76 g 
of water and ethanol had evaporated. 1.33 g of 40 wt.% HF was stirred into the gel, which was transferred 
into a 25 mL PTFE-lined steel autoclave and placed into a forced convection oven (160 °C) for 4 days. (gel 25 
composition: 1 SiO2 : 0.5 TMAdamOH : 0.5 HF : 3 H2O) To reduce the size of the CHA crystals, the 
synthesis was repeated after exchanging 10 wt.% of the silica by previously synthesised seeds.  

For the synthesis of the CHA zeolites with a Si/Al ratio of  ~10, 8.5 g of a 20 wt.% TMAdamOH, 3.75 g of 
a 20 wt.% NaOH solution and 5.08 g of colloidal silica (LUDOX AS-40) were mixed. The obtained gell is 
heated in an 80°C water bath under 300 rpm of stirring until approximately 8.5 g of water is evaporated. 30 
Next, 0.93 g of FAU (CBV712) is manually stirred into the gel. (gell composition 1  SiO2 : 0.048 AlO2 : 
0.40 NaOH: 0.18 TMAdamOH: 4.83 H2O). The PTFE liner is placed into a stainless steel autoclave and 
heated in a forced convection oven (160 °C,  600 rpm stirring) for 4 days. The CHA with a Si/Al = ~5 was 
prepared using a slightly modified recipe of Nishitoba et al (39). 7.2 g of a 35 wt.% solution of N,N,N,N-
Tetraethylammonium hydroxide (TEAOH) was stirred with 0.23 g of deionized water, 2.05 g of a 20 wt.% 35 
solution of NaOH and 1.44 g of a 20 wt.% solution of KOH inside of a PTFE liner for several minutes until 
all reagents were homogeneously dispersed. Finally, 6.06 g of FAU (CBV712) zeolite is added to the 
mixture. The PTFE liner is capped and inserted into a stainless steel autoclave. Finally, hydrothermal 
synthesis (160°C) was carried out for 4 days. The chabazite with a Si/Al molar ratio of ~2 was synthesised 
according to a recipe proposed by Van Tendeloo et al (40). 1.33 g of FAU (CBV300) was dissolved in 40 
15.67 g of a 7.24 wt.% aqueous solution of KOH. Next, the mixture was placed into a stainless steel 
autoclave and left to react at 100 °C for 2 days.  

After synthesis, the zeolites were washed at least three times with water by suspending them in 40 mL of 
MQ water (18.2 mΩ), centrifugation and decantation of the top liquid, until the pH reaches 9 or less. Next, 
they were dried overnight in an oven at 60°C. Zeolites containing organics after synthesis were subjected 45 
to a calcination step before being used in ion exchange. Calcination was carried out in a muffle oven under 
static air. Zeolites were calcined at 580 °C for 6 h (1 °C/min ramp). 
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Ion exchange took place in two steps, firstly, the freshly calcined zeolites were exchanged to their NH4
+-

form, and next, they were exchanged to be in their respective (alkali)metal-form. Through direct calcination 
of this zeolite as described above, the H-form was obtained. For the ammonium exchange, 1 g of zeolite 
was suspended in 150 mL of a 0.5 M solution of NH4NO3 for 24 h. After which the solids are separated by 
vacuum filtration. Next, for the Na+ and K+ exchange, 1 g of zeolite was suspended in 150 mL of a 0.5 M 5 
solution of NaCl or KCl respectively. This procedure was repeated three times for 16, 8 and 16 h 
respectively. For the Li+, Cs+, Co2+, Ni2+, Cu2+ and Zn2+ exchange, a different procedure was followed. 1 g 
of NH4

+-form zeolite was suspended in 150 mL of 0.1 M solution of the respective nitrate salt (excluding 
Zn2+, for which zinc acetate was used). The mixture was homogenised and the pH of the solution was 
lowered using a dilute solution of nitric acid until the pH reached below 5. Next, the solution was placed 10 
into a heating mantle and heated for 2 h at 80 °C under 600 rpm of stirring. After these 2 h, the solution 
was left to cool to room temperature and the solids were recovered using vacuum filtration. After separation 
from the exchange solution, all samples were washed with copious amounts of MQ H2O. Finally, the 
samples were left to dry overnight at 60 °C. Before use, all the zeolites were calcined one final time (vide 
supra) to ensure the absence of water during membrane preparation. 15 

 

Preparation of membranes 

Pristine Matrimid membranes were prepared by dissolving 0.30 g of Matrimid (pre-dried 24 h at 100 °C) 
in 3.98 g of chloroform. After continuously stirring on a magnetic stirring plate for 24 h, this homogeneous 
7 wt.% polymer solution was poured into a Teflon Petri dish (d = 6 cm) in a glove bag filled with pure 20 
nitrogen. Evaporation of the solvent was slowed down by placing a glass funnel with small opening 
(diameter funnel = 8 cm; diameter opening = 3 mm, interior volume of the funnel ≈ 100 cm3) upside down 
over the Petri dish. The glass funnel generated a quasi-saturated chloroform vapor phase above the polymer 
solution, thus reducing the solvent evaporation speed. This led to delayed solidification of the membrane 
film which lasted approximately 4 h. The solidified polymer film was kept in the nitrogen bag for 24 h, 25 
removed from the Petri dish and dried naturally for 24 h, before thermal treatment.  

Mixed-matrix membranes (MMMs) containing different zeolite loading (10, 20, 30, 40, 50, 60, 65 wt.%) 
with different zeolites (lab-synthesized Na-CHA-2, Na-CHA-5, Na-CHA-10, Si-CHA, H-CHA-2, H-CHA-
5, Zn-CHA-5, H-CHA-10, Li-CHA-10, K-CHA-10, Cs-CHA-10, Co-CHA-10, Ni-CHA-10, Cu-CHA-10, 
Zn-CHA-10 and commercial H-CHA-16) were prepared. Firstly, a calculated amount of Matrimid was 30 
dissolved in chloroform to make a 10 wt.% homogeneous Matrimid solution. Next, a certain amount of the 
zeolite (calcined for 8 hours under atmosphere at 580 °C before use) was added to 1.2-1.5 g chloroform to 
make zeolite dispersion. The zeolite dispersion was stirred for 2 h and thoroughly sonicated for 1 h. For 
each zeolite dispersion, a calculated amount of 10 wt.% Matrimid solution was added. The total mass of 
zeolite together with polymer in the zeolite/polymer solutions for 10, 20, 30 wt.% MMMs were ~0.4 g, and 35 
for 40, 50, 60, 65 wt.% MMMs were 0.5 g. All zeolite/polymer solutions were stirred on a magnetic stirring 
plate for 10 h, and sonicated twice (1 h per turn) in the beginning and at the middle of the stirring process. 
The final mixture was cast into a Petri dish (diameter = 6 cm) in a nitrogen bag. The polymer concentration 
was adjusted to be around 6-8 wt.% to obtain a viscous solution that can be cast but will not suffer much 
from zeolite precipitation during solvent evaporation. Evaporation of chloroform was slowed down by 40 
putting a glass funnel with small opening (diameter funnel = 8 cm; diameter opening = 3 mm, interior 
volume of the funnel ≈ 100 cm3) upside down over the Petri dish. The glass funnel generated a quasi-
saturated chloroform vapor phase above the polymer solution layer, reducing the solvent evaporation speed. 
This led to slow solidification of the membrane film in approximately 4 h. The solidified membrane was 
kept in the nitrogen bag for 24 h, removed from the Petri dish and dried naturally for 24 h before thermal 45 
treatment. The zeolite loading was calculated by using Equation 1: 𝑍eolite loading (wt. %) = 100 ×  ( mzeolitemzeolite+mpolymer)                           (1) 

where mzeolite and mpolymer are the weight of the zeolite and the polymer, respectively. 
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The dried membranes were then placed between glass plates to prevent curling and placed in a muffle oven. 
The muffle oven was heated to 260 ºC. The heating protocol entailed heating at 1 ºC/min from room 
temperature to the final annealing temperature with 30 ºC increments. At each increment, the oven was kept 
isothermally for 2 h. The membranes remained at the final temperature for 24 h, and were removed after 
the oven cooled down to room temperature naturally as too fast quenching would have resulted in voids 5 
between the polymer matrix and the filler due to the difference in the thermal expansion coefficients of the 
two materials. By allowing the MMMs to cool down naturally, good adhesion between the polymer chains 
and the zeolite was assumed to be maintained. 

 

Characterization  10 

X-ray diffraction (XRD) patterns were recorded at room temperature under ambient conditions on a high-
throughput STOE STADI P Combi diffractometer in the transmission mode with focusing Ge(111) 
monochromatic X-ray inlet beams (λ = 1.5406 Å, Cu Kα source). Elemental analysis was performed using 
an inductively coupled plasma-atomic emission spectrometer (ICP-AES, Perkin Elmer Optima 3300 DV). 
The chemical structure of the zeolite/polymer interface was analyzed with Raman microspectroscopy, using 15 
an upright optical microscope (BX53, Olympus, Japan) installed with a commercial Raman setup 
(MonoVista CRS+, S&I GmbH, Germany), and Fourier transform infrared spectroscopy (FT-IR) was 
conducted in dry air by using a transmittance mode Bruker Vertex 70. The morphology of the zeolite filler, 
membrane top-view, bottom-view and cross-sections were observed with a JEOL JSM-1060LV scanning 
electron microscope (SEM). Further analysis of the zeolite-polymer interface and membrane's morphology 20 
was performed by focused ion beam scanning electron microscopy (FIB-SEM) on Dualbeam Nova Nanolab 
600, FEG with Ga source FIB (Sidewinder), ThermoFisher. Scanning transmission electron microscope 
(STEM) and scanning transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-
EDX) measurements were performed with an aberration-corrected JEOL ARM200F Microscope operating 
at an acceleration voltage of 200 kV and equipped with a cold FEG. The 27Al solid-state NMR experiments 25 
were performed with Bruker Avance I spectrometer using a 4 mm Chemagnetics solids probe at a 500 MHz 
Oxford wide-bore superconducting magnet. Nitrogen physisorption was performed on Tristar II 3020, 
micromeritics. Membrane density was determined with the buoyancy method by using a Sartorius YDK 01 
Density Determination Kit with water as the buoyancy liquid. Thermogravimetric analysis (TGA) 
measurements were performed on a TGA/DSC 3+, METTLER TOLEDO. Differential scanning 30 
calorimetry (DSC) measurements were performed on a DSC Q2000 (TA instruments). A 3-points bending 
test was performed on an Instron 5943 for flexural modulus measurement (more details are available in SI). 

 

Gas permeation test 

The gas separation performance of the prepared membranes for CO2/CH4, CO2/N2, N2/CH4 mixture feeds 35 
and Ar, He, H2, CO2, CH4, O2, N2, C2H4, C2H6, C3H6, C3H8 pure gas feeds were tested by using a custom-
built, high-throughput gas separation system (HTGS) (47). HTGS allows for a simultaneous pure gas and 
mixed-gas testing of up to 8 (or 16) membrane coupons at varying membrane temperatures and feed 
pressures. Two high throughput gas separation setups (HTGS) have been used in this work, schematic 
diagrams and more details of both HTGSs can be found in the SI. Mixed-gas separation factors are 40 
calculated through the measurement of the permeate composition. This permeate composition is determined 
using a gas chromatograph (Interscience compact GC with Porabond Q column in HTGS-1, Interscience 
Compact GC4.0 with Rt-Q-Bond column in HTGS-2) connected to the permeate line. The GCs are 
calibrated by exposing them to varying gas mixtures of known composition (through the use of MFCs) 
every 3 months.  45 

In this study, the membranes were tested with 50–50 vol.% CO2/CH4, CO2/N2, N2/CH4 mixture at 25°C/2 
bar to study the mixed gas separation performance. Moreover, the Ar, He, H2, CO2, CH4, O2, N2, C2H4, 
C2H6, C3H6, C3H8 was tested under 25°C/1 bar to study the ideal-gas permeations of membranes. The 
membrane stability/steady-state testing was conducted for 72 h continuous running for a 50–50 vol.% 
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CO2/CH4 mixture at 25°C/2 bar. The influence of the moisture in the feed streams on the membrane 
performance was studied by humidifying the feed stream (RH = 60%) via a humidifier in HTGS-2. For the 
aging testing, the 60wt.% Na-CHA-10 MMM coupons were measured for 50–50 vol.% CO2/CH4 mixture 
(at 25°C/2 bar) every 3-months after preparation. Since all of the membranes were kept in the open 
atmosphere, moisture was reversibly absorbed by the zeolite filler, which caused around a 30 % decrease 5 
in gas permeability and CO2/CH4 selectivity (compared with the dried membranes). To fairly compare them 
with the original (dried) membranes, the membrane coupons were dried in the oven for 24 h (under 260°C) 
before the gas permeation testing (to desorb water). 

The gas permeability was measured by using a constant-volume, variable-pressure permeation system. The 
membranes were first allowed to reach a steady-state overnight. The steady-state for membrane 10 
permeability and separation factor were tested separately. The final steady-state was confirmed when both 
the consecutive permeability measurement and consecutive GC measurements gave the same results. Then, 
5 more measurements were taken and their average was reported. Each final data point reported is an 
average of two membranes and 4 coupons from each membrane, thus 8 replicas in total. The mixed-gas 
permeability of gas i (Pi) was calculated by Equation 2: 15 𝑃𝑖 = 1010 × 𝑦𝑖×𝑉×𝑉𝑚×𝐿𝑥𝑖×𝑝𝑢𝑝×𝐴×𝑅×𝑇 × 𝑑𝑝𝑑𝑡                                               (2) 

with Pi the gas permeability (Barrer), yi the mole fraction of component i in the permeate, xi the mole 
fraction of component i in the feed, V the downstream volume (cm3), Vm the molar volume (22.414 L mol-

1), A the membrane permeation area (1.91 cm2), L the membrane thickness (µm), T the operating 
temperature (ºK), pup the upstream pressure (bar), R the gas constant (0.082 L atm mol-1 K-1) and dp/dt the 20 
pressure increase (torr s-1). 

The mixed-gas separation factors (α*) were calculated as given in Equation 3. The mole ratio 𝑦𝑖/𝑦𝑗  is 
determined from the chromatogram peak areas of the permeate (calculated based on the GC calibration), 
while 𝑥𝑖/𝑥𝑗 is determined by the feed settings.  𝛼𝑖/𝑗∗ = 𝑦𝑖/𝑦𝑗𝑥𝑖/𝑥𝑗                 (3) 25 

 

High-pressure physisorption  

High-pressure gas adsorption isotherms measurements were performed using a volumetric setup (VTI, HPA 
100), accompanied by a deep vacuum pump capable of reaching 10-7 mbar. Prior to each measurement, the 
samples were outgassed by increasing the temperature (1 °C/min, overnight) under vacuum. The activation 30 
temperature for the zeolite samples were 350 °C, while a lower temperature of 260 °C was used for the 
membrane sample. The measurements were performed between 10-50°C depending on the sample. The 
adsorption isotherms were fitted using the Toth isotherm model (48), which is defined in Equation 4.  𝑞𝑖 = (𝑞𝑖,𝑚𝑎𝑥𝐾𝑖∗𝑝)(1+(𝐾𝑖∗𝑝)𝑛𝑖) 1𝑛𝑖                                                                 (4) 

The commercial CHA sample was measured at multiple temperatures to investigate the temperature 35 
dependence of the isotherm measurements. These isotherms were fitted using the previously mentioned 
Toth isotherm model, but with a temperature-dependent 𝐾𝑖 (Equation 5). 

 𝐾𝑖 = 𝐾𝑖° exp (− ∆𝐻𝑖°𝑅𝑔𝑇)                                                             (5) 

where 𝑞𝑖 is the amount adsorbed (mmol/g) and 𝑞𝑖,𝑚𝑎𝑥 is the maximum amount adsorbed (mmol/g), 𝑝 is the 40 

partial pressure (bar), 𝐾𝑖 is the adsorption affinity constant (1/bar), 𝑛𝑖 is the heterogeneity coefficient (-), 𝐾𝑖° is 
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the infinite adsorption at zero loading (1/bar), ∆𝐻𝑖° is the isosteric heat of adsorption at zero loading (kJ/mol), 𝑇 is the temperature (ºK), and 𝑅𝑔is the gas constant (J/mol/ºK). (More details are available in SI). 

 

Molecular simulations 

To qualitatively probe the adsorption behavior of the Na-CHA zeolite (with Si/Al = 11) for CO2 and CO2/CH4/H2O, 5 
Grand Canonical Monte Carlo (GCMC) simulations were performed using RASPA (49). For all 
simulations, the temperature was set to 25 °C and pressures of 0.1 bar, 1 bar and 2 bar were considered. 
The parameters of the van der Waals interactions between the different atoms and the atomic charges were 
obtained from the literature (50, 51, 52). For the water guest molecules, the TIP5P-Ew model was used 
(52). A 2×2×2-supercell was used to allow for a van der Waals cutoff radius of 11.5 Å and 5∙106 MC cycles 10 
were performed for each simulation. In the case of ternary adsorption, equal mole fractions were used for 
the CO2 and CH4 guest molecules. The H2O mole fraction was varied from 0.05 to 0.3 or set by the 
saturation vapor pressure of water at 25 °C (see Supporting Information XX). 

The influence of different Si/Al ratios on the adsorption of CO2 in Na-CHA zeolites is evaluated with a 
newly trained machine learning potential (MLP) rather than with regular force field potentials (as used in 15 
RASPA), to increase the accuracy of the simulations to the level of density functional theory (DFT). To 
this end, the protocol described in Ref. 73 was used to train a single Neural Equivariant Interatomic 
Potential (NequIP) MLP (68) for all Si/Al ratios. The energies and forces of each configuration are obtained 
with DFT using the PBE functional (57) with DFT-D3(BJ) dispersion interactions (58), a cutoff energy of 
500 eV, and a single k-point in VASP (74-76). The resulting mean absolute error on the energy and forces 20 
of the MLP are 2.3 meV per adsorbate and 7.9 meV/Å, respectively. All the GCMC simulations with this 
MLP were performed at a temperature of 25 °C and a pressure of 1 bar, using 5⋅106 MC cycles. The Na-
CHA zeolite structures with different Si/Al ratios are provided as separate files.  

The diffusion behavior of CO2 in the Na-CHA zeolite was computationally probed by constructing 
free energy profiles of a CO2 molecule traversing the zeolite. Given the high computational cost of these 25 
simulations for different Si/Al ratios, an MLP was constructed to perform these simulations. In contrast to 
the MLP used for the GCMC simulations, this MLP allows for a fully flexible description of the framework, 
which contains a single CO2 molecule. To significantly speed up the dataset generation, an active learning 
loop was performed for each Si/Al ratio as described in (77). All the single-point calculations were 
performed with CP2K (53), using the PBE functional with DFT-D3(BJ) dispersion interactions. GTH 30 
pseudopotentials (78) were used in combination with TZVP-MOLOPT basis sets (60), a plane wave cut-
off energy of 1000 Ry, and a relative cut-off energy of 60 Ry. The final MLP was trained to mean absolute 
errors of 0.9 meV per atom and 42.7 meV/Å on the energy and forces, respectively. Three-dimensional free 
energy profiles were constructed through umbrella sampling simulations performed with OpenMM (79) in 
combination with PLUMED (61, 62), using a Langevin thermostat to set the temperature to 25 °C. The 35 
collective variable (CV) describing the diffusion through the 8MRs is similar to the one used in Refs. (34, 
63, 64)  so that: 𝑞 = (𝒓𝑐𝑒𝑛𝑡𝑒𝑟,   𝐶𝑂2 − 𝒓𝑐𝑒𝑛𝑡𝑒𝑟,   8𝑀𝑅) ⋅ 𝒏8𝑀𝑅 

with 𝒏8𝑀𝑅 the normal of the central 8MR, defined by four silicon atoms (Fig. S6),  𝒓𝑐𝑒𝑛𝑡𝑒𝑟,   8𝑀𝑅 the 
center of this aperture, and 𝒓𝑐𝑒𝑛𝑡𝑒𝑟,   𝐶𝑂2 the center of mass of the CO2 molecule. To sample all the CHA 40 

cages in the simulated 2x2x2 supercell, a CV-range of -24 Å to 31 Å is used, which covers all the cages of 
the structure under periodic boundary conditions. Every 0.65 Å, a simulation of 80 ps with an umbrella 
with a force constant of 100 kJ/(mol Å²) was performed, from which the one-dimensional free energy 
profiles were constructed using the weighted histogram analysis method (WHAM) (65). Subsequently, 
these one-dimensional free energy profiles were transformed into three-dimensional free energy profiles 45 
(Figure SXX) using the following formula: 𝐹(𝑥, 𝑦, 𝑧) = − 1β ln [∫ 𝑑𝑞  𝑝𝑏(x, y, z|𝑞) 𝑒−β𝐹(𝑞)] + 𝐶 

Publications in International Peer-Reviewed Journals 337



Manuscript: Confidential 

16 
 

with 𝐶  a constant, 𝐹(q)  the one-dimensional free energy profile obtained from WHAM, and 𝑝𝑏(x, y, z|𝑞)  the conditional probability that the three-dimensional collective variable takes the value (𝑥, 𝑦, 𝑧) in a simulation with a time-independent bias when the one-dimensional collective variable has a 
value 𝑞. By simply keeping track of values of (𝑥, 𝑦, 𝑧) for every value of 𝑞 during the umbrella sampling 
simulations, this transformation is reduced to a simple post-processing step. 5 

 
Furthermore, also the influence of the presence of H2O was investigated for the free energy profiles. 

For these simulations, we restricted ourselves to a CHA unitcell containing 1 Na+ per cage (yielding a Si/Al 
ratio of 11) and free energy profiles for only two neighbouring cages. Initial free energy profiles were 
constructed through ab initio umbrella sampling simulations performed with CP2K. For each umbrella, a 10 
simulation in the (N, P, σ𝑎 = 0, T)-ensemble was conducted. The temperature was set to 25 °C and 
controlled by a Nosé-Hoover thermostat (54, 55) with a time constant of 0.1 ps. The pressure was set to 1 
bar and controlled by an MTTK barostat (56)  with a time constant of 1 ps. The electronic energies were 
evaluated with DFT using the same settings as without H2O, only the plane wave cut-off was reduced to 
800 Ry. The umbrella simulations for Na-CHA with both CO2 and H2O were run for 15 ps. To improve the 15 
convergence of the umbrella sampling simulations, a machine learning potential was trained on the ab initio 
enhanced sampling data to further extend the simulation time of each umbrella with a much lower 
computational cost. This MLP was trained with the NNFFLIB code (66, 67). The test mean absolute error 
on the energy and forces is limited to respectively 0.1 meV and 10.5 meV/Å for Na-CHA with CO2 and 
H2O. With the MLP, each umbrella simulation was run for 500 ps to improve the sampling. More 20 
computational details regarding the different simulations can be found in the Supporting Information. 

 

Positron Annihilation Lifetime Spectroscopy 

A detailed description and the capabilities of PALS with polymers and comparisons to complementary 
methods can be found in the reference (69). All positron annihilation lifetime spectra were obtained using 25 
a conventional laboratory lifetime spectrometer consisting of two Photonics XP2020/URQ photomultipliers 
with BaF2 scintillators, connected to nuclear electronics in a fast-slow coincidence arrangement. A 22Na salt 
encapsulated in Kapton foil serves as a positron source. Two identical samples of 1 × 1 cm² size were 
arranged around the source material in a so-called sandwich geometry. The sample sandwich was placed 
between the photomultiplier detectors and the emitted gamma radiation was detected, filtered and processed 30 
by the nuclear electronics. In the final step, the analogue pulses are digitized by an ADC928 analog-to-
digital converter from ORTEC. These data can be read out and histogrammed by a computer, resulting in 
a typical positron lifetime spectrum. To determine the instrumental function R(t) of the spectrometer, silicon 
single crystals with a well-known positron lifetime were measured. From the instrument function, an overall 
time resolution of 290 ps (FWHM) can be derived for the spectrometer. The peak-to-background ratio is in 35 
the range of 40000:1. The measured lifetime spectra of the polymer samples were analyzed via linear 
regression by Levenberg-Marquardt algorithm, using Equation 7: 𝑁(𝑡) = 𝑅(𝑡) ∗ ∑ 𝐼𝑖𝜏𝑖 exp (− 𝑡𝜏𝑖)𝑛𝑖=1 +  background                                       (7) 

where N(t) represents the measured lifetime spectrum and R(t) represents the instrument resolution function 
consisting of a sum of Gaussian functions. Each lifetime component is given by the respective lifetime τi 40 
and the corresponding intensity Ii. All spectra are overlaid by a random background, which can be assumed 
to be constant. The total number of lifetime components n present in a given spectrum is obtained from the 
quality of the calculated fit using the reduced χ² value, which ranges from 1.0 to 1.15 for all analyzed 
spectra. The shortest lifetime represents the decay of p-Ps and was fixed at 125 ps. The radius of the sub-1 
nm free volume elements (FVEs) can be calculated by a semi-empirical quantum mechanical model, the 45 
Tao-Eldrup model (70, 71), as Equation 8: 𝜏 =  12 [1 −  𝑟𝑟+∆𝑟 + 12𝜋 sin ( 2𝜋 𝑟𝑟+∆𝑟)]−1

[ns]                                         (8) 

338 Paper XI



Manuscript: Confidential 

17 
 

where τ is the measured o-Ps lifetime, r is the mean radius of the FVEs and Δr is an empirical value for the 
overlap of the o-Ps wave function with the material around the FVEs. The best-fitted value equals 0.166 nm 
(70-72). (More details are available in SI). 
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C
List of So�ware Packages

In the context of this Ph.D. dissertation, various so�ware packages have been
used extensively. Below, an overview of these so�ware packages is provided.

CP2K

CP2K is an open source quantum chemistry and solid state physics code
that can be used to perform DFT calculations with mixed atomic and plane
wave basis sets. It implements several sampling techniques, including normal
mode analysis, molecular dynamics, Monte Carlo, and metadynamics. In
this PhD dissertation, CP2K was used to perform first-principles (enhanced
sampling) molecular dynamics simulations and energy optimisations on
zeolites and MOFs. More information about this so�ware is available at
h�ps://www.cp2k.org/ and in Ref. [194].

i-PI

i-PI is a universal force engine interface which uses a client-server paradigm
to perform (path integral) molecular dynamics simulations based on force
calculations of an external client code, such as CP2K, LAMMPS, or Yaff.
In this PhD dissertation, i-PI was used to perform path integral and ring
polymer molecular dynamics simulations in combination with both first-
principles and force field descriptions in CP2K and Yaff, respectively. More
information about this so�ware is available at h�ps://ipi-code.org/ and in
Refs. [195–197].
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LAMMPS

LAMMPS is a classical molecular dynamics code and an acronym for Large-
scale Atomic/Molecular Massively Parallel Simulator. It contains an efficient
multi-threading parallelisation and GPU acceleration, and implements var-
ious force fields and machine learning potentials. In this PhD dissertation,
LAMMPS was used in combination with Yaff to accelerate the evaluation of
long-range force field contributions. More information about this so�ware is
available at h�ps://www.lammps.org/ and in Refs. [198, 199].

MolMod

MolMod is a Python library which implements many auxiliary functions
that are useful to write molecular modelling programs. It is the underlying
library for many so�ware packages developed at the Center for Molecular
Modeling. In this PhD dissertation, MolMod was used as a library within
Yaff, TAMkin, and�ickFF.More information about this so�ware is available
at h�p://molmod.github.io/molmod/.

PLUMED

PLUMED is an open source library which implements various enhanced
sampling algorithms and free energy methods. It is interfaced with several
molecular dynamics engines, including CP2K, i-PI, LAMMPS, and Yaff. In
this PhD dissertation, PLUMED was used to perform umbrella sampling
simulations with CP2K, i-PI, and Yaff. More information about this so�ware
is available at h�ps://www.plumed.org/ and in Refs. [200–202].

PSI4

PSI4 is an open source quantum chemistry code that can be used to perform
DFT and wave function-based calculations with atomic basis sets. In this
PhD dissertation, PSI4 was used in combination with Yaff and PLUMED to
perform first-principles enhanced sampling molecular dynamics simulations
for proton transfer reactions in small molecules. More information about this
so�ware is available at h�ps://psicode.org/ and in Ref. [203].

�ickFF

�ickFF is a so�ware package developed at the Center for Molecular Mod-
eling, which allows to derive accurate force fields for molecular systems in a
quick and easy manner. Starting from an equilibrium structure and a Hes-
sian matrix, obtained from first-principles calculations, �ickFF generates
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force field parameters to describe the covalent interactions in a molecular
system. In this PhD dissertation, �ickFF force fields were used to sim-
ulate various MOFs. More information about this so�ware is available at
h�ps://molmod.github.io/�ickFF/ and in Refs. [79, 80].

RASPA

RASPA is a so�ware package that can be used to simulate the adsorption
and diffusion of molecules in flexible nanoporous materials. In this PhD
dissertation, RASPA was used to construct adsorption isotherms by means
of grand canonical Monte Carlo simulations. More information about this
so�ware is available at h�ps://iraspa.org/raspa/ and in Ref. [204].

WHAM

WHAM is a memory-efficient implementation of the Weighted Histogram
Analysis Method, which allows to compute free energy profiles from biased
molecular dynamics trajectories obtained from umbrella sampling simula-
tions. In this PhD dissertation, all one-dimensional free energy profiles were
obtained with the WHAM code. More information about this so�ware is
available at h�p://membrane.urmc.rochester.edu/?page_id=126.

Yaff

Yaff is a classical molecular dynamics code developed at the Center for
Molecular Modeling, which can be used to perform force field simulations
in different thermodynamic ensembles. In this PhD dissertation, Yaff was
used to perform classical molecular dynamics simulations and to evaluate
the interatomic energies and forces in path integral molecular dynamics
simulations in combination with i-PI. More information about this so�ware
is available at h�p://molmod.github.io/yaff/.
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