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te vermelden, meer bepaald mijn bureaugenoten Sven, Jelle en Steven. Het
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vreemde eend voelde. Jelle, jij bent een echte vriend geworden. Dat was al
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bespaard. Je daagde me niet enkel uit op wetenschappelijk vlak, maar ook
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Samenva�ing

Om te kunnen blijven voorzien aan energie- en voedselbehoe�en van de
steeds groeiende wereldbevolking is een e�iciëntere en milieuvriendelijkere
winning van energie, materialen en chemicaliën nodig. Chemische transfor-
maties door middel van katalyse is zeker één van de belangrijkste wegen in
de zoektocht naar duurzame processen. Vooral heterogene fotokatalyse is
een aantrekkelijke manier om chemische transformaties te activeren omdat
de energie rechtstreeks uit zonlicht gehaald wordt dat overvloedig en vrij
beschikbaar is. Bovendien maakt de heterogeniteit van de katalysator het
mogelijk om de producten van de katalysator te scheiden zonder dat er een
milieuonvriendelijke cyclus nodig is. Het ontwerp van heterogene fotoka-
talytische systemen die e�iciënt gebruik maken van zonlicht en selectief
chemische verbindingen activeren is dus een sleutelelement in de overgang
naar schone chemische omze�ingen. Een veelbelovend voorbeeld hiervan
is het genereren van waterstofgas uit water. Ondanks de vele voordelen
van heterogene fotokatalytische systemen hebben ze hun doorbraak in de
industrie nog niet gevonden. De grote moeilijkheid ligt in het ontwerpen van
een materiaal dat zeer actief, e�iciënt en robuust is en een groot deel van de
zonne-energie gebruikt.

Metaal-organische roosters (metal-organic frameworks of MOFs) en cova-
lente organische roosters (covalent-organic frameworks of COFs) zijn recente
klassen van nanoporeuze materialen die op een modulaire manier worden
opgebouwd uit bouwstenen. MOFs zijn hybride materialen die bestaan uit
anorganische en organische bouwstenen, terwijl COFs uitsluitend gemaakt
zijn van organische bouwstenen. Beide materialen hebben zich ontwikkeld
tot aantrekkelijke poreuze materialen voor heterogene fotokatalyse. Hun
poreuze aard en de bijbehorende enorme oppervlakte zijn gewenste eigen-
schappen om als een heterogene katalysator te functioneren. Bovendien zijn
beide materialen veelbelovend voor fotokatalytische toepassingen dankzij
hun modulaire karakter waardoor een groot aantal aan mogelijke materialen
met de gewenste optische functie kan worden geëxploreerd. Dit bouwsteen-
concept biedt een enorme kans voor moleculair ontwerp, omdat bouwstenen
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met verschillende eigenschappen op vele manieren gecombineerd kunnen
worden. Maar juist het grote aantal mogelijke materialen vormt een grote
uitdaging: hoe vind je materialen met de juiste (elektronische) eigenschap-
pen?

De beschikbaarheid van enorme rekenkracht kan vandaag het ontwerpen
van materialen met het juiste functionele gedrag vergemakkelijken door
het gebruik van ab initio computationele modellering waarbij wordt gestart
van een atomistische beschrijving. Dergelijke modellering biedt een grote
toegevoegde waarde voor het begrijpen van experimentele waarnemingen en
helpt bij het ontwerpen van betere materialen voor specifieke toepassingen.
In dit doctoraat hebben we gebruik gemaakt van dergelijke computermo-
dellering om de fotokatalytische eigenschappen van MOFs en COFs beter
te begrijpen. De fotocatalytische activiteit van een materiaal kan verklaard
worden vanuit zijn elektronische structuur die beschrij� hoe elektronen de
elektronische toestanden binnen een materiaal beze�en. De elektronische
structuur bepaalt onder meer hoe een materiaal interageert met licht en
met de reagentia, door middel van reductie- of oxidatieprocessen, tijdens
het fotokatalytische proces. Binnen dit doctoraat zijn daarom computer-
technieken gebruikt om de elektronische structuur van modulaire materialen
uit de MOF- en COF-familie te bepalen. De computationele werklast van
elektronische structuurberekeningen op de betre�ende materialen en het
grote aantal mogelijke materialen voor MOFs en COFs maakt een uitgebreide
screening echter onhaalbaar, zelfs met de huidige computationele middelen.

Het doel van dit doctoraat is dan ook de ontwikkeling van een strategie om
de elektronische structuur van MOFs en COFs rationeel te ontwerpen op een
meer e�ectieve en e�iciënte manier. Hiervoor introduceren we het orthogo-
naal onwerp van de electronische structuur (orthogonal electronic structure
engineering of OESE) in poreuze roosters, waarbij de elektronische structuur
van modulaire materialen kan worden geconstrueerd door een superpositie te
nemen van onafhankelijke (orthogonale) bijdragen van hun bouwstenen. Dit
principe maakt het mogelijk om de elektronische structuur van het materiaal
af te leiden uit de bouwstenen, en zou de weg kunnen vrijmaken voor brede
screening en ontwerpcriteria voor specifieke toepassingen, terwijl er veel
minder rekenkracht nodig is.

De geldigheid van het OESE-principe werd onderzocht voor twee modu-
laire poreuze materialen (UiO-66 en CTF), een modulair moleculair complex
(Ru(II)L3) en een gecombineerd systeem (Ru(II)L3-CTF) waarbij een fotoka-
talytisch actieve constructie wordt gemaakt op basis van een CTF en een
actief Ru-complex. We zijn gestart met UiO-66(Zr), een MOF die bestaat
uit octaëdraal gecoördineerde Zr-atomen, die Zr6O4(OH)4 nodes vormen,
verbonden via benzeen dicarboxylaat linkers. UiO-66 is een zeer stabiele
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MOF die de integratie van verschillende linkers en metalen mogelijk maakt
en bovendien in toenemende mate wordt beschouwd als potentieel fotoka-
talytisch materiaal. Uit dit doctoraat bleek dat de elektronische structuur
van UiO-66(Zr) inderdaad te vinden is door superpositie van de elektronische
bijdragen van zijn constituenten. �asideeltjesenergieën geassocieerd met
metaalnodes en organische linkers konden duidelijk worden onderscheiden,
en de elektronische structuur kon gezien worden als een combinatie van de
onafhankelijke bouwstenen. Het geval van UiO-66 is dus een duidelijk bewijs
van het concept van het OESE-principe.

De fotokatalytische activiteit van UiO-66(Zr) wordt bepaald door twee pro-
cessen, de energie die nodig is om een elektron van de linker te exciteren
(∆Eabs) en de e�iciëntie van de overdracht van dit geëxciteerde elektron
naar de metaalnode, d.w.z. de ligand-naar-metaal ladingstransfer (ligand-
to-metal charge transfer of LMCT). Deze twee processen zijn te onderschei-
den in de elektronische structuur door twee energieverschillen, ∆Eabs en
∆ELMCT , d.w.z. respectievelijk de energie die nodig is voor een excitatie
en de daarop volgende LMCT van het geëxciteerde elektron. Om een e�i-
ciënte elektronenoverdracht naar de Zr-node en dus een hoge activiteit te
verkrijgen, moet ∆ELMCT in de buurt van nul of zelfs negatief zijn. Dit
is niet het geval voor UiO-66(Zr) wat de activiteit beperkt. Bovendien is
∆Eabs van UiO-66(Zr) te groot en daarom niet geschikt voor het gebruik
van zonlicht. Het ongefunctionaliseerde, defectvrije UiO-66(Zr) is dus niet
de heilige graal in de fotokatalyse. Dankzij het modulaire karakter kan het
echter gefunctionaliseerd worden om betere fotokatalytische eigenschappen
na te streven, zoals ook uit experimenten is gebleken.

In overeenstemming met het OESE-principe kunnen beide problemen afzon-
derlijk worden aangepakt. ∆Eabs kan e�iciënt gereduceerd worden door het
incorporeren van amino gefunctionaliseerde linkers (elektronendonerende
groepen), terwijl de e�iciëntie van de LMCT verhoogd kan worden door het
incorporeren van verschillende metalen in de node, waardoor de ∆ELMCT

e�ectief gereduceerd wordt. Dit laatste werd onderzocht door de incorpora-
tie van isovalente atomen (Zr, Hf, Ti), waarbij werd geconcludeerd dat alleen
Ti de LMCT verbetert in overeenstemming met experimentele resultaten.
Verder hebben we het onderzoek uitgebreid naar de incorporatie van lant-
haniden, bekend om hun interessante licht- en katalytische eigenschappen.
Voor deze Ln-gedopeerde materialen bleek dat cerium incorporatie in de node
een lege 4f-band introduceerde binnen de oorspronkelijke UiO-66 band gap
wat aanleiding zou kunnen geven tot een e�iciënte LMCT. Op basis van de
ongevoeligheid van het lanthanidegedrag aan de chemische omgeving wer-
den vergelijkbare ladingsovergangen afgeleid voor Yb en Eu, wat suggereert
dat deze lanthaniden ook gebruikt kunnen worden om de fotokatalytische
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activiteit te verhogen.

Het is bekend dat defecten alomtegenwoordig zijn in materialen en ze een
aanzienlijk e�ect hebben op het functioneel gedrag van nanomaterialen. Dit
geldt met name voor MOFs. Het is bekend dat UiO-66(Zr) defecten door
ontbrekende linkers bevat die door het synthetisch proces kunnen worden
ingebouwd met behoud van zijn stabiliteit. Deze defecten zorgen voor on-
verzadigde metalen die interessant zijn voor de katalyse. We hebben daarom
de e�ecten van defecten op de elektronische structuur van UiO-66(Zr) bestu-
deerd en deze in verband gebracht met zijn fotokatalytische activiteit. Eerst
werd een duidelijke notatie ingevoerd om deze structuren met ontbrekende
linkers te classificeren. Deze classificatie gee� de gewijzigde nodeconfigu-
raties binnen de defectstructuur aan veroorzaakt door ontbrekende linkers.
Vervolgens hebben we aangetoond dat het gedrag van de onbeze�e Zr d-
orbitalen, die de e�iciëntie van de LMCT regelen, voor een groot deel kan
worden afgeleid uit de nodeconfiguraties die in de defectstructuur aanwezig
zijn. Hoe meer linkers per node worden verwijderd, hoe meer deze orbitalen
verlagen in energie en hoe meer het elektron gelokaliseerd wordt in de buurt
van de plaats van de ontbrekende linkers. De waargenomen verlaging van
de energie van de gelokaliseerde Zr d-orbitalen op de plaats van het defect
vermindert e�ectief ∆ELMCT en verbetert de ladingsoverdracht naar de
node en dus de fotokatalytische activiteit. Aan de andere kant blijven de
linkertoestanden vrijwel constant voor alle defectstructuren, waardoor de
absorptie-eigenschappen (∆Eabs) behouden blijven. Het e�ect van ontbre-
kende linkers bevestigde dus het OESE-principe, waarbij de elektronische
structuur kan worden afgeleid uit de bouwstenen.

Om de bredere toepasbaarheid van het OESE-principe te testen hebben we
ook de elektronische structuur van COFs onderzocht. COFs zijn een zeer
recente klasse van poreuze materialen die uitsluitend bestaan uit organische
bouwstenen. Hun eigenschappen worden teweeggebracht door hun sterke,
volledig covalente aard die zowel een hoge stabiliteit als een elektronische
koppeling veroorzaakt. Dit laatste vormt een grote uitdaging voor het OESE-
principe en is daarom een ideaal geval om de bredere toepasbaarheid ervan
te testen. Daarnaast worden COFs onderzocht voor fotokatalyse, zoals bij-
voorbeeld voor de splitsing van water. Hoewel ze geen anorganisch kata-
lytisch centrum hebben, wat hun activiteit lijkt te beperken in vergelijking
met MOFs, kan hun activiteit worden verhoogd door de incorporatie van
fotokatalytische complexen. We hebben daarom covalente triazineroosters
(covalent triazine frameworks of CTFs) bestudeerd en onderzocht hoe hun
bouwstenen de elektronische structuur beïnvloeden. Verder werden de CTFs
gefunctionaliseerd met Ru-polypyridylcomplexen, bekende homogene foto-
katalysators, om een heterogene fotokatalysators met goed gedefinieerde
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actieve sites te construeren. De heterogene constructie is een ideaal vertrek-
punt om het OESE-principe verder te testen. Hiervoor werd de elektronische
structuur van geïsoleerde fotoactieve Ru-polypyridylcomplexen, CTFs en de
uiteindelijk verkregen heterogene constructies onderzocht.

CTFs zijn een veelbelovende klasse van COFs, omdat ze thermisch en
chemisch stabiel zijn. CTFs zijn 2D poreuze roosters die gemaakt wor-
den door trimerizatie van aromatische nitrillen. Bijzonder interessant
zijn CTFs waarbij stikstofhoudende heterocyclische linkers in de struc-
tuur zijn opgenomen, aangezien deze stikstoflocaties kunnen fungeren als
ankerpunten voor verschillende moleculaire complexen en, nog belang-
rijker, het Ru-polypyridylcomplex dat hier wordt onderzocht. De Ru-
polypyridylcomplexen, Ru(II)L3, bestaan uit een Ru(II)-kation omringd door
drie heteroaromatische azines (L3) - met bipyridine als meest bestudeerde
ligand - en zijn interessante fotoactieve katalysatoren. De bidentale liganden,
die deel uitmaken van de polypyridylklasse, maken ze bijzonder aantrekkelijk
omdat ze gemakkelijk in de CTF geïntroduceerd kunnen worden. De fotoac-
tiviteit van deze complexen wordt veroorzaakt door hun langlevende metaal-
naar-ligand ladingstransfer (metal-to-ligand charge transfer of MLCT) die
wordt geïnduceerd door lichtabsorptie. Deze MLCT en de daaruit voort-
vloeiende beschikbaarheid van het aangeslagen elektron op de liganden is
de oorsprong van de goede prestaties als fotokatalysator voor verscheidene
oxidatie- of reductiereacties.

Binnen dit doctoraat hebben we de elektronische structuur van zowel de
ongefunctionaliseerde CTFs als de Ru(II)L3-complexen onderzocht en vast-
gesteld dat ook voor deze systemen de elektronische structuur voor een groot
deel kan worden afgeleid uit de afzonderlijke bouwblokken. Dit gee� aan dat
het OESE-principe tot op zekere hoogte van toepassing is op CTFs (COFs)
en Ru-polypyridylcomplexen (moleculaire complexen). Om inzicht te krijgen
in het CTF-verankerde Ru-polypyridylcomplex (Ru(II)L3@CTF), hebben we
een breed scala aan verschillende CTFs en Ru(II)L3-complexen op basis van
polypyridylen beschouwd en aangetoond dat het energetisch gunstig is om
Ru complexen op CTFs te verankeren. Een essentiële voorwaarde voor een ef-
ficiënte heterogene fotokatalysator is echter dat de fotoredoxeigenschappen
van het Ru-polypyridylcomplex bij verankering in de CTF niet veranderen.
We bevestigden dat de elektronische structuur van zowel het Ru(II)L3 com-
plex als de CTF grotendeels onveranderd blij� bij het combineren van de twee
systemen en dat de redoxpotentiaal van het fotokatalytisch complex groten-
deels dezelfde blij�. Dit is opnieuw een bevestiging van het OESE-principe,
maar nu voor de combinatie van een COF en een moleculair complex.

De Ru(II)L3@CTF is een interessant vertrekpunt voor het ontwerp van mo-
dulaire heterogene fotokatalytische systemen, omdat het laat zien dat het
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systeem in bredere zin kan worden afgesteld door het rooster zelf, maar
ook door variaties aan te brengen in het fotokatalytische complex. Het
kan interessant zijn voor toekomstige studies om de toepasbaarheid van
het OESE-concept op een breder scala van systemen te onderzoeken. Voor
Ru(II)L3@CTF werd afgeleid dat band gaps, ladingsoverdrachten en redox-
potentialen allemaal kunnen worden aangepast door het stikstofgehalte van
de verschillende bouwblokken van de katalysator te wijzigen. Een hoger
stikstofgehalte verlaagt typisch de energie van onbeze�e polypyridylniveaus
en beze�e Ru t2g niveaus, terwijl beze�e linker- of ligandtoestanden slechts
weinig veranderen. Dit gedrag maakt het mogelijk om de lichtgeïnduceerde
ladingsoverdracht te richten naar het rooster (roostergerichte-MLCT) of de
porie (poriegerichte-MLCT) door het verhogen van respectievelijk de stik-
stofinhoud van de CTF of losse Ru-liganden. De veelzijdigheid van CTF-
verankerde Ru(II)L3-complexen gee� ze daarom de mogelijkheid om een
hoge fotoredoxactiviteit te geven aan een breed scala aan doelwitreacties en
katalytische opstellingen. De verkregen inzichten kunnen derhalve de elek-
tronische opbouw van modulaire systemen, die bestaan uit een heterogene
drager die zelf modulair is maar verder kan worden gefunctionaliseerd met
fotoactieve modulaire complexen, aanzienlijk vooruithelpen.

Samengevat hebben we binnen dit doctoraat het concept van het ortogonaal
ontwerp van elektronische structuren bedacht. Daarin wordt gesteld dat
de elektronische structuur van modulaire materialen kan worden afgeleid
uit de ontkoppelde bijdragen van hun componenten. Een belangrijk bewijs
voor het OESE-principe werd gevonden in UiO-66, CTFs en moleculaire Ru-
polypyridyl complexen. Ook de verankering van Ru-polypyridylcomplexen
op CTFs toonde aan dat het principe geldig is wanneer het complex en
de sca�old als bouwstenen worden beschouwd. Het levert een potentiële
heterogene fotokatalysator op met een grote veelzijdigheid. Het OESE-
principe biedt verder een rationele ontwerpstrategie om de bouwstenen van
deze modulaire materialen af te stemmen op fotokatalytische toepassingen.



Summary

Sustaining the growing global population requires a more e�icient and envi-
ronmentally friendly harvesting of energy, materials and chemicals. Chem-
ical transformation by means of catalysis is certainly one of the main path-
ways in search of improved sustainability. In particular heterogeneous pho-
tocatalysis o�ers an a�ractive route to activate chemical transformations, as
its energy is directly harvested from sunlight abundantly present and freely
available. Furthermore, the heterogeneity of the catalyst allows to separate
the products from the catalyst without the need of an environmentally
unfriendly cycle. The design of heterogeneous photocatalytic systems which
e�iciently harness sunlight and selectively activate chemical species is thus
a cornerstone in the transition to clean chemical conversions, for example to
generate hydrogen gas through water spli�ing. Despite the main advantages
of heterogeneous photocatalysis such systems have not found their break-
through in industry. The great di�iculty lies in designing a material that is
highly active, e�icient, robust and uses a large part of the solar spectrum.

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs)
are recent classes of nanoporous materials that are made in a modular way
from building blocks. MOFs are hybrid materials made up of inorganic and
organic constituents, whereas COFs are solely made from organic building
blocks. Both materials have emerged as a�ractive nanoporous materials for
heterogeneous photocatalysis. Their porous nature and consequently large
surface area are desired properties to function as a heterogeneous catalyst.
Furthermore, these materials are promising to explore for photocatalytic
applications thanks to their modular nature, which allows to explore a large
number of possible materials with the desired optical function. This build-
ing block concept o�ers an enormous opportunity for molecular design, as
building blocks with distinct properties can be combined in multiple ways.
However, exactly the high number of hypothetical materials poses a major
challenge: how to find materials with the proper (electronic) properties?

xvii
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Today the availability of enormous computing power could help in designing
materials with the proper functional behaviour through the use of first-
principles computational modelling which uses a bo�om up approach start-
ing from the atomistic scale. Such modelling has proven to be of great added
value to understand experimental observations and to design be�er materials
for specific applications. In this PhD research we have used such computa-
tional modelling to be�er understand the photocatalytic properties of MOFs
and COFs. The photocatalytic activity of a material can be retrieved from
its electronic structure, which describes how electrons occupy the electronic
states within a material. Knowledge of the electronic structure indicates, for
example, how a material interacts with light as well as with the reagents
through reduction or oxidation processes during the photocatalytic process.
Computational techniques were therefore used within this PhD research to
determine the electronic structure of modular materials belonging to the
MOF and COF family. However, the computational load of electronic struc-
ture calculations on the materials of interest and the large number of possible
materials for MOFs and COFs makes comprehensive screenings unfeasible
even with today’s computational resources.

The overall aim of this PhD research is therefore the development of a
strategy to rationally design the electronic structure of MOFs and COFs in a
more e�ective and systematic way. We introduced the idea of Orthogonal
Electronic Structure Engineering (OESE), in which the electronic structure
of modular frameworks can be seen as a sum of independent (orthogonal)
contributions of their building blocks. This principle makes it possible to
deduce the electronic structure of the framework material from its building
blocks, and could pave the way to a wide-scope screening of materials and
design criteria for a specific application, while using much less computational
power.

The validity of the OESE principle was investigated for two modular
nanoporous materials (UiO-66 and CTF), a modular molecular complex
(Ru(II)L3) and a COF namely a CTF generating a photocatalytic active scaf-
fold (Ru(II)L3-CTF). We started with UiO-66(Zr), a MOF that consists of oc-
tahedrally coordinated Zr atoms, forming Zr6O4(OH)4 nodes, connected via
benzene dicarboxylate (BDC) linkers. UiO-66 is a very stable MOF that allows
the inclusion of genuinely di�erent linkers and metals and is increasingly
considered as a potential photocatalytic material. Within this PhD thesis we
found that the electronic structure of UiO-66(Zr) can indeed be found by su-
perposition of the electronic contributions of its constituents. �asiparticle
energy levels associated with metallic nodes and organic linkers could clearly
be distinguished, and the electronic structure could be described as a sum of
independent constituents. The case of UiO-66 is thus a clear proof for the



Summary xix

OESE principle.

The photocatalytic activity of UiO-66(Zr) is determined by two processes,
the energy needed to excite an electron at the linker and the e�iciency of
the transfer of this excited electron to the metal node, i.e. the ligand-to-
metal charge transfer (LMCT). These two processes can be characterized
from the electronic structure by two energy gaps, ∆Eabs and ∆ELMCT , i.e.
respectively the energy needed to excite an electron and subsequent LMCT
of the excited electron. In order to obtain an e�icient electron transfer to
the Zr node and thus a high activity, ∆ELMCT should be close to zero or
or even negative. This is not the case for the pristine UiO-66(Zr) material
restricting its activity. In addition, ∆Eabs of UiO-66(Zr) is too large and is
therefore not suited for the direct use of sunlight. The unfunctionalized,
defect-free material UiO-66(Zr) is thus not the holy grail in photocatalysis.
However, thanks to its modular nature, it can be functionalized to pursue
be�er photocatalytic properties, as was also seen in experiments.

In line with the OESE principle both problems could be targeted separately.
∆Eabs can be e�iciently reduced by incorporation of amino functionalized
linkers (electron donating groups), while the e�iciency of LMCT can be
increased by incorporating di�erent metals within the inorganic node, ef-
fectively reducing ∆ELMCT . The la�er was investigated by incorporation
of isovalent atoms (Zr, Hf, Ti) where it was concluded that only Ti improves
the LMCT, in line with experimental results. We furthermore extended the
search towards the incorporation of lanthanides, known for their interesting
light-based and catalytic properties. When theoretically evaluating these Ln-
doped materials, cerium insertion in the node was found to introduce an
empty 4f band within the pristine UiO-66 band gap, which could also give
rise to an e�icient LMCT. Based on the invariance of the lanthanide series on
its chemical environment similar charge-state transition levels were deduced
for Yb and Eu, suggesting that these lanthanides can be used to increase the
photocatalytic activity as well.

Defects are known to be omnipresent in materials and are know to have
a significant e�ect on the functional behaviour of nanomaterials. This is
particularly true for MOFs. In particular UiO-66(Zr) has shown to contain
missing-linker defects which can be included by the synthetic procedure
while retaining its stability. These defects create unsaturated metal sites
interesting for catalysis. We therefore studied the e�ects of defects on the
electronic structure of UiO-66(Zr) and related them to its photocatalytic
activity. First, a clear notation was introduced to classify these missing-
linker defect structures, indicating the altered node configurations within
the defect structure introduced by the missing linkers. We subsequently
showed that the behaviour of the Zr unoccupied d-orbitals, which control



xx

the e�iciency of the LMCT, can be deduced to a large extent from the types
of nodes present in the defect structure. Moreover, the more linkers per
node are removed, the more these orbitals lower in energy and the more
the electron becomes localized near the site of the missing linkers. The
observed lowering of the energy of localized Zr d-orbitals at the defect site
e�ectively decreases ∆ELMCT and improves the charge transfer to the node
and therefore its photocatalytic activity. On the other hand, the linker states
remain almost constant for all defect structures, preserving the absorption
characteristics (∆Eabs). The e�ect of missing linkers therefore corroborated
the OESE principle where the electronic structure can be deduced from the
building blocks.

To test the broader applicability of the OESE principle we also investigated
the electronic structure of COFs. COFs are a very recent class of nanoporous
materials solely composed of organic building blocks. Their properties are
induced by their strong, fully covalent nature causing both a high stabil-
ity and electronic coupling. The la�er provides a major challenge for the
OESE principle and is therefore an ideal case to test its broader applicability.
Pristine COF frameworks are also being explored for photocatalysis, more
in particular for the spli�ing of water. Although they lack an inorganic
catalytic center, which seems to limit their activity compared to MOFs, their
activity can be increased by incorporation of photocatalytic complexes. We
therefore considered covalent triazine frameworks (CTFs) and examined how
their building blocks a�ect the CTF’s electronic structure. Furthermore, the
CTFs were functionalised with Ru-polypyridyl complexes, well-known ho-
mogeneous photocatalysts, to construct heterogeneous photocatalysts with
well defined active sites. These heterogeneous sca�olds are an ideal case to
test the OESE principle. To this end the electronic structure of the isolated
photoactive Ru-polypyridyl complexes, CTFs and the finally obtained scaf-
folds were investigated.

CTFs are an especially promising class of COFs as they are thermally and
chemically stable. CTFs are 2D nanoporous frameworks made upon the
trimerization of aromatic nitriles. Especially interesting are CTFs where
nitrogen containing heterocyclic linkers are included in the structure, as
these nitrogen sites can act as docking sites for di�erent molecular complexes
and more importantly the Ru-polypyridyl complex under investigation here.
The Ru-polypyridyl complexes, Ru(II)L3, consist of a Ru(II) cation chelated by
three heteroaromatic azines (L3) - with bipyridine the most studied ligand
- and are interesting photoactive catalysts. The bidentate ligands, part of
the polypyridyl class, make them particularly a�ractive as they can easily be
introduced inside the CTF. The photoactivity of these complexes is caused
by their long-lived metal-to-ligand charge-transfer (MLCT) state induced by
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light absorption. This MLCT and resulting availability of the excited electron
on the ligands is the origin of its good performance as photocatalyst for
oxidation or reduction reactions.

Within this PhD thesis we investigated the electronic structure of both the
unfunctionalized CTFs and the Ru(II)L3 complexes and found that also for
these systems the electronic structure can to a large extent be deduced
from the individual components. This indicates that the principle of OESE
is to a certain extent applicable to CTFs (COFs) and Ru-polypyridyl com-
plexes (molecular complexes). To obtain insight into the CTF-anchored Ru-
polypyridyl complex (Ru(II)L3@CTF), we considered a wide range of di�er-
ent polypyridyl-based CTF monolayers and Ru(II)L3 complexes and demon-
strated that it is energetically favourable to anchor the Ru complexes onto
the CTF. However, an essential condition for an e�icient heterogeneous pho-
tocatalyst is that the photoredox properties of the Ru-polypyridyl complex do
not deteriorate when incorporated into the CTF sca�old. We confirmed that
the electronic structure of both the Ru(II)L3 complex and CTF stay mostly
unaltered upon combining the two systems and that the redox potential
of the photocatalytic complex remains largely the same. This is again a
confirmation of the OESE principle, but now for the combination of a COF
and a molecular complex.

The Ru(II)L3@CTF based sca�old is an interesting case for the design of
modular heterogeneous photocatalytic systems, as it shows that the system
can be tuned in a broader sense by varying the framework itself but also the
anchored photocalytic complex. It might be interesting for future studies
to explore the broader applicability of the OESE principle to a wider range
of systems. For the Ru(II)L3@CTF it was deduced that band gaps, charge-
transfer reactions and redox potentials are all strongly adaptable by changing
the nitrogen content of the di�erent components of the catalyst. A higher
nitrogen content typically lowers the energy of unoccupied polypyridyl levels
and occupied Ru t2g levels, while occupied linker or ligand states change only
li�le. This behaviour makes it possible to guide the light-induced charge
transfer to either the framework (framework-directed MLCT) or the pore
(pore-directed MLCT) by increasing the nitrogen content of respectively the
CTF or the dangling Ru ligands. The versatility of CTF-anchored Ru(II)L3
complexes therefore endows them with the capability to display a high pho-
toredox activity for a wide range of target reactions and catalytic set-ups. The
obtained insights may therefore significantly advance electronic structure
engineering of modular systems consisting of a heterogeneous support which
is in itself modular, but can be further functionalized by photoactive modular
complexes.

We can conclude that within this PhD research we have coined the con-
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cept of orthogonal electronic structure engineering (OESE) stating that the
electronic structure of modular materials can be deduced from decoupled
contributions of their components. Proof of principle for the OESE was
found in UiO-66 and Covalent Triazine Frameworks as well as the molecular
Ru-polypyridyl complexes. Furthermore, the anchoring of Ru-polypyridyl
complexes on CTFs showed the principle to be valid when considering the
complex and the sca�old as its building blocks. It yields a potential hetero-
geneous photocatalyst with large versatility. The OESE paradigm provides
a rational design strategy to tune the building blocks of these modular
materials to make them more suited for photocatalytic applications.
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Introduction

It’s a dangerous business, Frodo, going out your door. You step
onto the road, and if you don’t keep your feet, there’s no knowing

where you might be swept o� to. (J. R. R. Tolkien (1892 – 1973))

Sustaining the growing global population requires a more e�icient and en-
vironmentally friendly harvesting of energy, materials and chemicals. It is
one of the main challenges of our time to find be�er chemicals and novel
processes that reduce the overall footprint of the production industry.1, 2

Climate change is only one (big) example of how devastating non-sustainable
solutions are. Fortunately, we have witnessed tremendous advances in sci-
ences, o�ering new technological solutions which may help to sustain in our
daily energy, chemicals and other basic substances. Driven by these major
societal challenges we are facing today, there is a relentless strive to search
for sustainable and environmentally friendly solutions for processes which
have a negative footprint on the future generations.

Chemical transformations by means of catalysis is certainly one of the main
drivers in the search of improved sustainability.3 Catalysts speed up reac-
tions, lower the energy input for the transformation and reduce unwanted
by-products. Conversion of pollutants in exhaust gases and synthesis of
complex medicines from simple molecular building blocks are just two exam-
ples of its potential.4, 5 Improving existing catalysts to obtain, for example, a
higher selectivity can stepwise enhance the energy e�iciency, raw material
usage and sustainability of the transformation. However, with the quest for

3
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conversion of new feedstock, such as biomass or the quest to harvest energy
from sunlight more e�iciently, new catalysts will have to be designed in the
coming years and decades. Such technological developments are urgently
needed to design green and sustainable chemical routes and a clean energy
system.

Nanoporous materials are omnipresent within catalysis and provide a plat-
form for a broad variety of chemical conversions.6–8 According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC),9 nanoporous materials
can be categorized into microporous (diameter < 2 nm), mesoporous (diam-
eter from 2 to 50 nm) or macroporous materials (diameter > 50 nm), and are
tractable due their high surface area, porosity and chemical versatility.10, 11

They behave as crystalline sponges (see Figure 1.1) with nanoscale apertures
making them very a�ractive for catalysis.

Figure 1.1: Artistic impression of nanoporous materials compared to macro-
scopic sponges. The nanoporous material shown at the right
is MIL-53, a Metal-Organic Framework (MOF). Figure made by
Wim Dewi�e see Ref. [12].

Zeolites are to date the most studied nanoporous materials. They where
discovered by the Swedish mineralogist Alex Frederic Cronstedt13 in the 18th
century and first synthesized in 1862.14 Zeolites are combinations of purely
inorganic building blocks – tetrahedral M-O4 with M = Al, Si – forming a
crystalline framework.15 Around 200 zeolites are known and they are vital for
the petrochemical industry.16 Althrough zeolites are mostly used to convert
non-renewable fossil fuels, they will maintain to play an important role in
the conversion of new feedstock thanks to their high stability and versatility
to design complicated active sites.17–20

However, in the last decades a whole new series of nanoporous materials were
experimentally synthesized based on a building block concept.21–27 The con-
cept of Reticular Design or Reticular Chemistry was introduced in 2003 (see
Figure 1.2).28, 29 It is inspired by nature’s ability to create complex systems
with advanced functionalities using atomic-level assembly and evolutionized
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the field as a broad variety of framework materials could be made with
di�erent pore size, surface area and chemical functionalities.

Metal-organic frameworks (MOFs) are the showcase example of this concept
where organic building blocks are combined with inorganic fragments.26, 30–32

The number of materials that can be created in this way is enormous and to
date over 70000 have been experimentally synthesized whereas only a few
have been found to naturally occur.33

In 2005, Omar Yaghi discovered that it is also possible to combine solely
organic building blocks towards crystalline nanoporous materials creating
covalent organic frameworks (COFs).34 While the creation of structures
based on merely organic (metal-free) monomers is common in polymers, the
creation of crystalline nanoporous frameworks was a new concept.18, 35 The
strong covalent bonds in COFs provide a very high chemical and thermal
stability36–38 which MOF sometimes lack.39–41 The absence of metals in COFs
makes them much lighter than most other nanoporous materials while still
possessing very high surface areas. Since their early days increasingly more
COFs are being synthesized and the new materials can be made with a
large tunability in terms of functionality and porosity. Furthermore, COFs
have extended, conjugated structures which are not present in zeolites or
MOFs making them a�ractive as nanoporous organic (photo)catalysts and
electronic materials.18, 36, 37, 42–44

Figure 1.2: Reticular Chemistry: The playground for material chemistry is
comparable to building with Lego® bricks, but, on the nanoscale.
Adapted from Ref. [31] with permission from the Nature Publish-
ing Group.

The three classes of nanoporous frameworks yield a complete cycle of crys-
talline nanoporous frameworks formed by solely inorganic (zeolites), hybrid
(MOF) and solely organic building blocks (COFs) (see Figure 1.3).42 Due
to the concept of reticular chemistry used within MOFs and COFs, engi-
neering nanoporous materials is like playing with Lego®, at least from a
graphical/computational perspective. As these building blocks can be com-
bined in a multitude of ways, they can be tailored for a specific application.



6 Applications of Nanoporous Frameworks

Consequently, their great designablility makes them suited for many ap-
plications. In the next sections we restrict ourselves to MOFs and COFs,
the nanoporous frameworks of interest within this PhD thesis, for which
applications such as photocatalysis are still largely unexplored.
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Figure 1.3: Assembly of building blocks to construct inorganic, hybrid and
fully organic sca�olds, ranging from 0D to extended 3D struc-
tures. Adapted from Ref. [42] with permission of the American
Chemical Society.

1.1 Applications of Nanoporous Frameworks

The high tuneability of MOFs and COFs o�ers opportunities to design
materials for specific applications with perfectly tuned characteristics (see
Figure 1.4). Due to this high tuneability MOFs and COFs can be used in
very di�erent fields of research and their number of applications is very
broad. Here we merely give some examples of interesting applications. The
interested reader is referred to thematic issues where novel applications are
extensively discussed.18, 26, 42, 45–47

As MOFs and COFs are like molecular sponges one straight forward applica-
tions lies in gas sorption and storage. There enormous surface area surpasses
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Figure 1.4: The high tuneability of nanoporous frameworks allows these ma-
terials to be designed for specific applications requiring specific
characteristics.

that of Zeolites (500-1000 m2/g) by a significant margin (> 10000 m2/g).48

Mitigate the amount of CO2 inside our atmosphere by sequestration or the
removal of toxic gases are just two examples in which they could enable
new technological developments in the search for a more sustainable society.
Storage for energy related gases like hydrogen, on the other hand, can be
important for the transformation towards a sustainable automotive indus-
try. Also in medical applications these materials are growing in importance
where their porosity can serve as nanoencapsulators or as controlled-release
agents.49, 50

The use of their sponge like behavior can also be addressed when using
them for energy storage or electronic applications. Here particles cap-
tured in their pores combined with the framework metal, nitrogen or car-
bon sites makes them interesting for ba�eries (e.g. lithium-ion), fuel cells
and supercapacitors.51, 52 Further they can also be applied for solid-state
microelectronics,53, 54 chemical sensing55 and light-based applications.56–59

Last but not least MOFs and COFs are explored to a growing extent within
the field of catalysis where they can open totally new perspectives.44, 60–70 It is
certainly one of the main drivers in the search for sustainable applications.3

Harvesting of alternative energy sources through photocatalytic reactions
could address the global energy demand and thus the environmental issues
of today. Therefore within this PhD thesis we will explore the photocatalytic
properties in the field of heterogeneous catalysis of a selection of MOFs
and COFs (see Section 1.3). Furthermore, the possibility to use COFs as
host material to anchor photocatalytic complexes known from homogeneous
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catalysis will be investigated too (see Figure 1.5). To that end we will discuss
the basic concepts of heterogeneous catalysis and photocatalysis in the next
sections.

1.1.1 Heterogeneous Catalysis

Heterogeneous catalysis is, in contrast to homogeneous catalysis, a type of
catalysis where the phases between the catalyst and the reactants di�er,
for example a solid versus a liquid phase. In homogeneous catalysis the
separation of the catalyst from its products o�en result in an environmentally
unfriendly cycle. However, due to the di�erence in phase in heterogeneous
catalysis this can be, quite naturally, avoided leading to an improved green
catalytic route. Similar as in homogeneous catalysis, heterogeneous catal-
ysis, strives to achieve a large contact area between the catalyst and the
reagents. MOFs60–67 and COFs44, 68, 69 are increasingly explored in hetero-
geneous catalysis as they posses both the high surface area and have a broad
chemical versatility and functionality.

(c) Anchored complex(a) Coordinatively
unsaturated sites

(d) Functional group

Ce

Zr

(b) Metal substitution

(a)

Figure 1.5: The di�erent positions in nanoporous framework where single-
site catalytic reactions can take place. Adapted from Ref. [70]
with permission of the The Royal Society of Chemistry.

As for all catalysis, catalysis in MOFs and COFs requires robust catalyt-
ic/active sites, high thermal and chemical stability as well as e�icient mass
transport.64, 68, 70–72 These active sites could be incorporated within the
framework at di�erent positions (see Figure 1.5). Coordinatively unsaturated
metal sites in MOFs, for example, can be utilised as active sites and by
synthesizing the MOF with di�erent metal clusters (e.g. Ag, Zr, Co, Ti, Fe,
Cu, etc.) their catalytic activity can be tuned (see Figure 1.5a,b). In UiO-66
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these unsaturated metal sites can be included by the synthetic procedure,
while retaining its stability, through what is called defect engineering (see
further).71, 73–75 Furthermore, even lanthanide, known for their light-based
properties, can be incorporated in UiO-66 (see Figure 1.5b). This structural
inclusion of metals causes high metal loadings and reusability of the cat-
alyst which are big advantages. Besides the inorganic node of MOFs also
their organic linkers can be altered to improve the catalytic activity (see
Figure 1.5d).76–78

COFs, on the other hand, do not contain these reactive metals and despite
having some intrinsic catalytic activity70, 79, 80 their activity can be increased
by including inorganic moieties within the COF. This can be performed by
guest inclusion within the pore, however, this would reduce the porosity
which is undesirable. A more e�icient way is to functionalise COFs with
well-known homogeneous catalysts, such as metal complexes, which may
enhance their reactive power (see Figure 1.5c). As such, the specific catalytic
properties of some homogeneous complexes could be combined with the
advantage of a heterogeneous support, i.e. avoiding unwanted separation
processes, possible high metal loading and reusability. Furthermore, well-
known deactivation routes by complexation of several organometallic com-
plexes would be avoided.

To conclude, MOFs and COFs are an interesting playground for catalysis
as they are chemically versatile due to their tuneability. They o�er a lot
of potential to induce a transformation from energy intensive and polluting
processes to green and sustainable alternatives.

1.1.2 Heterogeneous Photocatalysis

One of the main goals within this PhD thesis is to study the electronic struc-
ture of MOFs and COFs for its application within the field of photocatalysis.
Photocatalysis may o�er a more sustainable alternative to activate chemical
transformations, as its energy is directly harvested from sunlight.81–84 Fur-
thermore, photocatalysis may be performed with a continuous flow set-up
having the advantage of be�er penetration by light and higher photon fluxes
trough the material compared to a batch reactor, see Figure 1.6 (le�).85–88

Yet visible light heterogeneous photocatalysis has to date not found its
breakthrough in industry.89 The great di�iculty lies in designing a material
that is highly active, e�icient, robust, uses a large part of the solar spectrum
and has a reasonable cost.56

The versatility of MOFs and COFs o�ers the opportunity to tune the ma-
terials towards photocatalytic applications, however, this requires a fun-
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Figure 1.6: Experimental set-up of continuous flow heterogeneous photo-
catalysis (le�). The light interacts with the crystalline solid
material in which an electron-hole pair is created. These charge
carriers are subsequently separated and cause two reactions, for
example generating hydrogen and oxygen from water (right).

damental understanding of the three fundamental steps that take place in
transforming solar in chemical energy (a photocatalytic reaction):90

– 1st step: Absorption of light creates an electron and hole
– 2nd step: Separation and migration of charge carriers (electron and

hole)
– 3rd step: Charge carriers initiate two reactions at di�erent active sites

All three steps require understanding the electronic structure of the photo-
catalyst. Within this PhD thesis we therefore studied the electronic proper-
ties of a subset of MOFs and COFs to obtain a fundamental understanding
in the three steps of photocatalysis. To that end we give a brief summary on
the basic concepts of the electronic structure of both extended materials and
molecules.

In an extended, periodic material electrons are confined to continuous energy
bands and forbidden regions. Between the highest occupied energy band,
the valence band, and the lowest unoccupied band, the conduction band,
a forbidden region can occur which is called the band gap. In standard
solid-state terminology materials are classified based on this gap in three
groups: metals, insulators and semiconductors (see Figure 1.7). A molecule,
on the other hand, which is spatially constrained, has a completely di�erent
electronic spectrum. A discrete, spectral density is observed, in contrast to
the band representation of solids (see Figure 1.7). Still they have a highest
occupied molecular orbital (HOMO) and a lowest unoccupied molecular
orbital (LUMO) between which a gap is observed.

In both solid-state semiconductors and molecular systems an electron can
be excited from an occupied to an unoccupied state. In photocatalysis this
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Figure 1.7: Schematic representation of the electronic structure of di�erent
kinds of materials. Adapted from Ref. [90] with permission of
the Wiley Publishing Group.

energy (hν) is supplied, ideally, by visible light (ν part of the solar spectrum)
and causes an exciton, an electron-hole pair (1st step). The band gap or
HOMO-LUMO gap quantifies the energy necessary to create it. The second
step is the separation of both electron and hole, the charge transfer. The
charge transfer decreases the chance of a fast recombination which would
destroy the catalytic activity. Separating the electron-hole pair circumvents
it and the electron and hole can migrate through the materials towards the
active site, a surface or metal (see Section 1.1.1). There they interact with
the reactants initiating the photocatalytic reaction. Photocatalytic water
spli�ing represents such a promising reaction, see Figure 1.6 (right), in which
clean energy is produced from water by generating hydrogen and oxygen
using only sunlight.79, 91–95

Natural photosynthesis is the prototype example of an e�icient process
based on solar energy. It uses a highly complex set of hierarchically as-
sembled units to convert solar into chemical energy by combining the three
steps. Nanoporous frameworks, more particularly MOFs53, 56, 57, 96–98 and
COFs,99, 100 also represent such an assembled photosystem by its distinct
building blocks. They are emerging classes to be used as heterogeneous
photoactive materials as they are highly tunable, have large surfaces and
can combine a photosensitizer and catalytically active centers into one
material.53

An important problem when designing photocatalysts is the lifetime of the
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photogenerated charge carriers (step 2). Indeed, the activity of the material,
when excited, is highly determined by it.101 To increase the lifetime, the
created exciton has to be separated, to prevent fast recombination of its
composing electron-hole pair.102 The modular nature of MOFs allows to
achieve this by e.g. a fast migration of an electron excited at the linker to
the node or the other way round, see Chapter 3 for UiO-66. This ligand-
to-metal charge transfer (LMCT)58, 101 has been discussed as one of the main
mechanisms underlying the photocatalytic activity of MOFs.57 An alternative
solution to create photoactive centers in nanoporous frameworks is to intro-
duce additional components to the framework, either anchored or contained
in the pore.18, 53, 70, 72, 103–106 In both cases tuning the framework/framework-
complex allows the alteration of a directional energy transfer along a prede-
fined pathway beneficial for photocatalysis.

Within this PhD thesis molecular modelling will be used to obtain a deep
understanding of the electronic properties of a selected set of MOFs and
COFs. Furthermore, it will be studied in how far modifications to molecular
building blocks alter the electronic properties of the assembly framework.
The study of this subject may finally lead to engineered nanoporous frame-
works optimal for photocatalytic applications.

1.2 Computational Modeling

From an experimental viewpoint one can deduce the macroscopic proper-
ties of a material by measurements, however, it is extremely di�icult to
unravel the atomic-level triggers causing them. Computational modelling,
on the other hand, starts from a bo�om up approach using atomistic mod-
els which should be representative for the material’s function observed
experimentally.107 Such modelling has proven to be a great added value to
understand experimental observations and to help designing be�er materials
for specific applications.108–113

Additionally, computational modelling can be very fast, which makes large-
scale (high-throughput) screening of materials possible114, 115 and has con-
tributed to the large material database and tools available today.116–122

They allow the discovery of materials that would not have been found
with the generally slower experimental studies that most o�en take place
through trial and error or a stepwise optimization of existing materials. CO2
capture,123 hydrogen,124, 125 methane126 and oxygen storage,127 as well as Li-
ion ba�eries,128–132 and electrocatalytic materials for hydrogen evolution133

are just a few examples of studies where high-throughput screening allowed
to identify new structures that outperform current materials.
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Lastly modelling has also the advantage to construct materials in a method-
ological way, for example by changing only one constituent, and inspecting
how their properties depend on it. The acquired insight can subsequently
lead to design criteria and therefore towards both a more rational screening
and design.134–136

Besides all its advantages molecular modelling has its drawbacks just as
experiments. The finally obtained accuracy i.e. the correspondence with
experiments, of a model depends on the approximations made. The more
accurate, the more computational demanding the used physical model typi-
cally is. Such a more complicated physical model, where less approximations
are made, is only applicable to systems of smaller size containing less atoms.
In this sense it is impossible to determine every property of a large set of
materials - existing or hypothetical - from theoretical point of view with very
high accuracy.

Figure 1.8: Schematic overview of length and time scales of methods going
from purely quantum mechanical (QM) based to molecular me-
chanics (MM). Adapted from Ref. [70] with permission of The
Royal Society of Chemistry.

This idea is illustrated in Figure 1.8 where a typical length-time scale plot
is shown, indicating that the most accurate methods are only feasible to
apply on systems of small to moderate size and can only be followed during a
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limited timespan during a molecular dynamics run. The larger the time scales
the coarser the models become, eventually leading to continuum models.

Force fields may be categorized into computationally inexpensive models
as they neglect the electrons by considering an e�ective potential in which
the nuclei move. They therefore reduce the computational resources signifi-
cantly. Using this methodology record breaking system sizes with more than
a billion of atoms have been simulated.137 Evidently they are not suited to
describe electronic properties as they neglect the electrons and are therefore
not suited for the purpose of this PhD thesis.

�antum mechanically based methods are necessary to model the elec-
tronic structure of a material. Such methods are also computationally
much more expensive. Density-functional theory (DFT) is one of the most
prominent many-body techniques used in literature,138, 139 see Chapter 2
for a detailed description. It provides a methodology with a good trade-o�
between between speed and accuracy140 and is widely used in a variety of
molecular modelling situations. However, based on the choice of method
within DFT, the accuracy may vary and the results may not necessarily be
in good agreement with experiment.12, 141 Dedicated studies on error esti-
mation for various DFT based methods are available in literature.140, 142–144

An important observation is that the mismatch between theory an experi-
ments is less pronounced when investigating qualitative trends, due to error
cancellation.101, 110, 111, 145–147 This is an important observation in the context
of this PhD research, as our results mainly focus on trends and variations
when modifying candidate photocatalyst structures.

Note that besides DFT, other more accurate methods exist to investigate
the electronic structure (see Figure 1.8), such as Green function based
methods.141, 148 However, these methods are computationally very demand-
ing and quickly become unfeasible for our system sizes of 100-500 atoms.
Apart from the specific goals of this PhD thesis namely calculating the
electronic structure of framework materials, DFT has been successfully used
to describe the anisotropic elastic properties149 and mechanical stability150 as
well as the dielectric response151 and the band gap changes in MOFs.152 The
interested reader is referred to Refs. [107, 153] for a more extensive overview
of the applications of DFT within the field of nanoporous materials.

1.3 Goals of this PhD Research

This PhD research focuses on the electronic structure of MOFs and COFs,
which o�er an enormous opportunity to design due to their modular build-
up. Engineering these materials in a constructive way requires choosing its
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building blocks such that their combination yields the desired properties.
The number of possible materials constructed in this way scales exponen-
tially with the number of building blocks. Exploring all these materials
can be performed by high-throughput calculations, for example done for
gas storage,135, 136, 154–156 but a more comprehensive screening, for example
by including the electronic structure properties, becomes unfeasible even
with today’s computational resources. In this PhD thesis we are therefore
interested in how the electronic structure of framework materials are a�ected
by modifying their constituents.

To illustrate the impractical size of possible materials for a screening study
we give the example for the UiO-66 material, one of the most stable MOFs
available today (see Figure 1.9 (le�)). Suppose we consider the UiO-66 type
MOFs with 10 di�erent linkers, 15 nodes (lanthanides, Zr, Hf and Ti) and the
possibility of 42 missing linker defects configurations. The total number of
materials that can be generated would already exceed 7500 only for this one
MOF. In addition, a single electronic structure calculations at the DFT level
would already consume more than 2500 CPU hours, a calculation of typically
a few days on current supercomputers. From this example it becomes imme-
diately clear that such procedure becomes unfeasible to use for screening
purposes. In this respect, the number of calculations can be drastically
decreased if we understand how the properties of the constituents transfer
to the parent material (67 calculations in the above-mentioned example). If
it would be possible to deduce the electronic structure of the framework
material from its building blocks, this could pave the way to a wide-scope
screening of materials and to design materials for a specific application, albeit
using much less computational power. The development of such a strategy
to rationally design the electronic structure of MOFs and COFs in a more
e�ective and systematic way is precisely the goal of this PhD thesis.

In literature, earlier studies already noted that the electronic properties of
modular materials may be derived from their building blocks. Such obser-
vations were predominantly made in MOFs but also in some other modu-
lar materials where a lack of electronic coupling or hybridization between
constituents152, 157–159 as well as a lack of conductivity was observed.157 This
inspired us to propose the idea of Orthogonal Electronic Structure Engineering
(OESE), in which the electronic structure of modular frameworks can be seen
as a sum of independent (orthogonal) contributions of its building blocks (see
Section 3.1 of Chapter 3).

This concept should be most evident in MOFs and we will therefore start by
investigating it in the UiO-66 type framework (see Figure 1.9 (le�)). UiO-
66 is a experimentally and computationally well studied MOF which gives
us the additional advantage that it provides a good basis to benchmark the
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Figure 1.9: Overview of the considered materials to demonstrate the con-
cept of Orthogonal Electronic Structure Engineering (OESE). The
study of UiO-66, our proof-of-concept MOF material, resulted
in Papers I, II while everything a�er the dashed line (the COF,
complex and their combination) is discussed in Papers III, IV.

calculations performed in this PhD thesis with literature data. UiO-66 can be
systematic altered by changing its linker or node (see Figure 1.10) for which
already some literature was available at the start of this PhD research. We
have extended the calculations from literature to include also the lanthanides
and study the e�ect of missing linkers on the electronic structure. The
work on the lanthanides was inspired by experimental work performed at
LumiLab where they examine them for light-based properties.160–162 How-
ever, the lanthanide series is also an interesting set of atoms for its catalytic
applications,163–165 making them highly a�ractive for incorporation in UiO-
66 for photocatalytic applications (see Figure 1.5b).

As all crystals contain defects this is also the case for MOFs and partic-
ular for UiO-66. In UiO-66 missing linkers can be included by the syn-
thetic procedure, while retaining its stability, through what is called defect
engineering.73–75 These defects create unsaturated metal sites which can be
utilised as active sites (see Figure 1.5a). It is therefore important to know how
these defects alter the electronic structure and if they can even open new
opportunities. We therefore studied the e�ects of defects on the electronic
structure of UiO-66 and relate it to its photocatalytic activity. All considered
variations, both on the inorganic as organic building blocks of UiO-66 (see
Figure 1.5) will serve as a benchmark and proof of concept for the OESE
paradigm.

At second instance a�er carefully testing of the OESE principle, we aim to use
the OESE principle to obtain design criteria for photocatalysis. The intention
is to identify building blocks that increase the e�iciency of UiO-66 for which
the unaltered pristine material has only a limited photocatalytic activity. In
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Figure 1.10: Overview of the considered materials and their building blocks
to demonstrate the concept of Orthogonal Electronic Structure
Engineering (OESE). The study of UiO-66, our proof-of-concept
MOF material, resulted in Papers I, II while everything below
the dashed line (the COF, complex and their combination) is
discussed in Papers III, IV.

literature, for example, it is seen that Ti substitution increases the photo-
catalytic activity of UiO-66. Lanthanide substitution might increase it as
well. Furthermore, the incorporation of the missing-linker defects i.e. linkers
missing between the nodes of UiO-66, will alter the node configurations and
create more accessible active sites. It is therefore investigated in how far
defects alter the electronic structure to be more suited for photocatalytic
applications.

At third instance, again inspired by an ongoing collaboration with the exper-
imental group of Prof. Van Der Voort, the principle of OESE is explored for
covalent triazine frameworks (CTFs), a group of frameworks belonging to the
class of COFs (Figure 1.9 (right)). These frameworks, like all COFs, are formed
by purely covalent bonding and therefore possess a stronger hybridization
or electronic coupling between their constituents, a challenge for our OESE
principle. We will examine the e�ects on the CTF’s electronic structure by
altering its building blocks (see Figure 1.10) in a similar way as was done
for UiO-66. However, as COFs do not contain reactive metals they have
been seen to only possess a limited catalytic activity.70, 79, 80 We will therefore
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functionalise the CTF with a well-known homogeneous photocatalyst, the
Ru-polypiridyl complex (Figure 1.9 (right)). This complex itself is modular
as various ligands can be used to coordinate to the ruthenium center. The
OESE is therefore investigated on the isolated Ru-complex for these di�erent
building blocks (see Figure 1.10). In a next step, the OESE principle will be
applied to the hybrid inorganic-organic sca�old, where the inorganic com-
plex is anchored to the organic framework material. The COF materials are
very stable materials and provide a versatile platform for electronic structure
engineering. We aim to investigate in how far the OESE principle works when
using these broad variety of building blocks. The conclusions may be used
to rationally design the Complex@COF compound for photocatalysis in a
similar way as was done for UiO-66.

To summarize the aim of the PhD thesis consists in introducing the concept
of OESE and using it to systematically investigate the electronic structure of
modular materials. We will assess to what extend it is valid by applying it to
di�erent materials (MOF, COF, Coordination Complex) where the resulting
insights will allow us to construct design criteria and bring rational design of
the electronic structure of modular materials within reach.

1.4 Outline

The remainder of this PhD thesis is organized as follows:

– In Chapter 2, the computational methods which are used in this
PhD thesis are introduced to investigate the electronic structure of
nanoporous frameworks.

– In Chapter 3, the major research results obtained during this PhD are
presented. Most of these results were published in international peer-
reviewed journals, which can be found in Part II.

– In Chapter 4, the main conclusions of this PhD research and an outlook
to future research is given.



2
Computational Methods to Study

the Electronic Structure

I have been impressed with the urgency of doing. Knowing is not
enough; we must apply. Being willing is not enough; we must do.

Leonardo Da Vinci (1452 - 1519)

As discussed in the previous chapter computational modelling allows to
deduce molecular level insight in material properties. It therefore o�ers infor-
mation that is hard to assess through experiments. The electronic structure,
the property of interest within this PhD research, is exactly of this nature. In
this chapter we outline the computational methods used in this PhD thesis
and elucidate which theory and strategies are used to obtain the results of
Chapter 3. We do not provide a complete overview and the interested reader
is referred to additional references and textbooks mentioned in the various
sections.

2.1 �antum Theory

We start this chapter with the main theory used in this PhD thesis which
is quantum theory. �antum theory has revolutionized our understanding
of molecules and solid-state materials by its success in describing many
properties. The theory is embodied by the time-dependent Schrödinger

19
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equation166

i~
∂

∂t
Ψ(x, t) = ĤΨ(x, t) (2.1)

with Ĥ the Hamiltonian, describing all fundamental interactions of the phys-
ical quantum system and Ψ(x, t) the wave function. The la�er encompasses
all the information of the system, specified by the former, as a function of
time (t) and a general set of variables (x). For molecules and solid-state
materials it contains the fundamental interactions between electrons (e) and
nuclei (N). They correspond to both a�ractive (V̂Ne) and repulsive (V̂ee, V̂NN )
Coulomb potentials (V̂ ) as a function of the electronic and nuclear coordi-
nates (r and R, respectively) as well as their kinetic energy (T̂e, T̂N ). When
the Hamiltonian contains no time dependence it further enables a set of
stationary solutions found by solving the time-independent Hamiltonian[

T̂e + T̂N + V̂ (r,R)
]

Ψ(r,σ,R) = EΨ(r,σ,R), (2.2)

V̂ = V̂ee + V̂NN + V̂Ne. (2.3)

where σ indicates the spin of the electrons.

When obtaining the wave function Ψ(r,σ,R) of Eq. 2.2 one can deduce
all material properties and finally molecular level insight. However, the
complexity makes assumptions necessary. The first approximation is called
the Born-Oppenheimer approximation167 in which the coupling between the
motion of the nuclei and the electrons is at first instance neglected based
on the large di�erence in mass between the two types of particles. This
transforms the Schrödinger equation in two independent equations, a part
depending on the nuclear coordinates (R), see Eq. 2.4, and a part depending
on the electronic coordinates and spin (r,σ), see Eq. 2.5, where the nuclear
configuration is considered as a parameter[

T̂N + E(R)
]
χnm(R) = Enχnm(R), (2.4)[

T̂e + V̂ (r,R)
]
ψn (r,σ,R) = En(R)ψn (r,σ,R) . (2.5)

To obtain the electronic properties of a material we need to solve the elec-
tronic part of the Schrödinger equation (see Eq. 2.5). The most straight-
forward approach is to try to find the electronic wave function. The big
downside of this strategy is that the number of variables to describe the
wave function increases exponentially with the number of electrons, i.e. an
exponential wall is observed.168 To mitigate this phenomenon a wide range
of approximations exist, such as (post-)Hartree-Fock (HF), coupled-cluster169

(CC) or more recently the Density Matrix Renormalization Group170 (DMRG)
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and Tree Tensor Networks (TTNS).171–174 The overall advantage of these
methods is their high accuracy. However, due to their complexity they cause
an immense increase in computation load and are therefore unfeasible on
large system sizes, such as MOFs and COFs.175 We conclude that trying to
find the wave function is not a good approach for the materials we want to
consider.

2.2 Density-Functional Theory

Here density-functional theory (DFT) comes in, providing a simpler way to
solve the many-body problem (Eq. 2.5). DFT exploits the fact that the ground-
state density contains as much information as the ground-state many-body
wave function. The advantage is that the density is a function of just three
spatial variables, which in comparison to the ground-state wave function,
does not increase in complexity when increasing the particle number N. The
exponential wall is thus avoided.

Note that in its most general form, the density can be separated into up and
down spin contributions. However, for clarity, we will limit our explanation
to a spin-unpolarized formalism. For more information on how to treat the
dependence on spin, we refer to the book of Martin et al.176

The theory is founded on the Hohenberg-Kohn theorems138 which prove
a one-to-one mapping between the ground-state electronic density n(r),
the ground-state electronic wave function ψ(x) and the external poten-
tial V̂eN (r,R). Furthermore, it provides a formal way to variationally derive
this ground-state electronic density by writing the ground-state energy as a
functional of the density,

E = E[n] = 〈ψ[n]|T̂e + Û + V̂Ne|ψ[n]〉, (2.6)

Û = V̂ee + V̂NN , (2.7)

and minimizing this expression. However, the interaction term Û and the
electronic kinetic energy T̂e are not known as a functional of the density and
to obtain a solution approximations are needed.

The most common approximation is to replace the true unknown electronic
kinetic energy (T̂e) by that of a non-interacting system (T̂s), and the repulsive
electronic Coulomb interaction (V̂ee) by the Hartree energy (EH ), the mean-
field electrostatic interaction energy of the charge distribution n(r). The
remaining correction terms, which can be viewed as a small perturbation,
are then grouped in an unknown exchange-correlation (XC) term Exc

E[n] = Ts[n] + VNe[n] + EH [n] + Exc[n]. (2.8)
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Many approximations exists for the XC functional. In principle if we would
be able to estimate the exact form of the XC functional, DFT would be an
exact theory, however, in practice one needs to make approximations for this
functional. The XC term can in a first approximation be estimated from the
uniform electron gas which is referred to as the local density approximations
(LDAs). Further improvements in the XC functional include terms that also
depend on the gradient of the density and are called generalized gradient
approximations (GGAs). The particular choice of the used approximation
for the XC functional determines the accuracy of the predicted material
properties and the field of developing be�er functionals is very active.177–179

Nowadays a wealth of functionals exist with over 200 functionals present.
In this sense large-scale tests are available for a variety of systems.180–182

Last but not least the choice of the XC functional always has to balance its
computational cost versus the desired accuracy (see Chapter 1, Section 1.2).

Irrespective of the approximation for the XC functional the energy minimisa-
tion problem as a function of the density (see Eq. 2.6) is also hard to solve. The
Kohn-Sham (KS) scheme simplifies this minimisation procedure. The scheme
goes one step back by reintroducing a wave function-like quantity. Instead
of applying the variational principle directly to the ground-state density, the
density is expressed in terms of single-particle orbitals in a non-interacting
system. This is achieved by reinterpreting Eq. 2.8 as the energy functional of a
non-interacting system. The e�ective potential veff of that system contains
the functional derivative of respectively the XC functional (vxc), the Hartree
energy (vH ) and the external potential (vext),

veff = vext + vH + vxc, (2.9)

whereas the single-particle wave functions are found based on the following
equation [

−1

2
52 +veff [n](r)− εj

]
φj(r) = 0. (2.10)

The density is then derived from the single-particle wave functions of the
non-interacting system as

n(r) =
occ∑
j

|φj(r)|2. (2.11)

Eq. 2.10 also explicitly indicates that the e�ective potential, veff , depends on
the density, which results from the Kohn-Sham orbitals that the equations
aim to solve for. The problem therefore has to be solved self-consistently.
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Practically these coupled Kohn-Sham equations are solved by proposing a –
well chosen – basis set in which the Kohn-Sham Hamiltonian is diagonalized.
This last part is computationally demanding and in order to reduce the
computational e�ort a good basis set is essential. A good basis set means
that it is able to accurately describe the density of the system with only
a limited number of basis functions. In a periodic solid, which is an in-
finitely extended material, the plane-wave basis set arises naturally through
symmetry arguments whereas for molecules a localized basis set is most
o�en used. In both cases the core-state wave functions are very localized,
and in case of a plane-wave basis set a large number of plane waves are
necessary to describe them. On the other hand in both cases these core
states are less mandatory to describe the chemical binding and luminescent
properties. Making use of both observations these core states can be treated
in a di�erent way than the valence electrons in order to reduce the number
of basis functions. In all-electron methods this is handled explicitly by con-
structing basis functions that are restricted to a specific energy range, such as
linearized augmented plane wave (LAPW),183–186 or basis functions treating
core and valence states on equal footing (e.g., by using numerical atomic-like
orbitals). In contrast pseudization approaches, such as pseudopotentials187

and the projector-augmented wave (PAW) method188, 189 derive a (valence)
problem where fewer basis functions are needed. These methods reduce the
computational load significantly.

The periodic simulations in this PhD thesis were performed with
VASP190 in the PAW formalism.189 Cluster models were calculated us-
ing the Gaussian 16 so�ware191 using various localized basis sets and
pseudopotentials.

2.3 Time-Dependent Density-Functional Theory

The interaction of a material with a time-dependent electromagnetic field,
such as light, can not be studied by DFT as it is a time-independent the-
ory. DFT provides an, in principle, exact solution to the time-independent
Schrödinger equation and time-dependent density-functional theory (TD-
DFT) provides its extension to the time-dependent Schrödinger equation.192

TD-DFT can therefore be used to study the properties and dynamics of many-
body systems in the presence of time-dependent potentials, such as light,
and is able to extract excitation energies, response properties and photoab-
sorption spectra. Furthermore, it can calculate the transition probability,
commonly known as the oscillator strength, which expresses the probability
of absorption or emission of electromagnetic radiation.
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TD-DFT is founded on the Runge-Gross theorem193 and similar to the first
Hohenberg-Kohn theorem in DFT it establishes a one-to-one mapping be-
tween the time-dependent density and the time-dependent external poten-
tial. This time-dependent external potential can be a�ributed to a time-
dependent electric or magnetic field for which the response properties are
determined. Excitation and emission spectrum can therefore be determined
by deducing the resonant frequencies of such a field together with their
oscillation strength. These are determined by a time-dependent variant of
the Kohn-Sham equation and applying linear-response theory to it, most
commonly implemented following the formulation of Casida.192

Similarly to DFT, TD-DFT has proven an a�ractive technique thanks to
its acceptable computational cost for relatively large-size systems. Ap-
proaches such as Green’s function theory194 are much more expensive (see
Section 2.5.4). However, whereas the la�er provides similar accuracies in
extended195 and finite systems,196, 197 TD-DFT for periodic materials remains
a challenge.198, 199 The big hurdle for periodic or extended materials is not
only due to the increased computational cost but more fundamentally due
to the breakdown of the Runge-Gross theorem.200, 201 TD-DFT is therefore
mainly applied to molecular systems202 where it is able to reasonably repro-
duce the shape of the excitation spectra. The main o�set between theory
and experiment originates from the used functional.203, 204 In this PhD thesis
we will therefore use TD-DFT for molecules, complexes and cluster models,
in order to deduce the oscillator strengths as well as the photoabsorption
spectrum to extend our DFT calculations (see Section 3.4).

Excited states have been investigated with the Gaussian 16 so�ware191

adopting the time-dependent DFT scheme (TD-DFT)193 within the
linear-response approach due to Casida.205

2.4 The Electronic Structure

In an extended, periodic material electrons are confined to continuous energy
bands separated by forbidden regions. In contrast, for a molecule a discrete
spectrum is observed (see Section 1.1.2). The electronic structure of a mate-
rial, a solid or a molecule, represents the energies of these states as a function
of the wave vector of the electronic wave. It is commonly displayed among
lines in that wave-vector space (see Figure 2.1) representing a band of acces-
sible energies, the band structure. Nevertheless, this picture is based on an
approximate description of the solid under study. The approximation consists
in replacing the complicated many-body system (Eq. 2.5) by an independent-
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particle model of quasi-particles i.e. weakly interacting particles which be-
have quasi independently. For example, an electron within a semiconductor
behaves like an independent electron with a di�erent mass (e�ective mass),
a quasi-particle, travelling unperturbed through the semiconductor.
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Figure 2.1: Band structure and density of states of UiO-66(Zr) calculated
with the PBE functional. The 1st Irreducible Brilouine Zone
(IBZ) is given in the inset (le�) indicating the lines along which
the dispersion relation is plo�ed. The projections of the band
structure and density of states on the atomic orbitals is shown
by color (see legend) and represents respectively the local band
structure and local density of states.

2.4.1 Electronic Band Structure

In DFT it is the Kohn-Sham e�ective potential that generates this
independent-particle model. When solving the Kohn-Sham equation in a
periodic solid the symmetry of the Kohn-Sham Hamiltonian corresponds to
its la�ice and for such a Hamiltonian the eigenstates are so-called Bloch wave
functions

ψn,k(r) = un,k(r)eik · r, (2.12)

where the function un,k(r) fulfills the translational symmetry of the la�ice
and k and n are respectively a continuous and discrete quantum number
called the wave vector and the band index. Applying these eigenstates to the
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Kohn-Sham equation (Eq. 2.10) gives[
1

2
(
5
i

+ k)2 + veff (r)

]
uk,n(r) = Ek,nuk,n(r). (2.13)

The energies of these Bloch wave functions therefore show the dispersion
relation (Ek,n) mentioned above as a function of k and n. The symmetry
of the material under consideration further restricts the wave vectors k that
we need to consider to the 1st Irreducible Brilouine Zone (IBZ) (see the inset
of Figure 2.1 (le�)). For visualization purposes this dispersion relation is not
displayed for all k values but only along the border lines of the 1st IBZ (high-
symmetry lines) representing the band structure (see Figure 2.1).

The band structure can also be measured experimentally by using Angle-
Resolved Photoemission Spectroscopy (ARPES)206, 207 and probes these
quasi-particle states. Note, however, that for MOFs and COFs, the materials
of interest within this PhD thesis, ARPES measurements are hindered due to
the lack of large, high-quality single crystals. For materials where ARPES
measurements are possible, the assumption is now that the Kohn-Sham
scheme for the electrons is a reasonable approximation for the ARPES quasi-
particle states, as both should provide a good approximation for the density.
Consequently the Kohn-Sham electronic band structure is assumed to be
a good approximation for the experimentally determined band structure.208

Until today there is still a lot of research ongoing on the meaning of Kohn-
Sham orbitals and whereas they were once completely considered as just
a mathematical tool it is now believed that they do possess these physical
properties (see also Section 2.5).209, 210

2.4.2 Density and Local Density of States

The band structure contains more information than is o�en necessary. In
many cases, it is su�icient to know up to what energy level the possible states
are filled. This information can be retrieved from the dispersion relationEk,n

and is called the density of states (DOS). It represents the number of states
within an energy interval [E,E + dE] per unit cell volume (Ωcell) as

D(E) =
Ωcell

(2π)3

∑
n

∫
dkδ(E − E(k, n)). (2.14)

The electron density corresponding to an energy range within the DOS can
be related to it by only considering those ψn,k in that energy range. Using
the Bloch functions, this becomes

n(r) =
Ωcell

(2π)3

∑
n

∫
dk|ψn,k(r)|2. (2.15)
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Therefore the density corresponding to a peak observed in the DOS can be
plo�ed by summing over the corresponding squared moduli of the orbitals
in the energy interval of such a peak (see Figure 2.2).

However, the DOS is a very condensed form of a material’s electronic struc-
ture and additional knowledge can be acquired by considering the local
density of states (LDOS). It expresses how many states are accessible in an
atom-like orbital φα,µ with µ its quantum numbers and α the atom around
which it is centred. Properties related to atomic orbitals allow for a much
easier interpretation of chemical concepts. Furthermore, by considering the
summed orbital densities centred on specific atoms we can deduce where the
electron is localized across the structure (see Figure 2.2). To obtain the LDOS
per unit cell, we write Eq. 2.14 as

D(E) =
∑
α,µ

Dα,µ(E), (2.16)

where

Dα,µ(E) =
Ωcell

(2π)3

∑
n

∫
|〈ψn,k|φα,µ〉|2δ(E − E(n,k))dk. (2.17)

In this expression 〈ψn,k|φα,µ〉 is the projection of the Kohn-Sham wave
function ψn,k onto the atomic orbital φα,µ where its modulus squared gives
a measure of the orbital-like character.

The density and local density of states were calculated with VASP.190

The post-processing was performed using both HIVE211 and the Pymat-
gen so�ware packages.122

2.5 Theoretical and Experimental Electronic Levels

The easiest way to probe the electronic structure of a material is by in-
vestigating how it interacts with an incident light beam. When light with
su�icient energy hits the material it can cause electrons to transition between
two electronic states. The excited state is what is called an excitation (see
Section 1.1.2). This excitation can subsequently relax and transition back to
its original state where in the process light can be emi�ed. In this last section
of Chapter 2, we discuss the link of the characteristics of these processes with
the results obtained out of the DFT calculations. In particular we identify and
discuss energy levels and excitations with an important physical significance.
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Figure 2.2: Density and local density of states shown for a Ru(II)bipm2phen1

complex anchored on a phen3 framework (le�). The local density
of state is calculated based on the site DOS of the building blocks
of both the framework and the complex (right, bo�om). The
local density of states therefore elucidates the character of the
lowest unoccupied state centred on the ligands within the pore of
the framework and the highest occupied state of the ruthenium
complex. Its corresponding density is visualized in the top right
pane. Adapted from Paper I [Ref. 146] with permission of the
Royal Society of Chemistry.

2.5.1 Energy Gaps

The electronic structure of a material expresses which states are accessible
within the material. A discrete spectrum, continuous energy bands and
forbidden regions can be observed (see Section 1.1.2). These forbidden re-
gions indicate gaps of energy where no states are accessible. However, these
energy gaps can be bridged by supplying the correct amount of energy to
the material, most commonly through a light source. This process illustrates
that the required energy for excitations of the material corresponds to the
magnitude of energy gaps within the electronic structure.

However, dependent on the physical process underlying such a transition
di�erent gaps need to be considered. Two such di�erent gaps are of both
theoretical and practical importance.212, 213 The first energy gap is called
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the band gap or fundamental gap (Eg , see Figure 2.3), which is defined as
the di�erence between the ionization energy and the electron a�inity. It
considers the addition of an excited electron or the removal of a ground-
state electron without coupling the two situations. A second energy gap
is the optical gap and takes into account the electrostatic a�raction energy
between the excited electron and the newly generated hole. Both quantities
are accessible experimentally: the fundamental gap can be determined as
the di�erence of two observables, I and A, e.g., by using photoemission and
inverse photoemission spectroscopy, while the optical gap can be measured
from the absorption spectrum. For UiO-66, a material studied within this
PhD thesis (see Chapter 3), an optical gap was measured in such a way by
Musho et al.214

Excitonic states

Ec

Ev

Eb

E

Eopt

Eg

DOSabs.

0

(a)

Eg

A

I

V∞
 

Eopt

(b)

Figure 2.3: Schematic figure illustrating how the optical and fundamental
band gap, respectively Eopt and Eg , are observed in the absorp-
tion spectrum (abs.) and density of states (DOS). The excitonic
state are indicated in red and cause the optical gap to be smaller
than the fundamental band gap (a). In (b) the additional relation
is given with respect to the ionization and a�inity.

These two physically di�erent energy gaps can be related to each other by
considering the concept of quasi-particles.215 As an electron is inserted, or
ejected, all other electrons in the system respond through the interelectronic
repulsion. However, by considering the rearranged electronic configuration
as quasi-electrons or quasi-holes we can consider them as independent par-
ticles. The ionization potential and electron a�inity can then be considered
as the quasi-hole excitation with the smallest energy or quasi-electron ex-
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citation with the largest energy (see Figure 2.3b) and the fundamental gap
being the di�erence between both. The simultaneous creation of both quasi-
particles can be considered as an excitation where an a�ractive interaction
between both takes place. The optical gap therefore di�ers from the funda-
mental gap by this a�ractive interaction, called the exciton binding energyEb
(see Figure 2.3a). It causes the optical gap to be smaller than the fundamental
gap (see Figure 2.3).209, 216 In semiconductors the exciton binding energy is
o�en negligible compared to the band gap and optical and fundamental
gap are approximately equal. In contrast, for molecules this exciton binding
energy is most o�en not negligible, explaining why here the optical band gap
is in most cases much lower than the fundamental band gap.216

Now how do we relate the electronic structure of DFT with both quanti-
ties? The Franck-Condon principle states, in a similar way as the Born-
Oppenheimer approximation, that the motion of the nuclei is much slower
than that of the electrons. This means that most electronic excitations
happen without any immediate nuclear relaxations, such that absorption or
emission energies can be estimated from di�erent electronic energies at a
fixed atomic geometry. Such excitations are o�en referred to as "vertical"
transitions, because they take place in a purely vertical fashion when plo�ed
with respect to the nuclear degrees of freedom (see Eq. 2.5).

Because the electronic structure of DFT assumes a quasi-particle character,
we may compare band gaps in the DFT electronic structure with experi-
mentally accessible energy gaps. However, when directly interpreting such
di�erences between DFT energy levels as excitation energies, we a�ribute
a physical meaning to them. This is not straightforward, as Kohn-Sham
orbitals are one-particle wave functions of an auxiliary system and thus not
physical. Even now, this point remains a topic of considerable research and
even controversy in the literature.209, 210, 212, 216–235 However, nowadays it has
been accepted that the Kohn-Sham orbitals and their energies computed
with local and semi-local functionals are an ideal basis for the description of
(molecular) excitation and di�erences between Kohn-Sham energies can be
seen as vertical excitations that take into account the exciton binding energy.
Kohn-Sham energy gaps therefore approximate optical gaps.209, 210, 233 It is
furthermore assumed that the accuracy of Kohn-Sham gaps also depends
on the functional used (see Section 2.5.4), where a non-local contribution to
the XC potential yields a be�er description for the fundamental band gap.217

Therefore Kohn-Sham energy gaps can give a qualitative measure of these
energy gap in the band structure or density of states (see Figure 2.1 and 2.2)
depending on the functional (see Section 2.5.4).

A more accurate approximation of the excitation and emission spectrum can
be retrieved by TD-DFT (see Section 2.3). Here the interaction with light
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Figure 2.4: (a) Measurement of the DOS as a function of the voltage for CTF-
1. (b) Theoretical DOS for ideal CTF-1 in the case of a single layer
(red) and bulk (black), obtained from ab initio calculations. The
inset presents the same data in a more illustrative fashion. The
voltage (a) and energy (b) are given with respect to the Fermi
level (dashed blue line). Adapted from Ref. [236] with permission
of the American Chemical Society.

is directly modelled and the energy of the first dipole-allowed transition
calculated by TD-DFT, which is defined as the di�erence between the energy
of the ground state and lowest dipole-allowed excited state, is in theory an
approximation to the optical gap. This energy gap in the linear-response
TD-DFT can be wri�en as a sum of the energy di�erences of the Kohn-Sham
eigenvalues and a coupling term that is, especially in molecules, small. These
transitions can therefore o�en be described as single excitation within the
Kohn-Sham scheme again justifying this interpretation of the Kohn-Sham
orbitals as excitations. However, TD-DFT also provides a way to directly
consider the excited state and optimize it for its minimum energy, it can
therefore be used to describing emission which DFT is not directly capable
of.

The interpretation of the electronic structure is not solely limited to optical
experiments. The fundamental gap is in essence an electrochemical property
and it has been seen that the density of states can also be deduced by redox
experiments. This was most recently done by Sakaushi et al. by measuring
the open-circuit voltage (OCV) curves through the galvanostatic intermi�ent
titration technique (GITT) for CTF-1 (see Figure 2.4).52, 236 The calculated
density of states using DFT was in close agreement with the experimen-
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tally measured one. This demonstrates that the electronic structure also
determines redox properties (see Chapter 1) and therefore also qualitatively
indicates the fundamental gap.

Densities of states were calculated with VASP.190 These densities of
states were used to extract qualitative approximations of both the optical
and fundamental gap.

2.5.2 Charge-State Transition Levels

The energy levels of impurities or defects can be qualitatively extracted from
the band structure or density of states.237 However, defect levels are typically
associated with electron transfers between the defect and the valence or
conduction band of the bulk material. The energy required for such a transfer
is then referred to as a charge-state transition level. Here an excitation and
emission is interpreted as the energy needed to transfer an electron between
defect and bulk material. Optical charge-state transition levels correspond
to excitations without structural reorganization, (vertical excitations) for
example ligand-to-metal charge-transfer transitions which are o�en found in
the excitation spectra. The thermodynamic charge-state transition levels, on
the other hand, describe the shi� in charge state between relaxed geometries
and are observed in persistent luminescence, energy storage or mechanolu-
minescence. These energy levels are probed experimentally through deep-
level transient spectroscopy (DLTS) or charge-transfer (CT) luminescence.

From a theoretical point of view, charge-state transition levels assume the
conduction and valence band to provide a reservoir of holes or electrons,
which move freely like quasi-particles (see earlier). Charge-state transition
levels are therefore calculated as the location of the Fermi level at which
the thermodynamically most favourable charge state of the considered de-
fect or impurity changes. They can be accurately determined from defect
formation energies obtained out of DFT.112, 238–244 Explicitly the charge-state
transition levels ε(Q/Q′) can be calculated as the Fermi level locations at
which two charge states Q and Q′ of the defect have the same formation
energy.112, 238–244 Taking into account the linear dependence of the forma-
tion energy on the Fermi energy, we can therefore derive the charge-state
transition levels as

ε(Q/Q′) =
1

Q−Q′
(Ef (A : XQ′

) |EF=EV
−Ef (A : XQ) |EF=EV

) (2.18)

where Q denotes the Kröger-Vink charge state of the impurity X created in
the host material A with a formation energy Ef (A : XQ). EF is the Fermi
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energy, i.e. the electron chemical potential at absolute zero temperature,
referred with respect to the valence band maximum, EV .

The Kohn-Sham energy eigenvalues can also be used to deduce qualitative
trends for the charge-state transition levels, although such results should
be dealt with with care.237 Normally the eigenvalues, obtained out of the
Kohn-Sham equations show dispersion as a function of the wave vector
(see Eq. 2.13). However, energy levels of defects or impurities show limited
dispersion and discrete levels rather than bands are observed. These discrete
levels can, as a first approximation, be considered as physical impurity lev-
els, provided that both multiplet e�ects and geometric reorganization are
negligible.244 Again the lower computational cost of this approximation is
the driving factor compared to the use of full defect formation energies as
described above.

Charge-state transition levels, i.e. impurity levels, were calculated from
defect formation energies for the di�erent possible charge states of the
dopant using defective supercells.244

2.5.3 Alignment of Electronic Structures

Within this PhD thesis we considered the electronic structure of di�erent
materials constructed by modifying a model framework, more specifically
UiO-66(Zr) and CTF-1-2R (see Chapter 3). To compare these electronic struc-
tures on an absolute scale, a common reference is required. This procedure
is called energy level alignment, which is frequently used in the domain of
heterojunctions and electronics in general.245–247 The energy of an electron
at vacuum, the vacuum energy, is such a reference energy.248 This vacuum
level can be calculated for uncharged slabs with a large vacuum region by
DFT and corresponds to the local one-electron potential at a point far from
the surface where it becomes constant.142

In practice the alignment is done by referring the DFT band positions of
di�erent materials with respect to their respective vacuum levels. This
is equivalent to considering the Kohn-Sham energies of the valence band
maximum and conduction band minimum as ionization energy and electron
a�inity, as discussed previously (see Figure 2.3b). Some argumentation
can be given for this procedure as for periodic systems in the limit of an
infinite solid the vertical ionization potential and electron a�inity are equal
to the corresponding Kohn-Sham eigenvalues for any functional.231, 232 This
method is therefore extensively exploited to perform the band alignment in
MOFs.249, 250 We used this approach ourselves in the case of the lanthanide
doped UiO-66 and the CTF frameworks (see Chapter 3, Figure 3.4, 3.13 and
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3.18). The additional advantage of alignment based on an absolute reference,
such as the vacuum energy, is that it also gives a qualitative measure of its
redox properties and therefore its catalytic activity. However, it should be
kept in mind that this is only valid for di�use Kohn-Sham states and it is
therefore merely an approximation that in practice gives good results.

If we want to compare the electronic structures of systems with di�erent
charges, the vacuum energy is an unsuitable energy reference as the potential
in the vacuum scales with the charge and the distance to the surface of the
material. Di�erent materials can instead be aligned using either a judiciously
chosen energy or a potential reference. The potential reference was, for
example, used when comparing the electronic structure of a charged Ru(II)L3
complex with its neutral linkers or the neutral sca�old with the charged
Ru(II)L3-CTF catalyst (see Chapter 3, Figure 3.16 and 3.17). In those cases
the electrostatic potential at an ion is calculated by placing a well-confined
test charge

V n =

∫
V (r)ρtest(|r− Rn|)d3r (2.19)

i.e., the average electrostatic potential a typical core electron would experi-
ence. In contrast, a judiciously chosen energy reference was used for UiO-66
where the electronic structure was aligned based on a localised node state
present in all structures (see Chapter 3, Figure 3.2, 3.3, 3.6, 3.8 and 3.9).
This reference has no physical equivalent, but serves to intuitively visualize
changes induced in the electronic structure.

Depending on the feature of interest, di�erent densities of states
were aligned using either a judiciously chosen energy or potential
reference,111, 146 or by quantitatively positioning them with respect to
the vacuum potential.146

2.5.4 Influence of the Exchange-Correlation Functional

As discussed in Section 2.2 the approximation made for the XC functional de-
termines the accuracy of the predicted material properties. Local- and semi-
local functionals, such as LDA and GGA, have worked quite well for cohesive
and structural properties. However, in literature it has been o�en stated that
they underestimate the fundamental band gap in semiconductors. This has
caused a lot of confusion in literature.209 The fundamental gap is a ground
state property and is therefore accessible using DFT. However, in literature
this fundamental gap is deduced from the di�erence between the Kohn-
Sham highest occupied and lowest unoccupied states which is theoretically
not equal to the fundamental gap. This follows from the properties of the
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exact XC functional, which is known to display a discontinuity ∆xc at integer
electron numbers. This property is closely related to the self-interaction error
(SE) which incorporates the non-physical interaction of an electron with itself
in DFT.251–253 (Semi-)local funtionals do not possess such a discontinuity,
so the di�erence between the Kohn-Sham eigenvalues does not provide an
accurate description of the fundamental gap and an o�set equal to the XC
discontinuity is present. Nowadays it has been accepted that the LDA and
GGA functionals are be�er descriptions for the optical gap, which is indeed
smaller than the fundamental gap.209

To approximate the fundamental gap with the energy di�erence of the Kohn-
Sham eigenvalues the functional and therefore the Kohn-Sham auxiliary
system should be altered. The idea is to incorporate the XC discontinuity
by making the Hamiltonian dependent on the occupation of the single-
particle orbitals, an idea theoretically enabled by the generalized Kohn-
Sham (GKS) scheme.254, 255 It represents an extension to the Kohn-Sham
equations where the condition of a non-interacting model system is relaxed.
Explicitly this is done by the introduction of non-local/orbital-dependent
density functionals.213 Typical examples are created by including an amount
of full, screened or long-range corrected Hartree-Fock-like exchange in the
functional. It was observed that the use of these functionals, such as
HSE06,148, 256–258 have resulted in theoretical fundamental band gaps which
are in be�er agreement with experiment.148, 244, 256, 259 It has now moreover
been proven that in the GKS theory the di�erence between the lowest
unoccupied and highest occupied energies for extended systems equals the
fundamental gap for the approximate functional if the potential operator is
continuous and the density change is delocalized when an electron or hole is
added.231, 232, 255 Therefore the interpretation of energy gaps in the DFT band
structure or density of states as optical or fundamental (see Figure 2.1 and 2.2)
depends on the functional. Note, however, that non-local contributions
significantly increase the required computational resources.

Another approach to solve the band gap problem is not to use DFT and start
from an explicit quasi-particles model based on Green’s function theory,194

such as the GW approximation (where G is the Green’s function and W is
the dynamically screened Coulomb interaction).260 GW dynamically screens
the Coulomb interaction such that electrons move in a potential screened
by all other electrons directly taking into account the right physics.261 This
approach thus mimics the electron-hole quasi-particle behaviour. Instead of
an XC functional a non-local and screened self-energy is introduced, includ-
ing all electron-electron interactions. The resulting equations for the quasi-
particles are very similar to the GKS system in DFT, where the non-local
self-energy in the many-body GW theory resembles a non-local functional in
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Figure 2.5: PBE and HSE06 functional for UiO-66(Zr) (a) and a Ruthenium
complex (Ru(II)cbipy2cbipz1) anchored on a CTF framework
(Cbipz1biph2) (b) (see Chapter 3).

DFT.212, 255, 260, 262–264 This is further supported by the observation that HSE06
single-particle orbitals provide a good starting point for perturbative GW
corrections.233, 265, 266 The downside of these methods is that they are even
more demanding than DFT with non-local functionals and become less or
non-feasible for large systems, such as MOFs and COFs.

During this PhD thesis we have frequently tested the di�erence between
PBE and HSE06 functionals, see Figure 2.5 for two examples. The most
prominent e�ect is the increase in the band gap which is expected when
using a hybrid functional (see explained above). However, relative trends in
the band gap are typically maintained and the locations of individual peaks
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and the vacuum potential are mostly shi�ed in energy with minor alteration
to the relative trends. When states do change order, their character across
di�erent structures still follows the same trend between both functionals (see
Figure 2.6). Semi-local functionals therefore display similar trends as HSE06
at a fraction of the computational cost. We therefore mainly limited ourselves
to these functionals. GW calculations, on the other hand, were not performed
due to the computational cost.

In this PhD thesis we extensively used the PBE267 semi-local functional.
However, non-local functionals were also used, such as the hybrid
B3LYP,268 long-range corrected CAM-B3LYP,269 metahybrid M06270 as
well as the HSE06 functional.256, 271





3
Major Research Results

I begin with an idea and then it becomes something else.

Pablo Picasso (1881 – 1973)

3.1 Orthogonal Electronic Structure Engineering

The modular nature of nanoporous frameworks entails an enormous op-
portunity to design their properties (see Chapter 1). To design optimal
photocatalytic materials, the property to modulate is the electronic structure
(see Section 1.1.2). Electronically engineering of these materials requires a
proper choice of the building blocks such that their combination yields the
desired photocatalytic activity. Numerous ways exist to construct modular
materials with a fixed number of variable building blocks. For example, UiO-
66 can be constructed with 10 di�erent linkers, 15 nodes (lanthanides, Zr,
Hf and Ti) and the possibility of 42 missing-linker defects configurations
giving a total of 7500 materials. The number of materials therefore surpasses
the finite number of building blocks by more than an order of magnitude,
as it scales exponentially. Even with current computational resources, it is
unfeasible to calculate all these structures from first principles at a high level
of accuracy. However, if we understand how the electronic properties of a
modular material change as a function of its building blocks, a more e�icient
and rational material design comes within reach. One could therefore imag-
ine an e�icient screening of the electronic properties of modular materials,

39
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based on the concept of Orthogonal Electronic Structure Engineering (OESE),
where the properties of the material are determined by the properties of its
building blocks. Apart from the computational e�iciency, the concept could
also yield more chemical insight into which factors determine the overall
electronic properties of the material.

On a fundamental level, the OESE concept requires knowledge on how the
electronic structure is altered when two components are joined. In solid-
state heterojunctions a similar phenomenon occurs. Far from the interface
between both components/semiconductors their corresponding electronic
structure is maintained whereas only locally, at the boundary between the
two phases, a di�erence is observed. When both the electronic structure
of the semiconductors are expressed relative to vacuum potential, assumed
equal across the entire structure (see Section 2.5.3), the total electronic struc-
ture can, to a large extent be deduced from the individual components/semi-
conductors.248

In this PhD thesis we examine to what extend a similar principle is valid
for modular framework materials with nanoporous properties. In literature,
earlier studies already suggested into what extend the behavior of separate
building blocks may be present in the parent modular material. Most papers
originate from MOF research, where both experimental and computational
work has been performed. Experimentally, for example, the group of Gascon
showed that in the MIL-125(Ti) series MOFs should be seen as an array
of self-assembled molecules.272 Computations, on the other hand, by the
group of Walsh et al. on MOF-5 showed no appreciable band dispersion in its
electronic structure.273 Moreover, prior work done in our own group revealed
that linker and node states exhibit a low overlap in UiO-66.110 These papers
illustrate the general lack of electronic coupling or hybridization between
the building blocks in MOFs.274, 275 Furthermore, they demonstrate that the
traditional solid state view of MOFs as semiconductors, characterized by
delocalized conduction and valence bands, is inadequate (see Chapter 1). In-
stead the molecular terminology of highest occupied crystal orbital (HOCO)
and lowest unoccupied crystal orbital (LUCO)152, 272, 275 is more appropriate
(see Figure 3.1).

These literature data led us to introduce the Orthogonal Electronic Structure
Engineering (OESE) paradigm in which the electronic structure of nanoporous
frameworks can be seen as a sum of independent (orthogonal) contributions
of their building blocks. In what follows a validation is given for a number of
modular nanoporous materials (see also Chapter 4, Section 4.2).

To investigate the principle of the OESE within MOFs, where it is expected to
hold (vide supra), we studied the zirconium-based MOFs developed at Oslo
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University (UiO) by Lillerud and coworkers.74 These nanoporous materials
are very stable,40, 41, 150 have a fairly robust synthesis and even allow for an
e�icient upscaling from the lab to a pilot scale plant.276 Moreover they favor
the inclusion of genuinely di�erent linkers73, 277–281 and metals,109, 282–284

which resulted in a plethora of functionalized materials with the UiO crystal
structure. Finally, UiO-type MOFs are increasingly considered as potential
photocatalytic materials,285–291 the main application of interest in this PhD
thesis. These properties make UiO-66 an ideal candidate to serve as a proof
of concept for the OESE principle. Design of the di�erent building blocks
via OESE will allow us to optimize UiO-66-type materials for photocatalytic
applications in a more e�icient and rational way (see Section 3.2).

To examine the wider applicability of the OESE principle we will consider
covalent organic frameworks (COFs), another subclass of nanoporous mate-
rials. COFs are a very recent class of nanoporous materials solely composed
of organic building blocks connected by strong covalent bonds. It is expected
that these materials exhibit a stronger hybridization or electronic coupling
between their constituents.18 It remains to be investigated in how far the
OESE principle holds. Specifically we will look into covalent triazine frame-
works (CTFs) and examine how, in a similar way as was done for UiO-66,
their building blocks a�ects the CTF’s electronic structure. Pristine COFs
have only showed a limited catalytic activity but may be used as supports
for molecular catalysts.70, 79, 80 Therefore we will functionalise CTFs with Ru-
polypyridyl complexes, well-known homogeneous photocatalysts, to make
heterogeneous photocatalysts with well defined active sites. Additionally
the isolated Ru-polypyridyl complex can by itself be regarded as a modular
system with varying ligands. The applicability of the OESE principle towards
molecular complexes will therefore be analyzed as well. Our end goal is again
to rationally design be�er photocatalytic complexes and (functionalized)
CTFs based on the OESE principle.

The above modular materials serve as benchmark studies for the OESE
principle. In spite that these studies focus on a particular example of MOFs
(UiO-66) and COFs (CTFs) we believe that the OESE is more generally appli-
cable to modular materials. This will also be seen in its applicability to the
anchored molecular complex as building block on the COF sca�old as well
as within the modular Ru-polypyridyl complex itself. Furthermore, literature
contains some justification that the decoupling between building blocks is
also observed in other modular materials. Zeolitic imidazolate frameworks
(ZIFs) with structures similar to conventional aluminosilicate zeolites, show
a similar decoupling between its building blocks.158, 159 Outside the class of
nanopourous materials the concept of OESE might also be applicable. As an
example we mention Metal halide perovskites (MHPs) which have emerged
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as a promising, novel class of semiconductors. So far, they have mainly been
explored within the field of solar cells, but perovskites are extremely versatile
and possess an untapped potential for many other high-tech applications.
They are modular by the versatility of the metal and halide for which a
similar decoupling can be observed.292–295 Organic electrodes on the other
hand, organic structures in some sense related to the COF we examined,
could also benefit from the OESE principle.296–299 It is therefore clear that
the OESE principle could have a wider range of applicability than MOFs or
COFs. In the next section, we start with a thorough investigation on how the
principle of OESE holds for MOFs and COFs. In the perspectives of Chapter 4
we will briefly reflect on the possibilities to use and extend the OESE principle
in a broader context.

3.2 Application to MOFs: UiO-66

Most of the Zr-based frameworks and specifically UiO-66 have been sub-
jected to extensive research in a broad domain of applications.300 UiO-
66(Zr) consists of octahedrally coordinated Zr atoms, forming Zr6O4(OH)4
nodes, which are connected via 12 benzene dicarboxylate (BDC) linkers per
node (see Figure 3.1). Recently its amino-functionalized UiO-66(Zr), both in
its pure and mixed-linker form, showed reasonable photocatalytic activity
in several chemical transformations.285–291, 301 This indicates that through
isoreticular alterations UiO-type MOFs can be tuned to function as a photo-
catalyst.

The electronic structure of pristine UiO-66(Zr) is presented in Figure 3.1. This
electronic structure is calculated with the PBE functional (see Chapter 2), as
well as all further structures, unless stated otherwise. The electronic struc-
ture of pristine UiO-66(Zr) is composed of a sum of contributions centred
on the linkers and the nodes. Therefore, similarly to literature we observe
localized states, referred to as crystal orbitals, rather than bands.152 More
importantly the electronic structure indicates why, despite the promise of
UiO-66(Zr) for chemical conversions, the pristine material has only a limited
photocatalytic activity. For its photocatalytic activity two energy gaps (see
Chapter 2, Section 2.5.1) are relevant, ∆Eabs and ∆ELMCT (see Figure 3.1).
∆Eabs corresponds to the energy required to excite the linker and ∆ELMCT

corresponds to the energy needed to transfer the excited linker’s electron
to the node’s unoccupied d-orbitals, i.e. the ligand-to-metal charge transfer
(LMCT). These processes are also summarized in Figure 3.1 (le�). In order to
obtain an e�icient electron transfer to the Zr node and thus a high activity,
∆ELMCT should be close to zero or or even negative i.e. overlapping or below
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Figure 3.1: Photocatalytic process in UiO-66(Zr) in terms of its building
blocks (le�), defect crystal structure (middle) and density of
states of the pristine UiO-66(Zr) (right), where red and black
curves represent di�erent spin channels and blue and green
indicate linker and node states, respectively. The linker is excited
by an incident photon (excitation energy ∆Eabs), a�er which the
electron is transferred to the node, reducing a Zr atom (energy
barrier ∆ELMCT ). The excited electron is then available to re-
duce reactants near the active site. Zr atoms are represented in
blue, O atoms in red, C atoms in grey and H atoms in white.
Adapted from Paper I [Ref. 111] with permission of the Amer-
ican Chemical Society.

the unoccupied linker states. However, as seen in the Figure 3.1 (right) this is
not the case for pure UiO-66(Zr), restricting its activity. This hindered charge
transfer has been confirmed both in experiment286–288, 302, 303 and in theory110

(TD-DFT cluster calculations). In addition the band gap of UiO-66(Zr) is too
large and is prohibitive for the direct use of sunlight.

The unfunctionalized, defect-free material UiO-66(Zr) is thus not the holy
grail in photocatalysis. However, thanks to its modular nature, it can be
functionalized to pursue be�er photocatalytic properties, as was also seen
in experiments.57, 275, 285–291, 302 One can alter both its nodes and linkers
to achieve an increased photocatalytic activity. To explore this, we start
studying the electronic structure of pristine UiO-66(Zr) and we show how
its electronic properties are altered when we systematically change its linkers
and/or nodes. Most of these calculation were already performed in literature,
however, we aim to reinterpret them in view of the OESE concept. Further-
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more, the materials are extended towards incorporation of lanthanide ions,
which are interesting for light-based and catalytic applications, and towards
incorporation of missing-linker defects. Indeed within the MOF community
it has been acknowledged that defects determine to a large extent the func-
tionality of the MOF materials o�ering new interesting opportunities.

3.2.1 Linker Alterations

The first modifications we consider are based on a linker
alteration.73, 277–280, 304 By adding organic functional groups to the
linkers (see Figure 3.2), or by increasing the linker length, the absorption
wavelength of the system ∆Eabs, a linker based quantity, can be changed.214

E�ectively reducing ∆Eabs requires the introduction of an electron-donating
group, which can shi� the absorption peak deep into the visible spectrum.
This reduction is caused by the introduction of filled states within the first
band gap as seen in Figure 3.2. Electron-withdrawing groups (e.g. NO2) or
changes in linker length have a much more limited e�ect (see Figure 3.2 and
Paper I [Ref. 111] including its supporting information for a more detailed
assessment).

Additionally we see that the electronic states centered on the node are not
changed by linker alteration (see Figure 3.2, green region), a first conforma-
tion of the OESE principle. This implies that, in the case of UiO-66(Zr), the ab-
sorption wavelength decreases, but that ∆ELMCT , which plays a dominant
role in the photocatalytic activity, does not. This was also confirmed in other
computational110 and experimental studies.286, 302 Computationally it was
shown that although several electron-donating groups change the theoretical
charge-transfer e�iciency, this change remains limited due to the high energy
of the Zr d-orbitals with respect to the excited linker states (∆ELMCT ).110

Experimentally several groups investigated the charge transfer confirming
that pristine and linker-functionalized UiO-66(Zr) materials have no e�i-
cient transfer (∆ELMCT ).286, 302 These conclusions can be explained and to
a certain point predicted by considering the pristine UiO-66(Zr) electronic
structure and the concept of OESE.

3.2.2 Node Alterations

The problem of ine�icient charge transfer (∆ELMCT ) can be tackled by a
second pathway: altering the metal node. As the problem is essentially cre-
ated by the high energy of the Zr d-orbitals with respect to the excited linker
states this solution can, to a certain point, be expected. The introduction of
Ti4+ in the Zr-node,301, 304–309 for example, strongly improves the catalytic
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Figure 3.2: Densities of states for linker functionalized UiO-66 type mate-
rials. BDC, NTA and ATA are respectively benzene dicarboxy-
late, nitroterephthalate and aminoterephthalate. Red and black
curves represent di�erent spin channels and all DOS are aligned
with respect to the pristine µ-OH,O states. Blue and green
indicate linker and node states, respectively. Adapted from the
supporting information of Paper I [Ref. 111] with permission
of the American Chemical Society.

activity of the material.282, 310 Gascon and coworkers302 discussed three ex-
isting MOFs composed of d0 metals (Ti4+, Zr4+ and Hf4+) and confirmed
that only the titanium mixed-metal material shows a large LMCT. Also
computationally, Ti materials have been shown to possess a much smaller
∆ELMCT ,308, 311 and shown more recently, an associated longer lifetime of
the excited state.101

Figure 3.3 shows our own calculations of UiO-66 with purely Ti, Zr or Hf
nodes. The low lying Ti 3d states overlap with the linker-based LUCO, in-
creasing the electron-transfer e�iciency. It also illustrates the OESE principle
as the node alterations only change the nodes states and cause an overlap
with the unaltered linker states. However, the inclusion of Ti is not the only
possibility to increase the charge transfer, the decrease of ∆ELMCT , in UiO-
66 (see further).
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Figure 3.3: Densities of states of UiO-66(Zr), UiO-66(Hf) and UiO-66(Ti).
Red and black curves represent di�erent spin channels and all
DOS are aligned with respect to the pristine µ-OH,O states.
Blue and green indicate linker and node states, respectively.
Adapted from the supporting information of Paper I [Ref. 111]
with permission of the American Chemical Society.

I. Lanthanides

The lanthanide (Ln) series is an interesting set of atoms for both light-
based160–162 and catalytic applications163–165 making them highly a�ractive
for photocatalytic applications. Nowadays Ln-based materials have made
their way into MOF research.312–314 The inclusion of small amount of lan-
thanides within a MOF, in this case UiO-66(Zr), creates a set of advanced
materials that combine both unique characteristics of lanthanides and the
high stability of UiO-66(Zr). However, despite that some Ln MOFs had
already been proposed in literature they most o�en lack in stability and/or
are very di�icult to synthesize.315

In Paper II [Ref. 109] this di�iculty and limited stability was overcome by an
approach inspired by solid-state lanthanide chemistry. A stable robust carrier
material, in this case UiO-66(Zr), is doped with a small amount of lanthanide
ions in a high-temperature process. Here a microwave-based methodology
was adopted to dope UiO-66(Zr) with several lanthanide and transition metal
ions, a strategy which had only been used to introduce isovalent atoms
at that time.307, 316 The electronic properties of these new materials were
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Figure 3.4: Overlay of the electronic structure of UiO-66(Zr), the host mate-
rial, (grey) with both the (3+/4+) (black dots) and (2+/3+) charge-
state transition levels (blue squares) for the lanthanide series in-
corporated as impurities. Elements with an interesting transition
level for photocatalysis are printed in bold. Values are referred
to the vacuum (VRBE, vacuum-referred binding energy) or to the
host material (HRBE, host-referred binding energy). The DOS
insets are calculated with PBE functional and rescaled to align
with UiO-66(Zr) host material, they therefore merely indicating
the qualitative trend. Adapted from Paper II [Ref. 109] with
permission of the American Chemical Society.

subsequently investigated both by theory and experiments. Here we restrict
ourselves to an overview of the DFT calculations on periodic MOF structures.
More information, about both synthesis and experimental characterization
as well as additional insights in the charge transfer using TD-DFT on cluster
models, can be found in Paper II [Ref. 109]. The experiments for this work
were done by Dr. Hendrickx, whereas the periodic calculations mentioned in
Paper Paper II [Ref. 109] were performed by myself.

As seen previously the inclusion of Ti in UiO-66 creates an increase in charge
transfer due to their low lying 3d states, decreasing ∆ELMCT . Lanthanides
have, similar as Ti, such low lying states, in this case 4f states. Moreover,
these states behave chemically very similarly independent of the chemical
environment.317–319 Therefore when a material is doped with a lanthanide
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the charge-state transition levels (see Chapter 2, Section 2.5.2) show a typical
zigzag line. This line can be predicted, due to its invariance, if one knows the
location of at least one such level for one lanthanide ion on that line.317–319

Figure 3.4 shows this zigzag line for all fourteen Ln (2+/3+) and (3+/4+)
charge-state transition levels, based on a small set of experimental absorption
and photoluminescence (PL) spectra within the UiO-66(Zr) host material (see
Paper II [Ref. 109] for more details).

The insets of Figure 3.4 shows the results of the periodic calculations per-
formed in the framework of this PhD thesis. Since the behaviour of the
localized electrons of the Ln ions is notoriously di�icult to predict with DFT,
we only performed UiO-66(Ln) calculations with Ce4+, for which DFT has
been shown to provide reasonable qualitative results.320, 321 The calculations
confirm that the UiO-66(Ce) framework contains low lying 4f states, quali-
tatively agreeing with the predication of the empirical model. In the case of
Ce4+, for example, these low lying 4f states or charge-state transition levels
(3+/4+) lie below the unaltered unoccupied linker states, corresponding to a
negative ∆ELMCT . This creates an additional, more favourable pathway for
ligand-to-metal charge transfer, in which an excited linker electron (present
in the unoccupied linker states) relaxes to the lower lying 4f metal states.
Figure 3.4 additionally shows the Ln in bold that may result in a more e�icient
charge transfer, i.e. with a charge-state transition level below, such as Ce4+ or
overlapping with, such as Ti, the unoccupied linker states i.e. ∆ELMCT ≤ 0
as well as those with a reduced ∆ELMCT compared to the host material.

II. Missing-Linker Defects

While the photocatalytic activity of UiO-66(Zr) may be enhanced by the
subsitution of Zr by Ti302 or Ln109 and the introduction of new components
into the framework, such as guests,64, 65, 72 we explored the possibility of
defect engineering to alter the photocatalytic properties of the framework.
It is inspired by the fact that also in non-modular materials, defects may
have a strong e�ect on the photocatalytic activity.322, 323 Defects can, for
example, introduce band gap states, as was observed in our earlier work
on antisite defects in ZnGa2O4:Cr, which significantly alter the electronic
structure.237 Within the MOF community, a lot of research has been per-
formed on so-called defect engineering, as it has been observed that defects
- ether localized or exhibiting spatial order/disorder - may substantially alter
the properties of the material and may even be necessary to create the desired
functional behaviour.71, 75, 324, 325

In UiO both missing-linker (see Figure 3.5) and missing-node defects can
occur yielding stable frameworks. Lillerud et al. showed that defects are
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inherently present in UiO-66 frameworks under normal synthesis conditions.
They moreover succeeded in designing synthesis procedures to obtain a
defect-free UiO-66(Zr)326 or to incorporate additional defects.327 These de-
fects have also been recently observed by low-dose high-resolution transmis-
sion electron microscopy (HRTEM).328 Here we considered (missing-linker)
defect structures by removing one, two or three benzene dicarboxylate acid
linkers, H2BDC, from the pristine UiO-66 (see Figure 3.1), modeled in a 4-
node unit cell. Note that we do not focus on missing nodes, but show at the
end of this section that they exhibit, to a large extent, the same properties as
missing linkers.
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Figure 3.5: (right) Cross section of UiO-66(Zr) where two linkers are re-
moved from a 4-brick unit cell (right, blue square). One of
these missing linkers is enclosed in the transparent green square.
The table represents the interlinker distances (ILD) between the
centres of the removed linkers normalized with respect to the
la�ice constant of the four-node unit cell and serves to remove
any remaining ambiguity. (le�) The possible node configurations
created when introducing one-, two- or three-missing-linker de-
fect structures.

The removal of missing linkers from a UiO-66 crystal can be done in many
ways. The number of symmetrically inequivalent ways that linkers can be
removed depends on the number of removed linkers and the size of the
modelled unit cell. To investigate the e�ect that linker removal has on the
electronic structure, it is important to be able to characterize each defect
structure with a transparent notation. We therefore introduced a general
notation, extending the limited notations already present in literature.329–331
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Our notation depends on the size of the unit cell and thus accounts for the
periodicity of the defect structure. It is also easily extended towards larger
unit cells and yields insight into the corresponding defect structure. In the
following we discuss this notation when l linkers are removed from a n-node
unit cell.
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Figure 3.6: Density of states of the pristine, one-, two- and three-missing-
linker defect structure where an increasing amount of linkers
is removed from a single node. Red and black curves represent
di�erent spin channels and all DOS are aligned with respect to
the pristine µ-OH,O states. Blue and green indicate linker and
node states, respectively. Adapted from Paper I [Ref. 111] with
permission of the American Chemical Society.

When l linkers are removed from a n-node unit cell we can note the result-
ing defect structure as (CN(1)α, CN(2)β, ..., CN(n)ν){i}, representing the
structure of the material from the point of view of the nodes (see Figure 3.5).
Each node configuration, CNα, is described by its coordination numberCN ,
to which a subscript (α, ..., ν) is added to di�erentiate between nodes with
the same coordination number but with a di�erent symmetry. The subscript
set {i} indicates the

(
l
2

)
interlinker distances (ILD) between the centres of

the l removed linkers normalised with respect to the unit cell parameter
(see Figure 3.5) and serves to remove any remaining ambiguity. Further-
more, these indices are expressed in terms of coordination shell numbers.
Because our notation fully determines the defect structure, the order of the
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node configurations does not ma�er. By convention, we propose to order
by increasing coordination number and then by alphabetical subscript. An
example of a modeled Zr6(10a,10a,12,12)4:BDC defect structure is shown in
Figure 3.5. Here the notation indicates that 2 linkers are removed from a
4-node unit cell of Zr-nodes (Zr6) connected by BDC linkers. The second
linker is positioned in the fourth coordination shell of the first, leaving nodes
of both 12 and 10a configurations.

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4 4.5

E-E
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Zr6(9d,10c,11,12)111:BDC

9d

11, 12

10c9d

9d 11 12
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Figure 3.7: (top) Density of states of the Zr6(9d,10c,11,12):BDC defect struc-
ture, decomposed in terms of the Zr unoccupied d-orbitals. (bot-
tom) Contour plots of the lowest-energy d-orbital centred on
the 9d node (le�) and the singly occupied molecular orbital of
formate-capped 9d, 10c, 11, 12 nodes (right). Adapted from
Paper I [Ref. 111] with permission of the American Chemical
Society.

In Paper I [Ref. 146], we showed that these defects indeed alter the elec-
tronic structure (see Figure 3.6 and 3.7). In particular, removing linkers can
provide an alternative way to tune the LMCT, since it alters the structure
of the nodes. We showed that the local environment of the nodes a�ects
the Zr unoccupied d-orbitals. The behavior of the d-orbitals can therefore
be deduced to a large extent from the type of nodes present in the defect
structure. Our notation, helpful in this deduction, is therefore immediately
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inspired by the OESE principle as it characterizes the building block, the
altered node configurations, within the defect structure. Moreover the more
linkers per node are removed, the more the d-orbitals are lowered in energy,
with the electron localized near the site of the missing linkers (see Figure 3.6
and 3.7). The observed lowering of the energy of localized Zr d-orbitals
at the defect site e�ectively decreases ∆ELMCT and improves the charge
transfer to the node (see Figure 3.6). Therefore this work suggest that defects
improve the photocatalytic activity. On the other hand these results are in
line with the OESE principle as the inclusion of missing linkers does not
a�ect the linker states and can be seen as a node alteration. Nowedays
also experimental results show that missing-linker defect indeed increase the
catalytic activity.332

Figure 3.8: Removal of a node from the 4-node unit cell (right) compared
to a 4-defect structure in which the linkers are removed to cre-
ate the node configurations present in a missing-node defect
structure (le�). Red and black curves represent di�erent spin
channels and all DOS are aligned with respect to the pristine
µ-OH,O node states. Blue and green indicate linker and node
states, respectively. Adapted from the supporting information of
Paper I [Ref. 111] with permission of the American Chemical
Society.

The presence of missing-linker defects might (partially) explain why a good
photocatalytic activity was experimentally found for some functionalized
UiO-66(Zr) materials.285–290 Rational design of the number and types of
defects in the material is therefore a promising approach to improve the
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photocatalytic activity of the material. Such specialized defect engineering
is possible through di�erent synthesis procedures.324–326, 333 Besides missing
linkers, Lillerud et al. recently discussed the presence of missing nodes as one
of the major defect types in UiO-66(Zr).327 However, removing a complete
node has a similar e�ect on the electronic structure as removing linkers
(see Figure 3.8), since the removed node itself does not a�ect the electronic
structure and only creates defective nodes in its surroundings.
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Figure 3.9: The electronic structure of UiO-66(Zr) with both aminotereph-
thalate (ATA) and 3 missing linkers can be deduced from the
superposition of an ATA-functionalized UiO-66(Zr) and the de-
fect structure of unfunctionalized UiO-66(Zr). Red and black
curves represent di�erent spin channels and all DOS are aligned
with respect to the pristine µ-OH,O node states. Blue and
green indicate linker and node states, respectively. The charge
density corresponding to the lowest unoccupied d-orbitals of
Zr6(9d,10c,11,12)111:ATA and Zr6(9d,10c,11,12)111:BDC are found
similar. Adapted from Paper I [Ref. 111] with permission of the
American Chemical Society.

We conclude that designing a highly active MOF-based photocatalyst, using
a broad range of the visible spectrum and exhibiting an e�icient LMCT,
requires both ∆Eabs and ∆ELMCT to be tuned. The independence of
nodes and linkers, in MOFs with a 0D inorganic subla�ice, allows one to
tune them in an orthogonal way, enabling a complete and precise control
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of the electronic properties of these photocatalysts (OESE). The orthog-
onality of this alterations in the electronic structure is prominently sup-
ported by Figure 3.9 where both linker and node alteration, respectively
through an amino functionalized group (ATA) and 3 missing-linker defects
(9d,10c,11,12)111, are displayed. These alterations are first shown separate
and then combined and as seen the electronic structure of their combi-
nation, the Zr6(9d,10c,11,12)111:ATA, can indeed be predicted by its altered
building block i.e. the combination of the Zr6(9d,10c,11,12)111:BDC and the
Zr6(12,12,12,12):ATA. Figure 3.9 is therefore our most significant proof of the
OESE principle. The OESE principle can now also be used as a design tool to
to determine how the UiO-66 can be altered to optimize its photocatalytic
activity. First the absorption properties can be tuned by altering the linker,
functionalizing the linker with an amino group is a viable procedure. Sec-
ond the LMCT can be enhanced by altering the node itself. This can be
done by direct metal substitution, such as the incorporation of Ti or some
lanthanides or indirectly through the introduction of defects, for example
the Zr6(9d,10c,11,12):BDC defect structure. The OESE principle predicts
that both alterations are independent and orthogonally combined in the
electronic structure to form a photocatalyst with all its advantages.

3.3 Application to COFs: Ru(II)L3@CTF

To test the broader applicability of the OESE principle we considered
COFs.34, 43, 100 Similarly to MOFs30 their modular nature, large surface area
and porosity generate an enormous potential for energy storage, gas capture
and heterogeneous catalysis (see Chapter 1).34 In literature, these materi-
als are currently explicitly investigated for their electronic properties and
stability.18, 39–41 Their properties are induced by their strong, fully covalent
nature causing both a high stability and electronic coupling. The la�er
provides a major challenge for the OESE principle and is an ideal case to
test the broader applicability of the OESE principle.

COFs are also interesting from a photocatalytic point of view. Although they
lack an inorganic catalytic center, which seems to limit their activity com-
pared to MOFs,79, 99, 334–336 their activity can be increased by incorporation
of photocatalytic complexes. Similar strategies can be applied for MOFs,337

where photocatalytic complexes were already successfully anchored to both
linkers338, 339 and nodes.340 The assembly of a COF and a photoactive com-
plex could merge some of the most important features of both organic
(e.g. stability)38 and inorganic (i.e. catalytic) worlds. Furthermore, the
heterogenized photoactive complex may lead toward more e�icient, environ-
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mentally friendly and robust heterogeneous photocatalysis (see Chapter 1,
Section 1.1.2). Therefore, we will study this pathway by considering covalent
triazine frameworks (CTFs) as a support for the Ru-polypyridyl complex, a
well-known homogeneous photocatalyst.

Building	block

Resul�ng	COF

increase
pore	size

add
nitrogens
to	anchor

Ruthenium	complex

Figure 3.10: Covalent triazine frameworks, 2D type frameworks, and sub-
class of covalent organic frameworks. The introduction of
bidentate ligands of the polypyridyl class, for example bipyri-
dine, increases the channel size and creates anchor sites for
metal complexes, such as the Ru-polypyridyl complex.

CTFs are an especially promising class of COFs known to be thermally and
chemically stable.35, 99, 341–353 They are 2D nanoporous frameworks made
upon the trimerization of aromatic nitriles (see Figure 3.10).351 CTFs are
particularly interesting to anchor photocatalytic complexes, as they are much
lighter than most other nanoporous materials and do not possess toxic or
environmentally unfriendly elements. In addition, 2D heterostructures have
a�racted widespread a�ention thanks to their compelling properties, which
are useful for many potential applications.354

The modular nature of the CTFs further allows to create suited anchor sites
by incorporation of an a�ractive class of functional linkers, the polypyridyl
class (see Figure 3.10 and 3.11). These linkers contain nitrogen moieties
which can act as a docking site for di�erent molecular complexes and more
importantly our Ru-polypyridyl complex. The complexes can therefore be
structurally anchored onto the sca�old, giving the advantage of potential
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high metal loadings and reusability of the catalyst. Furthermore, the creation
of such favorable docking sites – e.g. the bipyridine linker – within the
covalent organic framework causes the molecular complexes to preferentially
anchor on these sites, and hence be spatially separated.
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Ru(II)cbipy3 Cbipy1biph2 (Ru(II)cbipy2)cbipy(biph2)+ =

Figure 3.11: Covalent triazine frameworks where di�erent polypyridyl link-
ers introduce appropriate anchor sites for the Ru-polypyridyl
complexes. Four experimentally available bidentate nitrogen-
containing linkers were considered, cis-bipyridine (cbipy),
phenanthroline (phen), cis-bipyrazine (cbipz), and bipyrimi-
dine (bipm), as well as their monodentate trans configurations
(tbipy, tbipz). Adapted from Paper III [Ref. 146] with permis-
sion of the Royal Society of Chemistry.

The Ru-polypyridyl complexes, Ru(II)L3, on the other hand, consists of a
Ru(II) cation chelated by three hetero-aromatic azines (L3) - bipyridine the
most studied - and are interesting photoactive catalysts. The bidentate
ligands, part of the polypyridyl class, make them particularly a�ractive as
they can be easily introduced inside the CTF (see Figure 3.10 and 3.11).
The photoactivity of these complexes, on the other hand, is caused by their
long-lived metal-to-ligand charge-transfer (MLCT) state induced by light
absorption (see Figure 3.12).355 This MLCT and resulting availability of the
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excited electron on the ligands enables its good performance as catalytic
center, where it triggers oxidation or reduction reactions in surrounding
systems.39, 355–361 Proven photoredox applications include carbon dioxide
reduction,362, 363 solar cell development,364 water spli�ing,365–368 as well as
Diels-Alder cycloadditions.38

Figure 3.12: Possible charge transfer within the Ru(II)L3@CTF heteroge-
neous photocatalyst. The photoactive Ru(II)L3 is excited by
light (hν) in which the excited electron is transferred toward
its surrounding ligands, the metal-to-ligand charge transfer
(MLCT). The excited electron on the ligands subsequently acts
as a catalytic center, where it triggers oxidation or reduction
reactions.

The combination of the Ru(II)L3 complex and the CTF sca�old form the
Ru(II)L3@CTF heterogeneous photocatalyst which could contain the perfect
ingredients for a heterogeneous photocatalyst: robust catalytic sites, high
stability as well as e�icient mass transport through it pores. Furthermore, the
combined Ru(II)L3@CTF heterogeneous photocatalyst has a larger versatil-
ity than the isolated complex as both the framework and the Ru(II)L3 complex
can be varied. In addition, it makes it possible to obtain asymmetrically
surrounded Ru(II)L3 complexes in a rather natural way.

We focussed on obtaining insight in the charge transfer (see Figure 3.12)
as well as the light absorption and redox properties of the heterogeneous
photocatalyst. To investigate this point, we first varied the bidentate moieties
in both the isolated Ru(II)L3 complex and the sole CTF support. The con-
ducted research therefore assesses to what extend the OESE principle is valid
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in both COFs and photoactive complexes. Furthermore, the heterogeneous
photocatalyst Ru(II)L3@CTF can be identified with a MOF-like structure
where the inorganic nodes (the complexes) are connected by organic linkers
(the framework). We will elucidate to what extent the OESE principle is
observed when considering these as its building blocks and therefore deduce
to what extent the favorable electronic properties of Ru(II)L3 complexes are
maintained upon anchoring. Lastly, we will use the OESE principle to predict
that, depending on the composition of the system, the complex and the
sca�old, the MLCT can be guided369 either to the framework or to the pore
of the material, producing a versatile photocatalyst for either interface- or
pore-driven photocatalytic applications. The OESE principle is therefore
used as a design tool, similar as in the case of UiO-66, to construct a be�er
photocatalytic complex@COF compound in a more rational and e�icient
way.

3.3.1 The Sca�old: CTF

In order to use CTF as a support material, bidentate nitrogen-containing link-
ers similar to the chelating ligands of the Ru(II)L3 complex should be present
in the framework (see Figure 3.10 and 3.11). We start from a biphenyl-based
CTF,370 which we will refer to as CTF-1-2R145 (the name CTF-2, which has
also been used for this material370 was originally proposed for a naphthalene-
based structure371). Note that CTF-1-2R intrinsically has some photocat-
alytic activity.370 We then replace a number of biphenyl (biph) linkers with
polypyridyl ones suited to anchor the Ru(II)L3 complex (see Figure 3.11 for
their nomenclature within this PhD thesis). Hug et al. recently synthesized
such a CTF-1-2R containing a 2-2’-bipyridine (bipy) linker.343

We modeled the resulting nitrogen-containing CTFs by considering single
CTF-1-2R monolayers, which contains three biph linkers and two triazine
(tria) secondary building blocks (SBU) per unit cell (see Figure 3.11). The
influence of multilayer stacking is therefore not taken into account. We
replaced in each layer one, two or three of the biph linkers by a particular
polypyridyl one (Li), forming a modified CTF-1-2R suitable to anchor the
Ru(II)L3 complex. We will refer to a given CTF in terms of its constituent
linkers, e.g. biph3 for CTF-1-2R and Linbiph3−n for the modified systems
with n the number of replaced biph linkers. The systematic and controlled
inclusion of polypyridyl linkers within the CTF allows us to assess the influ-
ence of the nitrogen content and the specific building blocks included on the
CTF’s electronic structure. The work of Wang et al. moreover indicates that
it is indeed possible to make such mixed-linker CTFs.372
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Figure 3.13: Densities of states of CTF-1-2R doped with 1, 2 or 3 phenan-
throline linkers (phennbiph3−n, n = 0, 1, 2, 3) compared to the
electronic structure of the hydrogen-terminated constituents
(biph, phen, tria). The DOS are aligned with respect to the
vacuum energy. Adapted from Paper III [Ref. 146] with per-
mission of the Royal Society of Chemistry.

The electronic structure for a few considered CTFs are shown in the right
panel of Figure 3.13 (see Paper III [Ref. 146] and its supporting informa-
tion for a full overview). The decomposition with respect to the building
blocks shows the appearance of both localized and delocalized states. The
delocalized states, which include the conduction band minimum (CBM), are
spread out over the entire structure and agree well with the traditional solid-
state concept of an energy band (see Chapter 1, Section 1.1.2). In contrast,
there are also localized states, such as the top of the valence band, which
are characterized by sharp peaks in the DOS. The corresponding orbitals are
confined to individual components of the CTF and retain a more discrete,
molecular character.57, 111, 152 The top of the valence band is therefore classi-
fied as a HOCO (see Section 3.1). Strikingly, the energy and shape of these
localized electron levels are very similar to those in the CTF constituents (see
Figure 3.13, le� panel). This suggests that some features of the linkers are
maintained when incorporating them into the aromatic system of the CTF.
Hence we observe to some extend the OESE principle for COFs in a similar
way as for MOFs,110, 111 i.e. the ability to tune the overall electronic structure
by independently varying the di�erent constituents.

Finally, Figure 3.13 illustrates that the electronic structure of CTF-1-2R can
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Figure 3.14: Band gap of the CTF as a function of the number of linker ni-
trogen atoms per unit cell (a). HOMO-LUMO gap (LMCT) and
analogous linker-linker gap (LL) of the Ru(II)L3 complex with
respect to the number of nitrogen atoms in the complex (b).
Each data point is colored in three parts, which represent the
composition of the CTF sca�old or Ru(II)L3 complex. Adapted
from Paper III [Ref. 146] with permission of the Royal Society
of Chemistry.

be modified by doping it with nitrogen-containing linkers. Although the
position of the HOCO relative to the vacuum energy remains fairly indepen-
dent of the nitrogenous character of the framework, the CBM systematically
lowers if it is increased (see Figure 3.13). As a result the band gap decreases.
The band gap is plo�ed for the various materials in terms of the nitrogen
content in Figure 3.14a. The behaviour of the conduction band minimum is
found to be inherited from the individual linkers, indicating that the OESE
principle even count for the delocalized band, which is in line with current
literature on similar nitrogen-based organic frameworks.52, 79, 373 It is caused
by the inclusion of nitrogen atoms within the aromatic ring which leads to a
π-electron-deficient system. The framework (or linker) will therefore accept
electrons more easily. The resulting band gap may be more suitable for pho-
tocatalysis compared to its non-functionalized analogue.52, 79, 335, 336, 370, 371

In addition, the dependence of the band gap on the nitrogen content may
be relevant during photocatalysis as it could favor the transport of excited
electrons from the photocatalytic complex to the framework (see further).

3.3.2 The Photoactive Complex: Ru(II)L3

Essential to the photocatalytic performance of the envisioned heterogeneous
photocatalyst is the activity of the Ru(II)L3 complex. Similar to the CTF
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sca�old, several nitrogen-containing ligands can be considered to further
tune the properties of this complex (see Figure 3.11). Ru(II)L3 complexes
used for homogeneous photocatalysis consist of three bidentate nitrogen-
containing ligands for which generally two or three are equal.39, 355, 357–359 We
will denote these complexes as Ru(II)Lj2Li1, with the most prominent example
being Ru(II)cbipy3. When embedded into the CTF, the Li linker is shared be-
tween the framework and the complex, while the other two chelating ligands
Lj extend into the pore. Therefore such mixed-ligand complexes are here
almost introduced in a natural way and allow us to tune the photocatalytic
activity in much more detail.
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Figure 3.15: Metal-to-ligand (MLCT) and ligand-ligand (LL) transitions in
Ru(II)bipm2phen1 (a) and Ru(II)phen2bipm1 (b) together with
the corresponding orbitals. Adapted from Paper III [Ref. 146]
with permission of the Royal Society of Chemistry.

The electronic structure of such Ru(II)L3 complexes (see Figure 3.15) indicates
that the HOMO is centered on the Ru2+ ion and corresponds to a t2g state
of an octahedrally surrounded complex. The LUMO, on the other hand,
is located on the chelating ligands with the highest nitrogen content and
thus highest electron a�inity (see Paper III [Ref. 146] and its supporting
information for a full overview). The HOMO-LUMO gap therefore represents
a qualitative measure of the MLCT, which is one of the key properties in the
photocatalytic process. The nitrogen dependence of the LUMO’s location
moreover allows tuning the MLCT to a specific ligand, which is of interest
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when anchoring the complex to a CTF. Furthermore, this larger reduction
potential of Ru(II)L3 complexes with increasing nitrogen content was also
observed experimentally.355
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(a) Phen vs. Ru(II)bipm2phen1
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(b) Bipm vs. Ru(II)bipm2phen1

Figure 3.16: Densities of states displaying how the properties of the
chelating ligands are transferred to the Ru(II)L3 complex.
The electronic structures are aligned based on the average
core potential of the phen (a) or bipm (b) ligands/linkers
respectively. Adapted from the supporting information of
Paper III [Ref. 146] with permission of the Royal Society of
Chemistry.

When we further compare the electronic structure of the Ru(II)L3 complex
to its building blocks (see Figure 3.16) we see that, similar to CTFs (see
Figure 3.13), its electronic structure can to a large extent be considered as
a superposition of them. Therefore, even here the concept of OESE can be
introduced. As the Ru(II)L3 complex contains the same type of ligands/linkers
as the CTF, its electronic structure moreover evolves in a similar way as a
function of the nitrogen content. Indeed, the lowest unoccupied linker state
lowers as the nitrogen content increases, while the highest occupied linker
state remains rather constant. This leads to an overall decrease of the ligand-
ligand (LL) gap with increasing nitrogen content (see Figure 3.14b and 3.15).
On the other hand, the HOMO is now a Ru-based state and lowers as much
in energy with nitrogen content as the LUMO. As shown in Figure 3.14b,
this gives rise to a fairly constant HOMO-LUMO gap. Hence, the absorption
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behaviour is similar across the di�erent mixed Ru(II)L3 complexes, although
the redox potential is changing. This feature makes our Ru(II)L3 complexes
an interesting set for photocatalysis as it allows adapting both the direction
of the MLCT and the chemical activity while targeting the same range of
absorption wavelengths.

3.3.3 The Heterogeneous Photocatalyst: Ru(II)L3@CTF

Both the CTF sca�old and the homogeneous Ru(II)L3 photocatalyst dis-
play interesting properties for photocatalytic purposes. They can be com-
bined in numerous ways, which enables fine-tuning the material beyond
what is possible in the individual constituents. Such metal-functionalized
COFs may be produced either post-synthetically or by using prefunctional-
ized linkers during the CTF synthesis.39, 374 We therefore consider the elec-
tronic properties of a systematic subset of heterogeneous photocatalysts,
(Ru(II)Lj2)Li1(Linbiph2−n) with n = 0, 1, 2 combined out of a Ru(II)Lj2Li1
complex anchored on a Lin+1biph2−n CTF (see Paper III [Ref. 146] for more
details).

The electronic structures of Ru(II)L3 complexes show that they combine a
band gap in the visible spectrum with an intrinsic charge transfer by light ab-
sorption. The combined Ru(II)L3@CTF photocatalyst will only be promising
if these advantages remain intact. A first requirement is that the electronic
structure of the complex within the photocatalyst should not di�er too much
from that of the isolated one. Figure 3.17b and 3.18 illustrates that the
energy levels of the isolated Ru(II)bipm2phen1 complex (le� panel) are indeed
retrieved when anchoring it onto a phenanthroline-containing framework
(right panel) (see the supporting information of Paper III [Ref. 146] for
further examples). Furthermore, Figure 3.18 shows that the redox potential
of the complex remains almost unaltered, indicating that the heterogeneous
photocatalyst may be applied to the same reactions as the homogeneous
one. Moreover, besides the states of the Ru(II)L3 complex, also those of the
CTF are recovered (see Figure 3.17a). This demonstrates that the principle of
OESE is also applicable on the combined Ru(II)L3@CTF catalyst where the
building blocks are considered to be the CTF and the Ru(II)L3 complex.

A second point of a�ention is the electronic structure near the band gap. We
showed in section 3.3.2 that the Ru(II)L3 complex has a Ru-centered HOMO
and a ligand-based LUMO. When anchored, the HOCO moves toward a non-
anchoring CTF linker state (see Figure 3.18). Excitation from this level to-
wards the complex’s surrounding ligands, which we called crystal-to-crystal
charge-transfer (CCCT) or crystal-to-ligand charge-transfer (CLCT) type, are
spatially separated from the Ru2+ ion. More elaborate studies showed that
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Figure 3.17: Densities of states displaying how the properties of the CTF
(a) and the Ru(II)L3 complex (b) are transferred to the com-
bined Ru(II)L3@CTF heterogeneous catalyst. The electronic
structures are aligned based on the average core potential of
the biph linkers (a) or the Ru atom (b), respectively. Adapted
from the supporting information of Paper III [Ref. 146] with
permission of the Royal Society of Chemistry.

they have a possibility of occurring (see Paper Paper IV [Ref. 146] for more
details) and are discussed in Section 3.4. Here, however, we instead focus
on MLCT excitations of the anchored Ru(II)L3 separately, which we find to
display the same trends as the isolated Ru(II)L3 complex further confirming
the OESE principle. Indeed the LUCO and the Ru levels again decrease as a
function of the nitrogen content of the Ru ligands while the highest occupied
ligand states remain more or less fixed (see Paper III [Ref. 146] for more
details). As a result, the MLCT gap remains fairly independent of the used
ligands, while the LL gap decreases with nitrogen content. These findings
again suggest that the Ru(II)L3 complex retains its photoredox properties
when it is heterogenized in the CTF. The heterogenized photocatalyst may
therefore be suited for similar reactions as the isolated complex.

Although the general electronic properties of the Ru(II)L3 complex are main-
tained, heterogenizing the Ru(II)L3 complex onto the CTF does have some
interesting consequences that can not be explained solely form the isolated
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Figure 3.18: Electronic states of the Ru(II)bipm2phen1 complex in vacuo
and when anchored on a phennbiph3−n, n = 1, 2, 3 frame-
work (le�). Depending on the Ru(II)L3 complex and CTF
sca�old, the charge transfer upon light absorption can be di-
rected toward the pore or the framework (right). Adapted from
Paper III [Ref. 146] with permission of the Royal Society of
Chemistry.

constituents (Ru(II)L3and CTF). These e�ects represent deviations from the
ideal OESE principle. The most prominent e�ect is the introduction of a
CTF-centered HOCO, as mentioned above. A second result is visible for
the unoccupied states (see Figure 3.18a). Not only is the electron a�inity
increased as a function of the CTF nitrogen content, but this a�ects the
anchoring linker di�erently from the linkers dangling into the pore. It may
even lead to a change in energy ordering between the di�erent unoccupied
ligand orbitals (see the supporting information of Paper III [Ref. 146] for
such examples). In that case, an MLCT-excited electron from the Ru(II)L3
complex may change its charge-transfer direction compared to the isolated
cluster, i.e. toward the framework rather than the other two (pore) ligands.

Anchoring the Ru(II)L3 complex to a CTF does not appear to undermine its
photoactivity nor the redox potential and thus the redox reactions to which it
can be applied. On the contrary, modifying the CTF linkers provides an addi-
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Figure 3.19: The charge transfer of light-excited electrons can be guided
towards the framework or the pore by rationally designing the
nitrogen content of the sca�old linkers and complex ligands.
Adapted from Paper I [Ref. 111] with permission of the Amer-
ican Chemical Society.

tional degree of freedom to tune the electronic response of the photocatalyst.
By varying the polypyridyl linkers in the CTF or the corresponding ligands
in the Ru(II)L3 complex, the redox potential of the catalyst can be altered by
about 1 eV. This versatility is useful to further optimize Ru(II)L3 complexes
for sustainable applications, such as water spli�ing368 and carbon dioxide
reduction.363 In addition, carefully selecting both the complex and CTF com-
ponents allows the design of a guided metal-to-ligand charge-transfer (see
Figure 3.18). In a mixed Ru(II)L3 complex the MLCT is directed toward the lig-
and with the highest nitrogen content (see Figure 3.19). When combined with
the CTF, a higher nitrogen content of the framework favors a MLCT toward
the anchoring linker. If the photocatalytic operation requires excitation to
the framework, the nitrogen content should therefore be high in the CTF and
low for the ligands in the pore (e.g. (Ru(II)cbipy2)bipm(bipm2)). In contrast,
MLCT toward the pore can be achieved by keeping the nitrogen content of
the framework at a minimum and using highly nitrogenous moieties for the
pore ligands (e.g. (Ru(II)bipm2)phen(phen2)) (see Paper III [Ref. 146] for
more details).

3.4 Extension: Exited-State Properties

In this last section we discuss how insights on the electronic structure ob-
tained from regular DFT calculations can be complemented by performing
TD-DFT calculations (see Chaper 2, Section 2.3). TD-DFT calculations allow
to investigate materials in the presence of time-dependent electric or mag-
netic fields.192 It is therefore able to extract the excitation energies, response
properties and photoabsorption spectra of molecules and solids as well as
the oscillation strength in a more rigorous framework. This makes TD-DFT
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calculations interesting for our photocatalytic systems. However, literature
as well as our own calculations (see further) have shown that DFT electronic
structures, such as those discussed previously, display qualitatively the same
trends as TD-DFT. Nevertheless, to extract the excited-state properties more
quantitatively TD-DFT should be used. The downside of TD-DFT is that it
is computationally more demanding and calculations on periodic materials
remain di�icult even with current progress in algorithms.375, 376 Only recent
advances, such as time-dependent density-functional perturbation theory
(TD-DFPT) have been able to quantitatively calculate the excitation spectrum
of periodic materials.101 Within the framework of this PhD thesis, additional
TD-DFT calculations were performed on isolated clusters of the material,
which were validated to be su�iciently large to give a reliable representation
of the periodic structure.

Figure 3.20: (a) TD-DFT absorption spectra (B3LYP/6-311+G(d,p), 30 states)
for extended cluster models. The basic cluster model has a
stoichiometry of Zr5XO4(OH)4(HCOO)10(BDC-R)2 with R =
H and NH2 and X = Zr and Ti (inset). (b) UV/vis spectra in
Kubelka–Munk units of a series of di�erent Ce4+ UiO samples
compared to pristine UiO-66(Zr) and UiO-66-NH2(Zr). Adapted
from Paper II [Ref. 109] with permission of the American
Chemical Society.

In prior work performed by Hendrickx et al.110 such cluster calculations on
the building blocks of UiO-66(Zr) were already performed. There it was
observed that the DFT and TD-DFT results qualitatively agreed with each
other as well as with the DFT calculations performed in Paper I [Ref. 111].
In Paper II [Ref. 109] we extended this work by performing TD-DFT cal-
culations on the building blocks of UiO-66 where both lanthanide, titanium
and hafnium were incorporated within the inorganic node as well as amino
functionalized linkers (see Figure 3.20a for Ti and Zr). More specifically these
TD-DFT calculations resulted in the excitation spectrum and the transition
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probabilities which were used to investigate the charge transfer within these
materials. Corresponding experiments were conducted by the group of Prof.
Van Der Voort which whom we have an ongoing collaboration. Note that
we assume that the dopant ions are inserted in the metal node. However,
whether dopant ions are inserted on a Zr position or are adsorbed at a defect
site is still subject of much debate.377 Direct proof however is very hard to
obtain and this ma�er still remains open for discussion.

Figure 3.21: Experimental and computational UV-vis absorption spectra
(bo�om) of Ru(II)bipy3. Vertical excitations for the in vacuo
TD-DFT spectrum are reported as orange spikes. Computed
spectra using TD-DFT have been smoothed using Gaussian
functions of half-width at half-height of 0.333 eV (default value
of Gaussview). Adapted from Paper IV [Ref. 378] with per-
mission of the American Chemical Society.

When we look at the TD-DFT spectra of inorganic Hf-doped node we
see an almost identical spectrum as that of the pristine Zr node. Fur-
thermore, the insertion of Ti caused a shi� to lower excitation energy in
the TD-DFT spectrum which agreed well with the experimental shi� in
the absorption edges. The oscillator strength of this transition further in-
creased when more Ti atoms are incorporated within the cluster. Finally,
in the amino-functionalized material a transition between the aromatic
ring of the linker and a Ti 3d orbital was observed in an extended clus-
ter model (see Figure 3.20a). This transition can be seen as a long-range
charge transfer and gives an indication as to why amine-functionalized
UiO-66:Ti4+ system shows the largest photocatalytic activity reported in
literature.301, 310 These observations were in line with previous DFT calcula-
tions in Paper I [Ref. 111] as well as those in Paper II [Ref. 109] where
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(a) Ru(II)L3

(b) Ru(II)L3@CTF

Figure 3.22: Comparison between the DFT and TD-DFT calculations. (a) The
Ru(II)L3 complex, the HOMO-LUMO gaps (DFT), the vertical
energies of the S1 states (TD-DFT, le�) and the optimized T1
states (TD-DFT, right) as a function of the number of nitrogen
atoms in the complex. (b) The Ru(II)L3@CTF, the HOCO-
LUCO gaps (DFT) and the strongest excitation energy (TD-
DFT) shown as a function of the number of nitrogen atoms in
respectively the complex and the complex@CTF. Calculation
carried out at the M06/LanL2DZ level of theory. Adapted from
Paper IV [Ref. 378] with permission of the American Chemi-
cal Society.

the inclusion of Ti causes an overlap between the Ti 3d and the linker
orbitals, suggesting a be�er charge transfer and lower excitation energy. This
remains true when the Ti is absorbed as a defect site as seen in the work
by Santaclara et al.377 The amine-functionalized linker introduces additional
occupied linker state in the band gap which facilitate this transition even
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further.

Additionally UiO-66 was examined both computational and experimentally
when doped with lanthanides. However, since the behavior of Ln ions is
notoriously di�icult to predict with DFT, we only performed UiO-66(Ln)
calculations with Ce4+ where it has been shown to provide reasonable
qualitative results.320, 321 No TD-DFT calculations were performed for UiO-
66 doped with Ce, however, the experimental UV/vis spectra of a series of
di�erent Ce4+ were measured (see Figure 3.20b). As seen a reduction of the
excitation energy is seen which can be linked to the DFT results where a
band, which consists of the 4f orbitals, is introduced within the band gap of
UiO-66 (see Section 3.2.2, I.). The occurrence of these 4f levels in the band
gap of UiO-66 indicates that Ce can take di�erent charge states depending
on the Fermi level location and that a charge-transfer, measurable by optical
spectroscopy, is to be expected. Indeed, the empty 4f band within the band
gap of the pristine UiO-66 is energetically reachable for an electron that
has been excited to the linker’s LUCO via an energy-transfer process. The
predicted location of the 4f band shows a good correspondence with the
thermodynamic (3+/4+) charge-state transition level (see Section 3.2.2).

Figure 3.23: Orbitals involved in the first allowed transition in
Ru(II)L3@CTF, more specifically, a Ru(II)cbipy3 complex
anchored on a cbipy2tbipy1 framework. Calculation carried
out at the M06/LanL2DZ level of theory. A crystal-to-crystal
charge transfer (CCCT) or crystal-to-ligand charge transfer
(CLCT) type is seen with nonvanishing oscillator strength.
Adapted from Paper IV [Ref. 378] with permission of the
American Chemical Society.

The fact that TD-DFT is able to extract the excitation energies was also used
in Paper IV [Ref. 378] to deduce the absorption spectrum of Ru(II)L3 (see
Figure 3.21) where a good correspondence with the experimental spectrum
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is observed. Furthermore, the same complexes were calculated as in Sec-
tion 3.3.2 but with an other level of theory, M06/LanL2DZ, displaying the
same trends as in Paper III [Ref. 146] and therefore additionally confirming
it. DFT calculation were also compared to TD-DFT calculations for the
isolated ruthenium complex (see Figure 3.22a). Similar as for UiO-66 the
results of the TD-DFT calculation showed a similar trend with those of DFT.

The heterogeneous catalyst Ru(II)L3@CTF was also studied in
Paper IV [Ref. 378] by means of TD-DFT. Here cluster models were
constructed using the periodic optimized structures of Paper III [Ref. 146].
Only a subset of the structures were examined using TD-DFT for which
the general trend is similar to the one predicted by DFT (see Figure 3.22b).
Furthermore, the non-vanishing oscillation strengths of excitations for
crystal-to-crystal charge-transfer (CCCT) or crystal-to-ligand charge-
transfer (CLCT) transitions (see Figure 3.23 and Section 3.3.3), also observed
in our DFT calculation of Paper III [Ref. 146], shows that they are
accessible (see Figure 3.23).





4
Conclusions and Perspectives

Begin thus from the first act, and proceed; and, in conclusion, at
the ill which thou hast done, be troubled, and rejoice for the

good.

Pythagoras of Samos (570 – 495 BC)

4.1 Conclusions

Our society is confronted with the major challenge of providing a more
sustainable and clean energy system in view of the growing population and
climate change. Sunlight is abundantly present and freely available as energy
source, however, its e�icient use in photocatalytic devices is today hampered
by the lack of materials which can operate in a large part of the solar
spectrum, which are e�icient, robust and highly active. However, the design
of photoactive devices that e�iciently harness sunlight is a cornerstone in the
transition to a sustainable economy, for example to generate hydrogen gas
through water spli�ing or reduce carbon dioxide.

Nanoporous materials with well-defined pores and active sites which allow
e�icient di�usion of reactant and products are very important in the field
of heterogeneous catalysis. They can potentially play a very important role
in the development of next generation photocatalytic materials, provided
that their electronic structure can be engineered to yield the desired optical
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properties. Within this PhD thesis we studied modular nanoporous frame-
works, which are built from distinct chemical building blocks that can be
tuned or replaced at will. This allows the introduction of several specialized
functionalities. Moreover, the modular structure of these materials gives
rise to an astronomical number of possible design choices. In this sense,
nanoporous frameworks are extremely interesting for the design of next
generation photocatalytic devices. However, the huge combinatorial space
associated with nanoporous frameworks is also prohibitive for any sort of
rational design. Therefore, within this PhD thesis we have unravelled how the
electronic properties can be tuned based on the knowledge of their building
blocks. This new strategy to regulate the electronic properties was coined Or-
thogonal Electronic Structure Engineering (OESE) and is based on the observed
decoupled contributions of the electronic structure of the building blocks,
where altering one part of the structure does not influence the electronic
response to the other part, allowing modular tuning. This new paradigm
brings us closer to a rational design of new high-e�iciency photocatalysts.

Proof of concept for the OESE principle was given for the UiO-66 metal-
organic framework (MOF). MOFs are modular materials that have a�racted
enormous a�ention from the scientific community in the last decades thanks
to their versatility of construction from various inorganic (nodes) and organic
(linkers) building blocks. UiO-66(Zr) is a zirconium based MOF with high
connectivity, which a�racted a lot of a�ention as it is very stable under
various conditions. For UiO-66(Zr) we showed that the electronic contribu-
tions of the various components could essentially be superposed. �asipar-
ticle energy levels associated with metallic nodes and organic linkers could
clearly be distinguished, and the electronic structure of the material could
be described as a sum of independent constituents. Several observations in
literature support this conclusion, indicating a lack of electronic coupling
between components in MOFs and in modular materials in general.

Furthermore, the OESE principle allows a substantially more e�icient de-
sign of potential photocatalytic materials, as information on the electronic
structure of the target material can be predicted from its building blocks.
In this respect we focused on both the light absorption as well as the pho-
tocatalytic activity. In the case of UiO-66 the pristine material shows a
too large band gap for visible light absorption and an ine�icient ligand-to-
metal charge transfer (LMCT). Due to the orthogonality of the electronic
structure in the building blocks of this modular material, both problems
can be targeted separately. The band gap can be e�iciently reduced by
incorporation of amino functionalized linkers (electron donating groups),
e�ectively reducing the absorption energy ∆Eabs, while the e�iciency of
LMCT, determining its catalytic activity a�er excitation, can be increased by
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incorporating di�erent metals within the inorganic node, e�ectively reducing
∆ELMCT . The la�er was investigated by incorporation of isovalent atoms
(Zr, Hf, Ti). It was concluded that only Ti improves the LMCT due to the
overlap between the Ti 3d orbitals with the unoccupied linker states. This is in
line with experimental results. Furthermore, we extended the search towards
the incorporation of lanthanides, known for their interesting light-based
and catalytic properties. Our experimental partners at the COMOC group
developed a microwave-assisted metal-exchange methodology to construct
a series of doped UiO-66 frameworks (Hf, Eu, Yb, Nd, Ce) allowing post-
synthetic metal-exchange much faster than with conventional methods, from
5 days to 4 hours. When theoretically evaluating these Ln-doped materials,
cerium insertion in the node was found to introduce an empty 4f band within
the pristine UiO-66(Zr) band gap, which also gives rise to an e�icient LMCT.
Based on the invariance of the lanthanide series on its chemical environment
similar charge-state transition levels were deduced for Yb and Eu, suggesting
that these lanthanides can be used to increase the photocatalytic activity
as well. However, the use of such lanthanide doped UiO frameworks for
photocatalysis is still in its infancy. Only a few experimental studies have
measured the photocatalytic activity of Ce doped MOFs where an increase
of activity was seen.379, 380 In addition it was very recently discovered that
the photocatalytic activity, and thus the LMCT, can be further increased by
mixed Ti+4/Ce+4 clusters due to the synergy of the low lying 4f states of Ce+4

and the large overlap of Ti+4 with the unoccupied linkers states in UiO-66.381

Therefore, we suspect an even more increased photocatalytic activity of the
proposed lanthanides co-doped with Ti+4. This hypothesis is interesting for
further research.

As all crystals contain defects this is also the case for metal-organic frame-
works and particularly for UiO-66. In general, a whole field developed within
the MOF community about defect engineering, as it was found that defects
are extremely important for the finally observed functional behaviour of
MOFs. In particular for UiO-66 missing-linker defects can be intentionally
created by the synthetic procedure, while retaining its stability. Within
the field of defect engineering, the material’s properties can be tuned by
introducing defects in a controlled way. In the case of UiO-66 missing
linkers create unsaturated metal sites which can be utilized as catalytic
sites. For the development of next generation photocatalytic devices it is
therefore important to know how defects alter the electronic structure. In
this PhD thesis, we investigated in a systematic way how missing linkers
alter the electronic structure and how they can be used to increase the
photocatalytic activity. First, a clear notation was introduced to classify
missing-linker defect structures, providing a transparent way of ordering
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them. This notation characterizes altered node configurations within the
defect structure introduced by missing linkers. Second, we showed that the
local environment of the nodes a�ects the Zr unoccupied d-orbitals. The
behaviour of the d-orbitals can therefore be deduced to a large extent from
the node configurations present in the defect structure, helpfully indicated
by our newly introduced notation. Moreover, the more linkers per node are
removed, the more the d-orbitals lower in energy and the more the electron
becomes localized near the site of the missing linkers. The observed lowering
of the energy of localized Zr d-orbitals at the defect site e�ectively decreases
∆ELMCT and improves the charge transfer to the node and therefore its
photocatalytic activity. On the other hand, the linker states remain almost
constant for all defect structures, preserving the absorption characteristics
∆Eabs. The e�ect of missing-linkers therefore corroborates the OESE princi-
ple.

To test the broader applicability of the OESE principle we considered an-
other subclass of nanoporous materials, namely covalent organic frameworks
(COFs), which was also inspired by the collaboration with our experimental
partners at the COMOC and the SynBIOC group. COFs are a fairly new
class of nanoporous materials which are also built in a modular way but
solely from organic building blocks. These materials are currently explicitly
investigated in literature for their electronic properties and stability. Their
properties are induced by their strong, fully covalent nature causing both a
high stability and electronic coupling. The la�er provides a major challenge
for the OESE principle and can therefore test to what extent it is valid.
COFs are also interesting from a photocatalytic point of view. Although
they lack an inorganic catalytic center, which seems to limit their activity
compared to MOFs, their activity can be increased by incorporation of photo-
catalytic complexes. The assembly of a COF and a photoactive complex could
merge some of the most important features of both organic framework (e.g.
stability) and inorganic photocatalytic complex (i.e. catalytic properties).
Furthermore, the thus created heterogeneous photocatalyst may open a new
route toward the development of more e�icient, environmentally friendly
and robust heterogeneous photocatalysis.

To examine this concept, we have studied the heterogenization of Ru-
polypyridyl complexes (Ru(II)L3), a well known and e�icient class of photo-
catalytic complexes, to covalent triazine frameworks (CTFs), which provide
a robust and light-weight support, forming the heterogeneous photocatalyst
(Ru(II)L3@CTF). The anchoring of the molecular photoactive complex on the
2D nanoporous substrates creates a more sustainable catalytic system and
may be tuned to the redox reaction of interest. CTF-anchored complexes
therefore not only o�er a large accessible surface, but also a promising
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versatility toward functional catalyst design. We considered a wide range
of di�erent polypyridyl-based CTF monolayers and Ru(II)L3 complexes and
demonstrated that it is indeed energetically favourable to anchor the Ru
complexes onto the CTF. However, an essential condition for an e�icient
heterogeneous photocatalyst is that the photoredox properties of the Ru-
polypyridyl complex do not deteriorate when incorporated into the CTF
sca�old. We confirmed that the electronic structure of both the Ru(II)L3
complex and CTF stay mostly unaltered upon combining the two systems
and that the redox potential of the photocatalytic complex remains largely
the same. This behaviour was shown to be even more generally valid: the
energy levels of both the unfunctionalized CTF and the Ru(II)L3 complex are
to a large extent made up of contributions from their individual components.
This indicates that the principle of OESE is applicable within the CTF (COF)
and Ru-polypyridyl complexes (molecular complexes) as well as for their
combination.

Although the heterogenization of photocatalytic Ru(II)L3 complexes is a
valuable target as such, our study additionally showed that anchoring onto a
CTF sca�old provides the system with an even broader tunability than before.
Band gaps, charge-transfer reactions and redox potentials are all strongly
adaptable by changing the nitrogen content of the di�erent components of
the photocatalyst. A higher nitrogen content typically lowers the energy
of unoccupied polypyridyl levels and occupied Ru t2g levels, while occupied
linker or ligand states change only li�le. This behavior makes it possible to
guide the light-induced charge transfer by increasing the nitrogen content
of either the CTF (framework-directed MLCT) or the dangling Ru ligands
(pore-directed MLCT). The versatility of CTF-anchored Ru(II)L3 complexes
therefore endows them with the capability to display a high photoredox
activity for a wide range of target reactions and catalytic set-ups. The
a�ained knowledge may therefore guide further research towards electronic
structure engineering of anchored molecular species on a heterogeneous
support generating a sca�old with desired functional properties.

To conclude, within this PhD we have coined the concept of orthogonal
electronic structure engineering (OESE) stating that the electronic structure
of modular materials can be deduced from decoupled contributions of
their components. Proof of principle for the OESE was found in UiO-66
and covalent triazine frameworks as well as the molecular Ru-polypyridyl
complexes. This paradigm furthermore provided a rational design strategy
to tune the building blocks of these modular materials to increase their
photocatalytic activity.
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4.2 Perspectives

In this PhD thesis we have unravelled the electronic structure of two modular
nanoporous frameworks (UiO-66 and CTF), a modular molecular complex
(Ru(II)L3) and the anchoring of such a complex on a sca�old (Ru(II)L3–CTF)
based on the OESE principle. The OESE principle, therefore, o�ers a lot of
perspectives for future rational design of electronic engineered materials.

The OESE principle disentangles the electronic e�ects of di�erent parts of a
modular structure into contributions from its building blocks and could make
advanced levels of theory, such as Green’s function theory, tractable for much
larger sets of materials than is nowadays possible. The procedure, based on
the OESE principle, could consist of performing high level calculations for
the building blocks and using this information to obtain also the electronic
structure of the composed crystal with high accuracy. This PhD thesis has
introduced the OESE principle, but to use the principle to obtain high level
electronic structures for a broad set of materials, we need accurate alignment
and reconstruction procedures. Some techniques are already available to
align band structures, but more advanced developments will most likely be
necessary.

In addition to more accurate levels of theory for the electronic structures the
OESE principle could be extended on a more fundamental level e.g. towards
di�erent theories/properties. In this PhD thesis the main theory used was
density-functional theory (DFT). However, it would be highly valuable to
investigate this principle for time-dependent density-functional theory (TD-
DFT), focussing more on the optical response of the system. In this thesis we
have observed that DFT and TD-DFT give qualitatively the same trend as also
indicated in recent literature382 and therefore this would be a first obvious
extension. The independent e�ect of di�erent building blocks might even
be directly considered for the prediction of catalytic activity. Some of the
present literature already indicated such trends in the form of a linear free-
energy relationship (LFER).76 These examples or ideas indicate that the OESE
principle is more broadly applicable than only to the electronic structure
and can guide further research to understand simple design rules to tune
the properties of modular materials. However, considerable research is still
necessary to achieve this.

Furthermore, the OESE principle formulated within this PhD thesis is based
on a limited set of materials. Nevertheless, we envision that it can be
generalized towards a broader class of modular materials. A first obvious
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extension based on our proof-of-concept material UiO-66 would be MOFs
with a 0D inorganic subla�ice.27 ZIFs, metal-organic frameworks with a
topology similar as zeolites, have, for example, already shown to possess a
relation between its linker and the band gap.158 This property can be directly
related to the OESE principle. As a second example, the applicability of OESE
to CTFs could have a strong impact in the field of organic electronics. CTFs
could be seen as an extension into a second dimension of one-dimensional
conductive conjugated polymers that are at the hart of organic electronic.
Very recently, the electronic structure of such two-dimensional π-conjugated
organic frameworks, were theoretically investigated by Simil et al.299 They
showed, based on tight-binding theory, that non-dispersive flat levels are
introduced similar as those seen in the CTF. However, they also showed
that common knowledge in organic electrodes is not easily transferable to
these periodic two-dimensional structures. Further research is therefore of
high importance to understand these materials and their relation to the
OESE principle. Thirdly hybrid organic-inorganic perovskites (HOIPs) form
a very interesting class of modular materials for photocatalytic applications.
They are mostly known for their record-high solar-cell e�iciencies. Their 2D
variants, which overcome the detrimental stability problems of 3D HOIPs,
have been shown to exhibit a composite nature as a function of the inorganic
layers and organic spacers. Similar as MOFs, which could be considered as
a composite, it is observed that in these materials the electronic structure
can be deduced from the electronic structure of its building block.293–295

This therefore resembles the OESE principle which we have outlined within
this PhD thesis. Each of these materials would benefit considerably from
the rational design strategy o�ered by the OESE principle. We expect that
design tools like the OESE principle, used to predict and tune the properties
of modular materials, will be much more common in the materials of the
future. This is especially the case for novel materials engineered using nano
technology and made from building blocks.

Irrespectively of the large potential of the OESE principle it will not be valid
for all modular materials. When the coupling between electronic levels in
material’s building blocks is strong, such as seen in the CTF framework,
delocalized bands arise which can not be explained from the OESE principle.
The OESE principle therefore works best if the electronic levels are to an
extent decoupled and if clear building blocks can be defined. MOFs naturally
fulfill these conditions, however, within CTFs this is less straightforward.
Nonetheless, we have seen that even in these fully conjugated frameworks
properties are still transferred if su�iciently isolated entities can be distin-
guished. The major problem is that the reconstruction of the electronic
structure from the building blocks is less well defined. In any case the OESE
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principle shows a lot of potential but needs to be investigated on a larger
scale. Additionally, it would be interesting to test the validity of the OESE
principle with experimental results obtained from ultraviolet and inverse
photoemission spectroscopy to deduce absolute band positions. A com-
plete electronic structure using angle-resolved photoemission spectroscopy
(ARPES) or electrochemical experiments could give further insight whereas
time-resolved spectroscopy could be used to deduce how the materials be-
have when excited. These experiments would allow us to be�er understand
the processes taking place.

The OESE principle is interesting to elucidate the electronic structure of a
modular material, but besides, also other properties are important to deduce
or predict the complete photocatalytic activity of a (modular) material. A
first property that is also relevant is the carrier lifetime and recombination
pathways. In this PhD thesis, we have qualitatively discussed this by inves-
tigating the electronic structure. The overlap between and the order of the
orbitals were used to qualitatively deduce how the charge-transfer e�iciency,
related to this lifetime and photocatalytic activity, changes. However, a
more appropriate way would be to deduce this lifetime and corresponding
recombination pathways directly by modelling. This has recently been per-
formed by Syzgantseva et al.101 where they modelled the lifetime of charge
carriers within UiO-66. Their results qualitatively agreed with the conclusion
in this PhD thesis, and with experiments. A second property that was not
considered yet, is the role of sacrificial donors. Sacrificial donors are chemical
agents that serve to replenish the electron level of the reducing photocatalyst.
Although we did not directly study them within this PhD research, it is
possible to include their e�ect by comparing the redox potential of the
framework and the sacrificial donor.382 Unfortunately, the presence of such
species limits the sustainability of the photocatalytic reaction.383 Ideally, the
framework’s oxidation and reduction potential are aligned with the redox
levels of both half reactions triggered by the photocatalyst,384 removing the
need for sacrificial donors altogether. Although much more challenging, the
OESE principle may also prove useful in designing such fully sustainable
catalysts.
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ABSTRACT: UiO-66 is a promising metal−organic frame-
work for photocatalytic applications. However, the ligand-to-
metal charge transfer of an excited electron is inefficient in the
pristine material. Herein, we assess the influence of missing
linker defects on the electronic structure of UiO-66 and discuss
their ability to improve ligand-to-metal charge transfer. Using a
new defect classification system, which is transparent and easily
extendable, we identify the most promising photocatalysts by
considering both relative stability and electronic structure. We
find that the properties of UiO-66 defect structures largely
depend on the coordination of the constituent nodes and that
the nodes with the strongest local distortions alter the
electronic structure most. Defects hence provide an alternative
pathway to tune UiO-66 for photocatalytic purposes, besides linker modification and node metal substitution. In addition, the
decomposition of MOF properties into node- and linker-based behavior is more generally valid, so we propose orthogonal
electronic structure tuning as a paradigm in MOF design.

1. INTRODUCTION

One of the major scientific challenges of the 21st century is the
change from energy intensive and polluting processes to green
and sustainable alternatives. A promising approach is the
conversion of solar energy, an abundant energy source, into
chemical energy via photocatalytic processes.1,2 Natural photo-
synthesis is the prototype example of an efficient process based
on solar energy, using a highly complex set of hierarchically
assembled units to convert the energy into chemical bonds.1,3

The roots of the implementation of solar-driven chemical
conversions in our daily technology lie in the seminal work of
Honda and Fujishima, who studied photocatalytic water
splitting on TiO2.

4 Since then, novel materials have been
developed for these processes, enabling many environmentally
friendly applications and yielding a deep understanding of the
fundamental physics of semiconductor-based photocatalysis.5−9

It remains however challenging to design a system that is highly
active, uses a broad range of the electromagnetic spectrum, is
stable, and has a reasonable cost.
One emerging class of photoactive materials, combining

molecular functionality and control in a solid state material, is
that of metal−organic frameworks (MOFs). MOFs are versatile
porous crystals that are constructed from inorganic clusters
linked by organic moieties.10 Their inherent modular nature, in
a way resembling the naturally assembled photosystem,
combined with their large internal surface and highly ordered

pore structure make them interesting platforms for use in gas
sorption,11 heterogeneous catalysis,12 biocompatible scaf-
folds,13,14 chemical sensing,15 and light-based applications.16−19

Regarding their electronic structure, MOFs are still mostly
described with traditional solid state terminology. Nevertheless,
in recent literature, this classical view of MOFs has been
challenged and has attributed to these materials significantly
different properties than typical insulators.17,20 This difference
in behavior is because MOFs retain many of their discrete,
molecular characteristics. Instead of showing a delocalized
valence and conduction band, a more localized highest
occupied and lowest unoccupied crystal orbital (HOCO and
LUCO) can be observed.
This discrete nature can be beneficial when designing MOFs

for photocatalysis. The activity of a material is highly
determined by the lifetime of the created charge carriers. To
increase the lifetime, the created exciton has to be separated to
prevent fast recombination of its composing electron−hole
pair. The modular nature of MOFs allows for the optimization
of their different constituents in order to achieve, e.g., a fast
migration of an electron excited at the linker to the inorganic
node. This ligand-to-metal charge transfer (LMCT)18 has been
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discussed in different materials as one of the main mechanisms
underlying the photocatalytic activity of MOFs.17

Zr-based MOFs, and more specifically the series developed at
Oslo University (UiO) by Lillerud and co-workers,21 are an
interesting class of frameworks with great possibilities for
photocatalysis. They are very stable materials22,23 and have a
fairly robust synthesis, allowing the inclusion of genuinely
different linkers and metals.24 This resulted in a plethora of
functionalized materials with the UiO crystal structure.25−28

Moreover, the straightforward synthesis procedure allows for
efficient upscaling from the lab scale to a pilot scale plant, as
was demonstrated by Ahn et al.29

Most of the Zr-based frameworks have been subjected to
extensive research in a broad domain of applications.30 A
particularly popular material is UiO-66(Zr). It consists of
octahedrally coordinated Zr atoms, forming Zr6O4(OH)4
nodes, which are connected via 12 benzene dicarboxylate
(BDC2−) linkers per node (see Figure 1). Recently, several
examples in the literature have appeared on the use of this UiO-
type MOF as a photocatalyst. More specifically, the amino-
functionalized UiO-66(Zr), in both its pure and mixed-linker
forms, showed reasonable activity in several chemical trans-
formations. The considered transformations not only include
proof-of-concept reactions, allowing understanding and opti-
mization of the materials, but also more high-end organic
transformations, which have now been successfully cata-
lyzed.31−37 Moreover, because of the versatility of the
framework, numerous possibilities remain to be explored,
such as tandem catalysis, using also the excellent Lewis acid−
base features of the material for instance, or framework-
controlled product selectivity. The inclusion of guest species
inside the framework pores (dyes, metal complexes, nano-
particles, ...) offers an effective route to increase photocatalytic
activity as well.38,39

Despite the promise of UiO-66(Zr) for chemical con-
versions, the pristine material has only limited photocatalytic
activity. The reason for this is evident from the DOS, presented
in Figure 1. In terms of the photocatalytic process, two energy
gaps are relevant, ΔEabs and ΔELMCT, indicated in the figure.
ΔEabs corresponds to the energy required to excite the linker,

and ΔELMCT corresponds to the energy needed to transfer the
excited linker’s electron to the node’s unoccupied d orbitals. In
order to obtain an efficient electron transfer to the Zr node and
thus a high activity, ΔELMCT should be close to zero or even
negative. However, as seen in the figure, this is not the case for
pure UiO-66(Zr), restricting its activity. Although some groups
claim to have observed ligand-to-metal charge transfer
(LMCT) in pristine UiO-66(Zr), nevertheless,32,35,36 Nasal-
evich et al. recently confirmed the hindered charge transfer
using transient absorption spectroscopy and EPR. They probed
the formation of reduced Zr3+ species in the framework, as this
indicates an electron transfer from the linker, with the unpaired
electron resulting in an EPR signal.40 The authors observed a
very low signal for UiO-66(Zr), indicating the inefficient
transfer. These results corroborate the findings by Matsuoka
and co-workers attributing the low photocatalytic activity of the
UiO-66(Zr) framework to the strongly negative redox potential
of Zr4+.41 Some of the presenting authors also used time-
dependent density-functional theory (TDDFT) calculations to
confirm that the theoretical LMCT is only possible to a limited
extent in the pristine UiO-66(Zr) frameworks.42

While the photocatalytic activity of UiO-66(Zr) may be
enhanced by the subsitution of Zr by Ti40 (see section 5) or by
introducing new components into the framework,38 we propose
defect engineering as an alternative route. Defect engineering is
a rising topic within MOF research and offers interesting new
opportunities.43,44 Both missing linker and missing cluster
defects can occur in UiO and appear to yield stable frameworks.
Lillerud et al. showed that defects are inherently present in
UiO-66 frameworks under normal synthesis conditions. They
moreover succeeded in designing synthesis procedures to
obtain a defect-free UiO-66(Zr)45 or to incorporate additional
defects.46 The incorporation of multiple types of defects in a
highly controllable manner45−47 was found to lead to different
mechanical properties,48 catalytic behavior,49−53 and absorption
properties.54,55

In this contribution, we discuss missing linker defects as an
alternative pathway to engineer the electronic structure of UiO-
66(Zr) and thus their photocatalytic activity. To the best of our
knowledge, this work is the first thorough discussion of the

Figure 1. Photocatalytic process in UiO-66(Zr) in terms of its building blocks (left), defect crystal structure (middle), and density of states of the
pristine UiO-66(Zr) (right), where red and black curves represent different spin channels and blue and green indicate linker and node states,
respectively. The linker is excited by an incident photon (excitation energy ΔEabs), after which the electron is transferred to the node, reducing a Zr
atom (energy barrier ΔELMCT). The excited electron is then available to reduce reactants near the active site. Zr atoms are represented in blue, O
atoms in red, C atoms in gray, and H atoms in white.
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influence of different defect structures on the electronic
structure of MOFs and the intentional use of defects to
engineer it. Note that we do not explicitly consider missing
nodes but show at the end that they exhibit to a large extent the
same properties as missing linkers (see section 5 and
Supporting Information). This manuscript is organized as
follows. In section 2, we present a new notation to
unambiguously define different missing linker defect structures
and compare this to the current literature. Section 3 contains
the computational details of all calculations. Section 4 first
discusses the energetics of the defect structures. Next, the
electronic properties are discussed by means of an analysis of
the periodic DOS (section 4.2.1) and via cluster calculations
(section 4.2.2). The considered quantities are found to be
related to a large extent to the local node environments present
in the defect structure. We expand on this idea in section 5,
connecting our research to the literature and reinterpreting
current efforts to engineer the electronic structure of UiO.

2. DEFECT STRUCTURES
A (missing linker) defect structure is created by removing a
number of benzene dicarboxylate linkers, BDC2−, from the
pristine UiO-66 (see Figure 1). In this work, we look at defect
structures created by removing one, two, or three linkers from a
four-node unit cell. Before describing the associated node
configurations, we first introduce a general notation to uniquely
define UiO-66 defect structures. Our notation improves upon
previous classifications recently proposed in the litera-
ture,48,56,57 to which we compare in the Supporting Information
(see Table S2).
2.1. Classification of Missing Linker Defect Structures.

There are many ways to remove linkers from a UiO-66 crystal.
The number of symmetrically inequivalent ways that linkers can
be removed depends on the number of removed linkers and the
size of the unit cell. To investigate the effect that linker removal
has on the electronic structure (see section 4.2), it is important
to be able to characterize each defect structure with a
transparent notation. We introduce a general notation here
that depends on the size of the unit cell and thus accounts for
the periodicity of the defect structure. It is also easily extended
toward larger unit cells. Although some studies in the literature
already introduced limited notations for missing linker defect
structures,48,56,57 a general scheme was not yet available.
When l linkers are removed from an n-node unit cell, we can

note the resulting defect structure as (CN(1)α, CN(2)β, ...,
CN(n)ν){i}, representing the structure of the material from the
point of view of the nodes. Each node configuration, CNα, is
described by its coordination number (CN), to which a
subscript is added (α, ..., ν) to differentiate between nodes with
the same coordination number but with a different symmetry.
The subscript set {i} indicates the (2

l ) interlinker distances
between the centers of the l removed linkers and serves to
remove any remaining ambiguity. These indices are expressed
in terms of coordination shell numbers: 245, for example,
means that there are three missing linkers that are second-,
fourth-, and fifth-nearest neighbors. Because our notation fully
determines the defect structure, the order of the node
configurations does not matter. By convention, we order by
increasing coordination number and then by alphabetical
subscript.
This work considers unit cells with four Zr nodes,48,56,57

removing up to three linkers. The possible node configurations
and interlinker distances are listed in Figure 2 and Table 1,

respectively. Figure S2 displays all considered defect structures
with our general notation, and in Table S2 the connection with
previous notations48,56,57 is shown. The B structure in the paper
of Vandichel et al.,56 for example, is equivalent to the 8/8
structure in the paper of Bristow et al.57 and the type 6 defect
structure of Rogge et al.48 Neither of these notations yields
insight into the corresponding defect structure. In contrast, our
notation, (10a,10a,12,12)4, shows two linkers to be removed
from a four-node unit cell with the second linker in the fourth
coordination shell of the first, leaving nodes of both 12 and 10a
node configurations.

2.2. Node Relaxation. A missing linker defect structure is
created by removing a number of BDC2− linkers from the
pristine UiO-66 framework. To ensure neutrality of the
inorganic node, the removed negative charge can be
compensated by adding a negative ligand57,58 or by removing
a positive proton from the node.48,56,59 Bristow et al.57

compared different charge compensation methods for the
one-defect structure, (11,11,12,12), and concluded that the
acetate capping mechanism (CH3COO−), which closely
resembles the missing BDC2− linker, was the most stable.
However, the acetate cap effectively shields the Zr electrons
from potential reactants. In contrast, undercoordinated Zr sites
provide more efficient active sites for catalysis. They are created

Figure 2. Different node configurations created by removing zero, one,
two, or three linkers. Zr atoms are represented in green, O atoms in
red, and H atoms in white. Red lines indicate where a linker is missing,
and black squares indicate removed hydrogen atoms to ensure charge
neutrality.

Table 1. Subscript Used in Our Defect Structure Notation to
Indicate the Distance between the Centers of the Removed
Linkersa

shell ILD (−)

1 0.354
2 0.500
3 0.612
4 0.707
5 0.866

aThis interlinker distance (ILD) has been normalized with respect to
the lattice constant of the four-node unit cell of UiO-66. It does not
take into account potential relaxation caused by removing linkers.
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by removing a proton from the inorganic node, for example
through reaction with the acetate termination, leaving the node
free of both acetate cap and proton. During the process of
alternating capping and decapping of the node, the bare node is
expected to play the most important role in photocatalytic
reactions. In this work, we will therefore only consider
deprotonated nodes.
By removing linkers, the affected nodes will relax, causing

bond lengths to adjust. Deprotonated μ3-O atoms are pulled
closer to the node, similar to the μ3-O atoms originally present.
The bond between a deprotonated μ3-O and one of its three
coordinating Zr atoms may even break, triggering a structural
transition. Such a bond breaking was observed for the 10a (see
Figure 3) and 9f ′ node configurations.
Molecular level insight suggests the recoordination of one of

the oxygen atoms to be triggered by the increased number of
μ3-O atoms. By recoordinating one of these oxygen atoms, the
overly electronegative environment can be remediated and the
node stabilized. To understand the charge imbalance
promoting such an oxygen recoordination, we constructed an
ionic model to quantify the charges on O and Zr. In this ionic
model, we assume oxygen atoms to adopt a noble gas
configuration and all Zr atoms to be equivalent. In this way,
a Zr atom in the 12-fold coordinated node loses two times 2/3
e− to a μ3-O atom, two times 1/3 e− to a μ3-OH group, and four
times 1/2 e− to the oxygen atoms of the four connected linkers.
In defect-free (or acetate-capped57) nodes, all Zr atoms
therefore have a +4 charge, in line with their expected
oxidation number. In contrast, when linkers are removed from a

node, the change in environment of the Zr atoms will alter the
Zr charge. The deviation from an ideal +4 charge can be seen as
a measure of the node’s instability.
The ionic model can be used to qualitatively assess the

driving force toward oxygen recoordination for a particular
node configuration. When applying this model to a 10a node
without structural transition, for example, a strong deviation in
Zr charge is observed, associated with a high energy (see Table
2). Particularly, the Zr (F) connected to both deprotonated μ3-
O atoms (c,f) is highly positive due to its more electronegative
environment (see Figure 3 and S1 for the classification of the
individual Zr and O atoms). Breaking a bond with the
deprotonated μ3-O atoms enables a stabilization of the node as
the number of surrounding μ3-O atoms is reduced by one
(b,c,g). Table 2 shows the improved charge balance,
demonstrating a much smaller charge deviation of Zr (F)
after recoordination of the oxygen. This predicted improve-
ment of the node stability is also observed in our DFT
calculations, which yield a stability increase of approximately
250 meV.
According to our ionic model, it is possible to reduce Zr

charge deviations by oxygen recoordination in the 9a, 9f, and 9f ′
node configurations as well. These nodes all have a 10a
configuration from which an additional linker is removed. In
reality, however, not all of these node configurations undergo a
transition. This shortcoming of our model can be attributed to
the neglect of relaxation and repulsion effects. When breaking a
bond, for example, the μ2-O (f) moves away from the Zr
octahedron while the μ3-O (e) is simultaneously pulled closer.

Figure 3. The 12-fold coordinated node (left), 10a node configuration without recoordinating oxygen atom (middle), and with recoordinating
oxygen atom (right). The recoordinating oxygen atom, μ2-O (f), lowers the charge imbalance on the Zr atom (F) and therefore stabilizes the node.
The insets display the node geometry where A−F indicate the Zr atoms (see Table 2) and a−h indicate the oxygen atoms. Graphical conventions are
the same as in Figures 1 and 2.

Table 2. Ionic Model for the Zr Charges qZr (Unit e) in the Pristine Node (a), the 10a Node Configuration without a
Recoordinating Oxygen Atom (b), and the 10a Node Configuration with a Recoordinating Oxygen Atom (c) (see Figure 3)

# μ3-OH # μ3-O # COO− # μ2-O qZr-4

Zr (a) (b) (c) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a) (b) (c)

A 2 1 1 2 3 2 4 3 3 0 0 0 0 −1/6 −1/6
B 2 1 1 2 3 3 4 3 3 0 0 1 0 −1/6 1/6
C 2 1 1 2 3 3 4 3 3 0 0 1 0 −1/6 1/6
D 2 1 1 2 3 2 4 3 3 0 0 0 0 −1/6 −1/6
E 2 2 2 2 2 2 4 4 4 0 0 0 0 0 0
F 2 0 0 2 4 3 4 4 4 0 0 0 0 4/6 0
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If the repulsion with the other μ3-O atoms prevents the latter
oxygen atom from entering the Zr octahedron, no bonds will
break. This is the case in the 9a and 9f structures. On the other
hand, the nonrelaxed deprotonated μ3-O atom may also
experience a strong repulsion with its neighboring μ3-O atom
when an adjacent linker is removed. This triggers a structural
transition in the 9f ′ node configuration. Only the 9f ′ and 10a
nodes therefore exhibit oxygen recoordination.
Note that in a four-node unit cell a complication arises when

more than one 10a node is present. In this case, each node has
two equivalent ways to generate a μ2-O atom, but the relative
orientation is not necessarily the same. Figure 4 shows two

different defect structures, both missing three linkers and
containing two 10a nodes. However, because of the way the
linkers are removed, a different relative orientation of the
recoordinated oxygen atoms is preferred. In the case of the

(10a,10a,11,11)245 structure, the absence of a linker in the
channel between the two 10a nodes makes it more favorable
(by approximately 50 meV) for both recoordinating O atoms to
face each other.

3. COMPUTATIONAL DETAILS

All periodic calculations were performed using density-
functional theory (DFT) in the projector augmented wave
(PAW) approach60 with the VASP package61−64 and employing
the PBE functional.65 Although the semilocal PBE functional is
known to substantially underestimate band gaps, hybrid
functional calculations on UiO-66(Zr) have shown PBE to
display the correct trends.42 In view of the large number of
possible defect structures, containing up to 456 atoms per unit
cell, the PBE functional should therefore yield the correct
qualitative conclusions at an acceptable computational cost.
The recommended GW PAW potentials were used because of
their high precision.66,67 In addition, a plane wave basis set was
employed with a kinetic energy cutoff of 700 eV, and a Γ-point
grid was used to sample the Brillouin zone. We imposed an
electronic energy convergence criterion of 10−5 eV together
with an ionic energy criterion of 10−4 eV. These settings
allowed energy convergence up to 1 meV per unit cell and were
used to fit a Rose-Vinet equation of state.68 From the equation
of state, the equilibrium volume was obtained, at which the
structures were relaxed using a more stringent electronic energy
convergence criterion of 10−7 eV. Density of states calculations
were moreover performed with a 2 × 2 × 2 Γ-centered grid. To
calculate the energy needed to remove a linker (eq 1), the
energy of an isolated H2BDC linker was calculated by placing
the molecule in a 20 Å × 20 Å × 20 Å box.

Figure 4. Different relative orientations of two recoordinating oxygen
atoms (encircled) in a four-node unit cell containing two 10a node
configurations. Graphical conventions are the same as in Figure 1.

Figure 5. Defect energies for all missing linker defect structures normalized with respect to the number of missing linkers per unit cell. The
connected open circles indicate the calculated values, and the solid markers represent the predicted defect energies from the least-squares fitted node
energies. These fitted node energies, normalized to the number of missing linkers on each node, are shown in the inset. Error bars express the
sensitivity of the fit and essentially represent the effect of different linker orientations. They are determined as the range of possible node energies
when fitting to different sets of reference data (subsets of one-, two-, or three-defect structures separately and combinations of these subsets).
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To demonstrate the effect of LMCT on the inorganic nodes,
it is also instructive to complement the periodic calculations
with cluster calculations for isolated nodes. These cluster
calculations were performed with Gaussian 09 (G09).69

Previous research42 has shown that the combination of the
B3LYP70,71 functional with a triple-ζ Def2TZVP basis72 set is a
good choice for these cluster calculations, and therefore the
same settings were applied in this work. Geometry optimization
of the clusters was performed at the same level of theory by
constraining the hydrogen atoms of the formate termination.

4. RESULTS AND DISCUSSIONS

Defects are inherently part of any material. Although producing
defects requires energy, their formation is favored entropically.
Depending on the conditions, the formation free energy of a
defect at finite temperature can therefore be sufficiently low to
enable its creation. While the synthesis of a defect-free UiO-
66(Zr) crystal is possible45 and can be an objective, defects may
also be desirable as they introduce properties that the perfect
crystalline material does not possess. Without missing linkers,
the Zr atoms in the octahedral nodes are fully coordinated and
are not as accessible as active sites. Moreover, missing linkers
alter the node structure and thus the corresponding electronic
properties. This is of interest for photocatalytic applications of
UiO-66(Zr), which are mediated by the unoccupied d orbitals
of the accessible Zr atoms. In this section, we first look at the
stability of different defect structures. Afterward, we study the
impact of missing linkers on the electronic properties with a
particular focus on the energy of the unoccupied d orbitals.
Ideally, defect structures would provide an enhancement of the
photocatalytic activity and thus make defect engineering an
alternative path to modulate the electronic structure of UiO-
type materials.
4.1. Energetics. The energy necessary to remove linkers

depends on the defect structures they create. Not only is the
symmetry of the node lowered, but the removal of a linker
(BDC2−) is additionally charge compensated by the removal of
a hydrogen atom from each connected node. The 0 K defect
energy per linker, i.e., the energy cost per removed linker, can
be calculated via

= − − ·E
l
E l E l E

1
( [host: ] ( [host] [H BDC]))form 2 (1)

where E[host:l] is the energy of the defect structure missing l
linkers, E[host] is the energy of the pristine UiO-66, and
E[H2BDC] is the energy of a H2BDC linker.73,74

The removal of linkers introduces altered nodes into the
UiO-66 host (see Figure 2), while the remaining linkers are
largely unaffected. It is therefore interesting to assess whether
the defect energy can be calculated as a sum of energies
attributed to the different node configurations in the defect
structure. To check this additivity principle, we extracted node
energies from a least-squares fit to the defect energies of all
defect structures (see Tables S3−S4 and inset of Figure 5). In
this fit, all node energies are expressed relative to that of a 12-
fold coordinated node, leaving the defect-free node with a zero
energy by definition. Error bars are calculated as the range of
possible node energies when fitting to different sets of reference
data: we fitted to both the subsets of one-, two- or three-defect
structures separately and to combinations of these subsets. The
spread on the fitted node energies thus provides a measure of
the sensitivity of the fit. These error bars capture the effect of
different linker orientations on the nodes’ energies and hence
the extent to which our node-based model is valid. They do not
take into account the influence of the chosen charge balancing
mechanism, which also affects the relative stability of different
defect structures57 and, therefore, the fitted node energies as
well. In Figure 5, the defect energies predicted from the fitted
node energies (inset) are compared with the actual defect
energies (main figure).
We first consider the 11-fold and 10-fold coordinated nodes.

The inset of Figure 5 shows that the 11, 10a, 10b, 10d, and 10d′
nodes all have similar energies, whereas the 10c node is much
more stable. This is also seen from the defect energies of the
corresponding defect structures. There are however two
exceptions. The (10a,10a,12,12)4 structure has a significantly
higher defect energy, suggesting that the 10a nodes are more
sensitive to the orientation of the surrounding linkers. In
addition, the defect energy of the (11,11,11,11) defect
structures strongly depends on the orientation of the linkers.
Both linker−node and linker−linker interaction may therefore

Figure 6. Density of states of the pristine, one-, two-, and three-defect structure where all missing linkers were connected to a single node. Red and
black curves represent different spin channels, and all DOS are aligned with respect to the pristine μ-OH,O node states. Blue and green indicate
linker and node states, respectively.
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play an important role. However, for most defect structures,
their effect is negligible.
Although the differences remain small, the energies of the 9-

fold coordinated nodes and their associated defect energies are
more broadly distributed (Figure 5). This is due to their larger
structural diversity. The 9a, 9b, 9f ′, and 9i nodes have the lowest
energies, three of which, 9a, 9b, and 9i, correspond to a 10c node
from which an extra linker has been removed. This confirms the
stability of the 10c node configuration. The largest error bars are
observed for 9f and 9f ′, which can be explained by the presence
of the 10a node in (9f,10a,11,12)134 and (9f ′,10a,11,12)134.
Although our node-based model fails when linker orienta-

tions are important, assigning a fixed energy to each node
configuration captures the most important trends of the defect
energies. The model works particularly well for defect
structures with a low defect energy, all of which contain 10c-
based nodes. In terms of the defect energies, a defect structure
may therefore as a first approximation be seen as the sum of its
constituting nodes’ energies.
4.2. Electronic Properties. In an ideal photocatalyst, the

excited linker electrons should be easily transferred to the
node’s unoccupied d orbitals. Such an efficient charge transfer
requires reducing ΔELMCT (see Figure 1). One possible route is
to substitute Zr by other metals. This approach has been
extensively discussed in the literature,75 emphasizing the
favorable effect of Ti incorporation.24,76−80 Because the
removal of linkers alters the nodes, it may lower the unoccupied
d orbitals as well. We therefore investigate the DOS of all defect
structures created by removing one, two, or three linkers from a
four-node unit cell, focusing on the change in the unoccupied d
orbitals. To assess the impact of LMCT on the d orbitals, we
also performed cluster calculations.
4.2.1. Density of States. An overview of all calculated DOS

is presented in the Supporting Information (see Figures S3 and
S4), and a selection is shown in Figure 6. Some trends among
the different defect structures can be identified. The density of
states of the one-defect structure, (11,11,12,12), is almost
identical to that of the defect-free UiO-66(Zr), for example (see

Figure 6). More importantly, the lowest unoccupied d orbitals
in the DOS are unchanged. The environment of the Zr atoms
in the 11-fold coordinated nodes is apparently not altered
sufficiently to influence the character and position of the lowest
unoccupied d orbitals, leaving ΔELMCT unaltered. This also
follows from our ionic model (see section 2.2). Although the
removal of one linker introduces charge fluctuations, there is no
locally amplified effect between neighboring Zr atoms, with
charge imbalances on each face of the node’s octahedron
canceling out (see Table S1). The only difference in electronic
structure between the defect-free and the one-defect structure is
seen at the top of the HOCO, where the exact ordering of
linker and node states moreover depends slightly on the level of
theory.40,81,82 There, the μ3-OH,O node states split off a filled
gap state because the linker removal lifts the equivalence of the
different oxygen atoms. Although this lowers the effective band
gap of the material, it does not change the linker excitation
energy, ΔEabs, as the linker states are unaltered (see Figure 6).
The DOS of the two-defect structures show a similar μ3-

OH,O node state splitting, again leaving ΔEabs unaltered. More
importantly, however, some defect structures also exhibit
modified unoccupied d orbitals, decreasing ΔELMCT. This is
the case for all defect structures that contain a 10-fold
coordinated node, while no change is seen when only 11-fold
coordinated nodes are present. The largest shift of the lowest
unoccupied d orbitals is seen for the (10d′,11,11,12)1 (see
Figure 6) and (10d,11,11,12)1 defect structures. For both 10d
and 10d′ nodes, the removed linkers are adjacent and connected
to the same Zr atom. This suggests that a strongly localized
distortion of the environment of the Zr atoms substantially
lowers the energy of the d orbitals, potentially improving the
photocatalytic activity. The corresponding charge imbalance
can be quantified with our ionic model (see Table S1). For the
10d and 10d′ nodes, the Zr atoms on the octahedral face formed
by the two removed linkers experience a charge deviation of
(−e/6, −e/6, −e/3). In contrast to the 11-fold coordinated
node, the charge differences on the octahedral face therefore
amplify each other. Note that there are energetically more

Figure 7. (Top) Density of states of the (9d,10c,11,12) defect structure, decomposed in terms of the Zr unoccupied d orbitals. (Bottom) Contour
plots of the lowest-energy d orbital centered on the 9d node (left) and the SOMOs of formate capped 9d, 10c, 11, 12 nodes (right).
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favorable nodes than the 10d and 10d′ nodes. However, the
more stable 10c node also introduces lower d orbitals, albeit to a
lesser extent. This suggests a correlation between the energy
per node determined by the addition model and the lowering of
d orbitals, as higher charge fluctuations correspond to lower d
orbitals but also to a higher energy per node. Such a correlation
is indeed observed for some (but not all) of the considered
node types (see Figure 5 and Tables S3 and S4).
Finally, among three-defect structures, a lowering of the

lowest unoccupied d orbitals is quite common, decreasing
ΔELMCT while ΔEabs remains constant. This is partly because
many of these defect structures contain 10-fold coordinated
nodes. The 9-fold coordinated nodes moreover affect the
unoccupied d orbitals as well . Defect structures
(9d,10c,11,12)111 (see Figure 6) and (9h′,11,11,11)111 show the
lowest unoccupied d orbitals and smallest ΔELMCT, out-
performing two-defect structures with 10d or 10d′ nodes.
These three-defect structures contain 9-fold coordinated nodes
where the environment of the Zr atoms is locally strongly
distorted. In the 9d node, three linkers are missing from a single
Zr atom, while for 9h′ the three linkers are removed from a
single octahedral face of the node. Here, too, our ionic model
indicates a large charge imbalance: for 9h′, Zr charges on the
octahedral face formed by the three missing linkers change by
(−e/3, −e/3, −e/3) and for the 9d node, a −5e/6 charge
difference is found for the Zr atom connected to the three
missing linkers. Energetically, the 9h′ node is very unstable, but
the 9d node belongs to the midenergy range (see Figure 5).
Some more stable node configurations such as the 9i node
moreover lower the d orbitals as well.
The position of the unoccupied d orbitals in the DOS,

related to ΔELMCT, is not the only relevant quantity. It is also
interesting to see what these d orbitals look like in real space.
Such a visualization gives a first impression of how electrons,
transferred from the excited linker states, are localized on the
target nodes. Figure 7 shows the example of a (9d,10c,11,12)111
defect structure where the unoccupied d orbitals are localized
on different node types. Both defect-free and 11-fold
coordinated nodes are characterized by d-states spread over
the entire node, while the d orbitals are much more localized in
10- and 9-fold coordinated nodes. In the latter case, the d
orbitals are lower in energy and located at sites where the
linkers have been removed, ideal for photocatalytic reaction.
The above observations show that changes in the Zr

unoccupied d orbitals are driven by the local environment of
the nodes. Similar to the defect energy (see section 4.1), the
behavior of the d orbitals can therefore be deduced to a large
extent from the type of nodes present in the defect structure.
When only 11-fold coordinated nodes are available, almost no
change is seen compared to pristine UiO-66(Zr). However,
when more linkers per node are removed, the d orbitals lower
in energy and the electron localizes near the site of the missing
linkers. The observed energy lowering and electron localization
moreover suggest an improved photocatalytic activity.
Note that the strongest effects are not necessarily seen for

the lowest-energy node types. However, several low-energy
nodes also display a noticeable change in the lowest unoccupied
d orbitals. One could moreover wonder how important the role
of nodes with multiple missing linkers is for photocatalysis,
since removing a single linker already suffices to generate an
active site. Indeed, the removal of each additional linker
generates a supplementary energy cost, but it leads to nodes
with increased charge transfer capabilities. In addition,

specialized synthesis procedures exist to introduce more
defects,83 leading to lower coordinated nodes with more
favorable properties. The 10-fold and 9-fold coordinated nodes
are therefore expected to play an important role in the
material’s photocatalytic activity, be it by nature or by design.

4.2.2. Singly Occupied Molecular Orbitals. In an idealized
process, a separation of the exciton occurs via a migration of the
electron to the unoccupied Zr d orbitals. Although our periodic
calculations provide much insight in the ground state electronic
structure of UiO-66 materials, it is also instructive to consider
what happens after this ligand-to-metal charge transfer occurs.
To obtain more insight into the behavior of the system after
charge transfer, calculations were performed on isolated nodes,
replacing linkers by formate termination groups. Indeed, our
periodic analysis shows that the properties of individual nodes
are to a large extent indicative of the overall properties of the
material. The excited cluster is mimicked via ground state DFT
calculations, adding one extra electron to the cluster by
artificially imposing a −1 charge and a doublet state. While the
LUCO in periodic calculations is localized on the linkers (see
Figure 1), these states are not present in a node cluster model,
so the targeted Zr node orbitals become the lowest unoccupied
states. This negatively charged model system therefore
represents the idealized situation in the framework after
excitation and charge transfer. Analysis of the orbital
contributions to the newly created singly occupied molecular
orbital (SOMO) gives information on the sites where the
electron preferentially resides. For this analysis, we consider a
representative set of node types, the 12, 11, 10a−d′, 9d, and 9h
node configurations, to cover the most important structural
features present in the different defect structures.
Figure 7 and Figure S12 allow us to identify the general

trends in the changing orbital contributions. The node with
only one defect shows almost no changes in orbital
contributions compared to the perfect 12-fold configuration.
The extra electron gets delocalized over the whole node. This
means that transfer of the electron to a reactant approaching
the defect will hardly be improved via a singly defected node.
The node configurations with two missing linkers show larger
differences in orbital contributions and a less uniform
distribution throughout the inorganic node. The effect is
again the most pronounced in nodes 10d−d′, where two linkers
are missing from a single Zr atom (see Figure S12). The orbital
contributions of the thrice defected Zr atoms to the SOMO,
present in the 9-fold coordinated nodes, increase even further.
These cluster-based SOMOs resemble the unoccupied d
orbitals of the periodic calculations (see Figure 7), where d
orbitals are highly localized on defected nodes with the highest
contributions on the lowest coordinated Zr (see Figure 7
(left)).
One can calculate the contributions of an atomic orbital χμ to

the SOMO via a Mulliken approach:

∑+μ μ
ν μ

ν νμ
≠

C C C S2

(2)

with Cμ the expansion coefficient of the SOMO in terms of
atomic orbital χμ, and Sνμ the overlap between two atomic
orbitals χμ and χν. The results for the 9- and 10-fold
coordinated node models are shown in Table 3.
In general, we observe that the contributions from the Zr

atoms, compared to the other atoms in the node, increase as
the number of defects on the node becomes larger. If one looks
at the calculated orbital contributions of node 9d, for example,
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the thrice defected Zr atom accounts for half of the orbital
contributions to the SOMO. Together with the singly defected
Zr atoms in that node type, this amounts up to almost 80% of
the SOMO contributions. This shows that when an electron
can migrate to a defected node, it will preferably reside on the
most defected Zr atom. This also appears from our ionic model
(section 4.1), which assigned the most negative charge to the
Zr with the lowest coordination (see Table S1). The
preferential localization of the excited electron thus enhances
the possibility for a reaction to occur at a defect site, since the
electron will be more accessible for approaching reactants.

5. PERSPECTIVE: OTHOGONAL ELECTRONIC
STRUCTURE ENGINEERING

MOFs are interesting platforms for photocatalytic applications.
Their inherent modular nature allows the construction of
systems with optimized constituent parts, resulting in tailored
control and transfer of the absorbed energy in the system. One
of the most studied materials is UiO-66, because of its stability,
robust synthesis, and easy postsynthetic modification. However,
it is by now accepted that the unfunctionalized, defect-free

material is not the holy grail in photocatalysis. Thanks to the
efforts of several groups, as well as the analysis above, we now
understand the electronic structure and the possible pathways
to alter UiO-66 toward specific photocatalytic applications.
Indeed, the modular nature of the framework results in an
almost independent contribution to the electronic structure by
the different substructures of the framework, i.e., the nodes and
the linkers, which can therefore be modified separately (see
Figure 8). Hence, we would like to introduce the idea of
orthogonal tuning of the electronic structure, which is
transferable to all MOFs with a similar 0D inorganic
sublattice84 and quasi-localized bands: orthogonal, because
altering one part of the structure does not influence the
electronic response to the other part, allowing different effects
to be superimposed (see Figures 9 and S9). The photocatalytic
properties of UiO-66 can therefore be engineered by treating
the nodes and linkers independently. Following this reasoning,
we can now reassess the modification approaches for UiO-66
that have been proposed both in the literature and in this work,
by repeating previous calculations and combining them with
new insights. Because of the orthogonal character of UiO-66
electronic structure tuning, we distinguish two methods.
The first method is based on a linker alteration step. By

adding organic functional groups to the linkers, or by increasing
the linker length, the absorption wavelength of the system
(ΔEabs) can be changed. There are many examples of linker-
altered UiO-66 frameworks in the literature, which are
produced during synthesis, via a mixed-linker approach, or
postsynthetically, by means of a ligand exchange.25,85−88 Several
authors have studied the resulting changes in electronic
structure81,89 and hence in catalytic activity,31−33,35,36 both via
experiments and computational modeling. Effectively reducing
ΔEabs requires the introduction of an electron-donating group,
which can shift the absorption peak deep into the visible
spectrum. This is caused by the introduction of filled states
within the first band gap. Electron-withdrawing groups (e.g.,
NO2) or changes in linker length have a much more limited
effect (see Figures S7 and S8). It has also been shown42 that

Table 3. Orbital Contributions of Zr-Centered Atomic
Orbitals to the SOMO, Calculated via a Mulliken Approach
(See eq 2)a

Zr3× (%) Zr2× (%) Zr1× (%) Zr0× (%) Σ Zr (%)

12 6 38
11 5 7 36
10a 4 17 49
10b 16 8 64
10c 2 5 7 32
10d 27 19 8 88
10d′ 35 16 6 85
9d 49 10 7 93
9h 22 9 93

aContributions from all Zr types in a given node configurations are
shown per Zr atom with Zrn× representing an n-fold defected Zr atom.

Figure 8. Orthogonal tuning of the electronic structure of UiO-66(Zr) (left) where red and black curves represent different spin channels and blue
and green indicate linker and node states, respectively. Linker alteration affects the absorption wavelength, ΔEabs, and therefore controls the energy
needed to excite the linker (BPDC = biphenyl dicarboxylate). The position of the unoccupied d orbitals (ΔELMCT) is changed by node modification
and is important for an efficient LMCT.
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although several electron-donating groups change the theoreti-
cal charge transfer efficiency, this change remains limited due to
the high energy of the Zr d orbitals with respect to the excited
linker states (ΔELMCT). Several groups discussed the LMCT
and performed EPR and other spectroscopic measurements to
investigate the charge transfer experimentally.36,40 They
demonstrated the existence of Zr3+ species, but at very low
concentrations and highly dependent on temperature and
solvent, confirming that pristine and linker-functionalized UiO-
66(Zr) materials have no efficient transfer. The limited increase
in catalytic activity may either be caused by small electronic
effects of functional groups or by the presence of inherent
defects (see further).
The problem of inefficient charge transfer can be tackled by

altering the metal node, reducing ΔELMCT. Introduction of Ti
in the Zr node, via postsynthetic exchange,90,91 strongly
improves the catalytic activity of the material.24,80 Nasalevich
and co-workers40 discussed three existing isostructural MOFs
composed of d0 metals (Ti4+, Zr4+, and Hf4+) and confirmed
that only the Ti mixed-metal material shows a large LMCT.
Also computationally, Ti materials have been shown to possess
a much smaller ΔELMCT.

77,79 Figure S6 shows our own
calculations of UiO-66 with purely Ti, Zr, or Hf nodes. The
low lying Ti 3d states overlap with the linker-based LUCO,
increasing the electron transfer efficiency.
In this work, we showed that defects also alter the electronic

structure. They provide an alternative way to tune the LMCT
since removing linkers from the UiO-66 structure affects the
nodes as well. This lowers the energy of localized Zr d orbitals
at the defect site, effectively decreasing ΔELMCT and improving
the charge transfer to the node. The presence of missing linker
defects might (partially) explain why a good catalytic activity
was still found for some functionalized UiO-66(Zr) materi-
als.31−36 The number and types of defects present in the
material and hence ΔELMCT can be controlled by applying
different syntheses.43−45,47 Besides missing linkers, Lillerud et
al. recently also discussed the presence of missing nodes as one
of the major defect types in UiO-66(Zr).46 However, removing
a complete node has a similar effect on the electronic structure

as removing linkers (see Figure S5), since the removed node
itself does not affect the electronic structure and the edges of
the defect consist of nodes with one additional linker missing.
Designing a highly active MOF-based photocatalyst, using a

broad range of the visible spectrum and exhibiting an efficient
LMCT, requires both ΔEabs and ΔELMCT to be tuned. The
independence of nodes and linkers, in MOFs with a 0D
inorganic sublattice, allows one to tune them in an orthogonal
way, enabling a complete and precise control of the electronic
properties of these photocatalysts. Absorption properties can be
tuned by the introduction of linker states. LMCT on the other
hand, can be tuned by modifying the makeup of the node, be it
directly through metal substitution or indirectly through the
introduction of defects.

6. CONCLUSION

When designing UiO-66 frameworks for photocatalysis,
different pathways are available to engineer their absorption
and charge transfer capabilities. Moreover, the largely
independent behavior of linkers and inorganic nodes enables
the introduction of the concept of orthogonal electronic
structure engineering. This work discusses the influence of
missing linker defects on the electronic structure of UiO-66-
type frameworks. Missing linker defects mostly affect the local
node geometry and therefore offer an alternative route to node
modification, which was thus far only achieved through metal
substitution.
We first introduced a clear notation to classify missing linker

defect structures, providing a more complete and transparent
way of ordering these structures compared to currently
available literature. The notation specifies for each defect
structure the node coordinations in the unit cell and the
interlinker distances, in line with the observed independence of
nodes and linkers in UiO-66.
The energetics of different defect structures could be

understood via a simple model, again assuming that linker−
node and even linker−linker interactions only play a minor role
in their relative stability. A unique energy could therefore be

Figure 9. Electronic structure of UiO-66(Zr) with both aminoterephthalate (ATA) and three missing linkers. This can be deduced from the
superposition of an ATA-functionalized UiO-66(Zr) and the defect structure of unfunctionalized UiO-66(Zr). Red and black curves represent
different spin channels, and all DOS are aligned with respect to the pristine μ-OH,O node states. Blue and green indicate linker and node states,
respectively. The charge density corresponding to the lowest unoccupied d orbitals of Zr6(9d,10c,11,12)111:ATA and Zr6(9d,10c,11,12)111:BDC is
found to be essentially equal (see Figure S10).
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attributed to each node configuration in a defect structure,
summing up to the total defect energy. Their geometry could
be explained with an ionic model, which assumes complete
electron transfer to the oxygen atoms. Using such a node-based
energy approach, the most stable defect structures, typically
containing 10c nodes (see Figure 2), were successfully
identified. Only the predictions for the high-energy defect
structures sometimes deviated, since our assumption of
independent nodes only holds if there is no interaction with
the (missing) linkers.
The electronic properties were also shown to be determined

by the node configurations present in the unit cell. Linker
removal results in a change of the environment of the affected
Zr atoms, which often lowers their unoccupied d orbitals
(ΔELMCT) and increases charge transfer likelihood, therefore
improving the photocatalytic activity. On the other hand, the
linker states remain almost constant for all defect structures
(ΔEabs), corroborating the idea of orthogonal tuning of the
electronic structure. We showed that the effect of missing
linkers on the unoccupied d orbitals is highly dependent on the
number of defects and their configuration. It was observed that
only when two or more missing linkers are removed from the
same node, a noticeable energy lowering of the d orbitals is
obtained. This lowering was found to be the largest when the
removed linkers are connected to a single Zr atom, as this
drastically changes the environment of that atom. Furthermore,
we investigated the localization of the excited electron after
LMCT by means of a simple cluster model. We showed that for
a sufficient number of missing linkers, the excited electron will
preferentially be located on the lowest coordinated Zr atoms, in
line with the periodic results, which is beneficial for further
catalytic steps with the material.
Because of this striking decoupling between node- and linker-

based effects on the energetic and electronic properties, we
reinterpreted the known approaches to modify the UiO-66
electronic structure according to these two possible routes.
From this perspective, we revisited and extended calculations
on functionalized linker systems and isovalently substituted
UiO-66(Ti, Hf). We concluded that a first approach, i.e., linker
modification (linker functionalization, increasing linker length),
targeted ΔEabs and thus the absorptive properties of the
materials. The second method, node alteration, could be
achieved by metal substitution or via the newly proposed
pathway of defect engineering and lowers the energy of the
node’s d orbitals relative to the linker states, ΔELMCT, to
enhance charge transfer capabilities. This reasoning can be
extended to MOFs with a clear separation of nodes and linkers
in the DOS, providing an instructive approach to design new
frameworks and opening possibilities for precisely tuned
materials for high-end photocatalytic applications. In addition,
the principle of orthogonal electronic structure engineering
may also be of broader use in promising new fields such as
semiconducting92 or conductive MOFs93 and dynamic
magnetic frameworks.94
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ABSTRACT: Lanthanide-based metal−organic frameworks
show very limited stabilities, which impedes their use in
applications exploiting their extraordinary electronic properties,
such as luminescence and photocatalysis. This study demon-
strates a fast and easy microwave procedure to dope UiO-66, an
exceptionally stable and tunable Zr-based metal−organic
framework. The generally applicable synthesis methodology is
used to incorporate different transition metal and lanthanide
ions. Selected experiments on these newly synthesized materials
allow us to construct an energy scheme of lanthanide energy
levels with respect to the UiO-66 host. The model is confirmed
via absolute intensity measurements and provides an intuitive
way to understand charge transfer mechanisms in these doped UiO-66 materials. Density functional theory calculations on a
subset of materials moreover improve our understanding of the electronic changes in doped UiO-66 and corroborate our
empirical model.

■ INTRODUCTION

Since their discovery, metal−organic frameworks (MOFs) have
developed into a versatile platform for various applications,
ranging from gas sorption and catalysis to sensing.1−3 They owe
this to their construction from inorganic clusters, linked together
by organic bridges. This inherent modular nature makes it
possible to design the materials at a molecular level and tune their
properties for a specific application. Moreover, MOFs have
recently emerged as photoactive materials, showing promising
results in luminescence and photocatalytic applications.4−8 One
of the limiting factors in traditional semiconductor photo-
catalysts is the high electron−hole recombination rate. InMOFs,
electrons are localized on distinct constituents. Hence, the
organic linker may serve as the photoreceptive system (or
antenna) and the inorganic node as the photocatalytically active
center, which are separated entities within the same crystalline
material. If the corresponding electronic bands are well-aligned,
then an efficient separation and transfer between these sites can
take place via a ligand-to-metal charge transfer (LMCT).
Moreover, the modular setup of a MOF allows for an orthogonal
engineering of the electronic structure, since linker and node
contributions can be treated independently.9

In light-based applications, special attention goes to the series
of lanthanide (Ln) metals. Their bright emission forms the basis

of many lighting applications, and their specific electronic
structure is ideally suited for catalytic fine chemistry.10−12 Also
withinMOF research, Ln-basedmaterials have emerged in recent
years.13−15 As Ln ions are inserted in a crystalline framework,
they are heterogenized, facilitating the processing steps for
several applications. Moreover, the orbital overlap between the
antenna and the Ln ion can be ensured since they are part of the
same rigid framework. The latter is of paramount importance to
provide an efficient pathway for the charge carriers tomove in the
framework. Unfortunately, difficult syntheses and limited
stability restrict the use of Ln MOFs.16 To overcome this
problem, we propose an approach inspired by solid-state
lanthanide chemistry where a stable robust carrier material
(e.g., a metal oxide) is doped with a small amount of lanthanide
ions in a high-temperature process. Within this work, we adopt a
microwave-based methodology to dope UiO-66, a robust MOF,
with several lanthanide and transition metal ions and investigate
the electronic properties of the new materials. So far, this doping
strategy to alter the electronic properties was only used to
introduce isovalent atoms.17 However, thanks to the highly
exchangeable nature of the constituents in MOF materials, we
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show that this methodology can be extended toward many more
metals. The doping of a robust MOF with low concentrations of
Ln dopant ions leads to a whole new series of materials which
may advance a wide variety of applications, ranging from lighting
to photocatalysis. Given the stability of the parent material,
evaluation in different chemical environments and under
different ambient conditions is possible while retaining the Ln-
specific properties.
Challenges and Opportunities in Ln-Doping of UiO-66.

UiO-66 is an often-used prototype MOF, also in light-based
applications, due to its high tunability and unprecedented
stability.18 It is built out of 12-fold coordinated Zr6O4(OH)4
inorganic bricks and benzene-1,4-dicarboxylate (BDC2−) link-
ers.19,20 The coordinative nature of the bonding in UiO-66 allows
for an efficient postsynthetic exchange of both linkers and
metals,21 making UiO-66 the ideal platform for the exploration of
new structures containing lanthanide dopant ions. Figure 1
represents the electronic structure of pristine UiO-66 and
captures the basic idea of the LMCT process lying at the basis of
the photocatalytic activity of the material. In an ideal situation,
the aromatic BDC linker acts as an antenna to absorb light and
generate an exciton. The excited electron should be able to move
toward the inorganic node, reducing the zirconium from Zr4+ to
Zr3+ which then becomes a redox active center.
UiO-66 in its pristine form is however poorly suited for

photocatalysis. Besides its large band gap (4 eV), impeding
excitation with light in the visible region of the spectrum, the
major problem is the inefficient charge transfer between linker
and node. Figure 1 shows that a transfer from the linker to the
inorganic node will be very difficult, since the empty Zr d states
lie more than 1 eV higher than the empty linker band (ELMCT).
This lack of overlap hinders the electron in traveling efficiently to
the node.9 In order to improve LMCT, changes to the LUCO
states (lowest unoccupied crystalline orbital) are necessary.
Introduction of Ti in the Zr node via postsynthetic exchange22,23

was previously found to strongly improve the catalytic activity of
the material due to a lowering of the d states.24−30 Similarly, the
4f levels of Ln ions are expected to alter the HOCO−LUCO
region of the material (HOCO: highest occupied crystal orbital).

Within this work we use for the first time a systematic
experimental method to incorporate lanthanide ions in the UiO-
66 framework and probe the electronic properties of these new
materials. Although we provide insight into the electronic
transitions (which result in their absorption/emission behavior)
using demanding first-principles computational techniques, we
also establish a more empirical model by exploiting recurrent
features of the lanthanides. Indeed, systematic behavior emerges
across the lanthanide series independent of the chemical
environment, as all ions act chemically very similar. This
behavior results in a typical zigzag curve for the charge state
transition levels of lanthanide impurities in crystalline materials
as a function of the used lanthanide. Thanks to the systematics,
the location of the charge state transition levels for all lanthanides
can be predicted when one knows the location of at least one
such level for one lanthanide ion.31−33 In this work, the
systematic properties of the lanthanide ions are used to construct
band diagrams of Ln-doped UiO-66, containing all 14 Ln (2+/
3+) and (3+/4+) charge state transition levels, based on a small
set of experimental absorption and photoluminescence (PL)
spectra. To our knowledge, this is the first time a complex hybrid
carrier material is evaluated using this methodology. Further-
more, a density functional theory (DFT) study of some of the
selected materials corroborates the findings of the empirical
model and helps to understand the electronic structure changes
observed for the different doped frameworks. It bridges the gap
between our novel Ln-MOFs and the existing isovalently doped
materials.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
Experimental Details. Synthesis.UiO-66 was synthesized based on

a general procedure by Biswas and co-workers34 (see Supporting
Information section S1). The doping of the UiO-66 framework was
performed using postsynthetic metal ion exchange inspired by a
methodology developed by Lau et al. and Tu et al.17 Materials were
prepared doped with Ti4+, Yb3+, Eu3+, Nd3+, and Ce4+ and will be
denoted as UiO-66:Xn+. To compare the spectroscopic properties of
pure and doped UiO materials, a pure cerium-based UiO was also
prepared. Synthesis of this UiO-66(Ce) was based on a procedure by
Lammert et al.35 Details of all syntheses are given in Supporting
Information (section S1).

Figure 1. (left) Basic steps in a UiO-66 photocatalytic process: light absorption, LMCT and reduction process. (Right) Density of states of pristine UiO-
66. Areas shaded in green indicate node contributions while areas shaded in blue indicate linker states.9
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Structural Characterization. Ambient-temperature powder X-ray
diffraction (PXRD) patterns were recorded on a Thermo Scientific ARL
XTra diffractometer operating at 40 kV and 40 mA using Cu Kα
radiation (λ = 1.5406 Å). The sorption isotherms were measured on a
Belsorp Mini apparatus, operating at 77 K. Before the measurements,
samples were dried for 4h at 80 °C in dynamic vacuum. All X-ray
photoelectron spectroscopy (XPS) measurements were recorded on a
S-Probe XPS spectrometer from Surface Science Instruments (VG) with
monochromated Al (1486 eV) exciting radiation. Powder was
positioned on the holder using conducting tape. In order to minimize
charging, an electron flood gun of 3 eV was used as a neutralizer. All
spectra were calibrated toward a C 1s peak position of adventitious
carbon at 284.6 eV. For elemental mapping, a field-emission scanning
electron microscope (FEI Quanta 200) operating at low vacuum was
used, equipped with an energy dispersive X-ray spectrometer (EDX).
Samples weremeasured with an electron beam accelerating voltage of 15
kV. Bright-field scanning transmission electronmicroscopy (BF-STEM)
and EDX measurements were performed on a JEOL JEM-2200FS high-
resolution STEM equipped with an EDX spectrometer with a spatial
resolution of 0.13 nm, image lens spherical aberration corrector,
electron energy loss spectrometer (filter), and field-emission gun (FEG)
operating at 200 keV.
Spectroscopy. Solid-state ultraviolet/visible light (UV/vis) measure-

ments were done on a Varian Cary 500 dual-beam UV/vis/NIR
spectrophotometer using an internal 110 mm BaSO4-coated integrating
sphere. Liquid experiments were carried out in solvent (dimethylforma-
mide) on a PerkinElmer Lambda 900 UV/vis/NIR spectrometer. For
both emission and excitation photoluminescence spectra, a FS920 of
Edinburgh Instruments was used. A high-pressure xenon arc lamp of 450
W was used as light source. The excitation wavelength was selected
through a double excitation monochromator.
Empirical Model for Charge State Transition Levels. Lanthanide

ions show similar properties irrespective of their chemical environ-
ment.36 When incorporated as impurities in a given host material, a
typical zigzag curve can be constructed for their charge state transition
levels as a function of the 4f occupation number using the energies of the
charge transfer bands observed in experimental spectra. This method-
ology is reviewed in refs 31−33 and is known to give transition level
locations of lanthanide impurities in inorganic crystals within accuracies
of a few 100 meV. Recently, an extension of the empirical rules was
proposed toward titanium.37

Computational Details. In addition to the empirical model used to
construct the Ln charge state transition levels, we also opted to further
unravel the electronic properties of a carefully selected subset of samples
by using DFT and time-dependent DFT (TDDFT). Because excited
state calculations on periodic systems are still challenging within current
computational models, we first performed TDDFT calculations on
some well-defined clusters. These calculations allowed us to study the
possible excitations and yielded qualitative information on the orbitals
involved. Afterward periodic DFT calculations revealed the ground state
band structures of the pristine UiO-66, UiO-66(Ti), UiO-66(Hf), and
UiO-66(Ce) material. Since the behavior of Ln ions is notoriously
difficult to predict with DFT, we only performed UiO-66(Ln)
calculations with Ce4+. Because Ce4+ contains no 4f or 5d electrons,
the electron correlation is limited and DFT has been shown to provide
reasonable qualitative results.38,39

Calculations on Cluster Models. Calculations on cluster models
were performed in Gaussian0940 using DFT and TDDFT on a series of
simplified model systems. Both clusters with stoichiometry
Z r 6 − xX xO 4 (OH) 4 (HCOO) 1 2 a n d Z r 6 − xX xO 4 (OH) 4
(HCOO)10(HBDC)2 were used to investigate the influence of the
dopant ion. Previous research41 has shown that the combination of the
B3LYP42,43 functional with a triple-ζ Def2TZVP basis set44 is a good
choice for these cluster calculations and hence we applied the same
settings in this work. Geometry optimization of the clusters was
performed on the same level.
Two types of calculations were performed. In order to mimic the

cluster after excitation and LMCT of the framework, we performed
ground-state DFT calculations on the model cluster with one extra
electron.45 In this way, the system is forced in a doublet spin state and a

charge of −1. This allowed us to look into the ideal case where the
electron efficiently transfers to the inorganic node, and to study the
potential preferential sites in these nodes for the electron to reside.
Actual modeling of excited states is computationally much more
demanding. TDDFT within its linear-response formulation offers a way
to calculate vertical transition energies, which can be linked to
experimental UV/vis spectra.46−48 To visually improve the similarity
with the experimental spectra, a Gaussian distribution (σ = 0.4 eV) was
used to broaden the theoretical transition energies.

Periodic Models. Periodic calculations were performed on a 4-node
unit cell within the VASP package,49,50 using the Projector Augmented
Wave approach (PAW)51 with the recommended high-precision VASP
5.4 GW PAW potentials52 and the PBE functional.53 The plane-wave
basis set had a kinetic energy cutoff of 700 eV, and a Γ-only grid was used
to sample the first Brillouin zone. The equilibrium volume was obtained
using a Rose-Vinet equation-of-state fit (9 points between −4 and 4% of
the equilibrium volume),54 and the structures were relaxed at this
volume. An ionic energy criterion of 10−4 eV was used for all relaxations,
and an electronic convergence criterion of 10−5 eV or 10−7 eV was
applied for the equation of state points and equilibrium structures,
respectively. Densities of states (DOS) were calculated using a Γ-
centered 2 × 2 × 2 grid and a 10−7 eV electronic convergence threshold.

■ RESULTS AND DISCUSSION

The first part of this work provides an overview of our
experimentally produced UiO-66 samples and describes their
synthesis and structural characterization in detail. Second,
spectroscopic techniques are used to probe the electronic
structure of the samples. Using these experimental data, we then
reconstruct the typical lanthanide “zigzag” curve of the (2+/3+)
and (3+/4+) charge state transition levels relative to the UiO-66
band diagram. Finally, we use DFT calculations on cluster and
periodic models to obtain more insight in the charge transfer
processes in titanium- and lanthanide-doped materials.

Synthesis and Structural Characterization. We doped
UiO-66 with 5 different lanthanide and transition metal ions
using a postsynthetic cation exchange method (see Table 1).
Postsynthetic cation exchange is a technique that allows the
modification of existing stable materials and the production of
systems with otherwise unreachable compositions.21,22,55 It is
only in the past decade that the cation techniques applied to
other inorganic materials56−58 came into use within MOF
chemistry. We used a microwave-assisted approach inspired by

Table 1. Overview of Samples Studied in This Worka

sample name metal ion concentrations linker

UiO-66 100% Zr4+ BDC
UiO-66(Ce) 100% Ce4+ BDC
UiO-66(Ce)-fum 100% Ce4+ Fum
UiO-66:Ce4+ 1−5% Ce4+ BDC
UiO-66-NH2:Ce

4+ 1−5% Ce4+ BDC-NH2

UiO-66:Nd3+ 1−5% Nd3+ BDC
UiO-66:Eu3+ 1−5% Eu3+ BDC
UiO-66:Yb3+ 1−5% Yb3+ BDC
UiO-66:Ti4+ 5% Ti4+ BDC
UiO-66-NH2:Ti

4+ 5% Ti4+ BDC-NH2

aDoped samples are indicated as UiO-66:Xn+. Ion concentrations are
obtained by fitting of the (TEM/SEM)-EDX results and are prone to
large errors. However, similar loadings were obtained for all samples.
The loading of the UiO-66:Ti4+ was verified via inductive coupled
plasma optical emission spectroscopy (ICP-OES). BDC stands for
benzene-1,4-dicarboyxlic acid, BDC-NH2 is 2-amino-benzene-1,4-
dicarboxylic acid and fum represents fumaric acid. Note that UiO-
66-fum is more generally known as MOF-801.59
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Tu et al.,17 which compared to a conventional solvothermal
approach allows for a drastic reduction in synthesis time from
about a week to only a few hours to obtain a similar loading. We
based our procedure on this doping strategy and extended its
application to the incorporation of lanthanide ions as dopant in
the framework.
A thorough experimental characterization was performed for

all samples shown in Table 1, and the data are provided in
Supporting Information (section S2). Our measurements show
that after the cation exchange, all samples retained their
crystallinity and porosity. Moreover, the shift of the low-angle
diffraction peaks and the fact that no new peaks are observed in
the XRD diffractogram seem to suggest that dopant ions are
included on a Zr site and that no other Ti−O or Ln−O species
are formed. However, whether dopant ions are inserted on a Zr
position in the metal node or are adsorbed at a defect site is still
subject to much debate.60 Direct proof is very hard to obtain, and
this matter remains open for discussion. Nitrogen sorption
measurements (see Supporting Information) confirm that the
UiO samples preserve a high surface area, but a partial blocking of
the pores by adsorbed metal precursors cannot be a priori
excluded. A combination of the two effects may also occur.
The distribution of the dopant ions was verified using BF-

STEMEDXmeasurements. Figure 2 shows that the Ce4+ ions are
distributed quite homogeneously and no cluster formation is
observed. We however notice that some surface enrichment can
be seen, probably due to diffusion limitations of the precursor in
the material. Similar measurements were performed on Eu3+- and
Yb3+-doped samples (see Figures S2 and S3). In the following
sections, our focus will be mainly on the Ce4+- and Eu3+-doped
materials. This gives sufficient information to construct the
charge state transition zigzag curve for both (2+/3+) and (3+/
4+) transitions. Results will be compared to either experiments
or DFT calculations on pristine UiO-66 and Ti- or Hf-containing

materials. For completeness spectra of all doped samples are
provided in the Supporting Information.

Spectroscopy. UV/vis and photoluminescence (PL) meas-
urements were performed to probe the electronic structure of the
UiOmaterials. The former give information on direct transitions,
directly related to the band gap of the material. Interpretation of
the latter is more involved, since excited-state relaxations and
intersystem conversions can occur before a photon is emitted by
the material. Combination of the two techniques allows to
understand the electronic structure of the materials on a
fundamental level and provides the necessary information for
the construction of the Ln zigzag curve.

UV/Vis Measurements of Doped UiO-66:Xn+.When assessing
the electronic properties of photoactive doped UiO materials, it
is instructive to compare the new materials to the known
titanium-doped UiO-66. Figure 3 shows the UV/vis Kubelka−
Munk function obtained from diffuse reflectance measurements
for pristine UiO-66 and UiO-66:Ti4+ and for their amino-
functionalized counterparts. As was previously established, the
amine group of the linker-functionalized material has a large
effect on the absorption edge (region B in Figure 3).41 In
comparison, the introduction of Ti leads to a shift and
broadening of the UV edge due to the strong Ti−O−Zr
interactions (region A in Figure 3). The interaction of the metal
node with the linker also leads to a shift of the NH2 absorption
for the amine-functionalized materials (region C in Figure 3).
The influence of the nearby metal node on the absorption
maximum of the linker (regions A and C) has been observed in
literature24,26 and will be discussed in more detail later in the
“Computational Assessment” section of this work.
Figure 4 shows the UV/vis spectra of UiO-66:Ce4+ and UiO-

66-X(Ce) (X = BDC and fumaric acid (fum)) compared to
pristine UiO-66 and UiO-66-NH2. UV/vis spectra of the other
lanthanide-doped materials are provided in the Supporting
Information. We find that independent of the chosen linker

Figure 2. BF-STEM EDX profiles of Ce atoms (green) and Zr atoms (red) within a UiO-66:Ce4+ sample.
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(fumaric acid or BDC), the absorption edge of UiO-66-X(Ce) is
the same. This indicates that the main absorption in this material
is due to a node-based transition rather than a linker transition
like in pristine UiO-66. Moreover, the change in band gap is
coincidentally about the same as induced by addition of a NH2
functional group to the linker. We will show in the “Computa-
tional Assessment” section that this is because insertion of cerium
in the inorganic node introduces a new band within the band gap
of the pristine UiO-66, similar to what happens in amino-
functionalized UiO-66.
Contrary to the pure ceriummaterials, the dopedUiO-66:Ce4+

shows an edge at 4 eV. This transition is similar to the one in
pristine UiO and corresponds to the BDC linker. However, a new
broad band arises in the spectrum, starting at 2.5 eV, which we
attribute to a charge transfer process. This band is most likely due
to the O2−−Ce4+ LMCT process, and we will refer to the
corresponding energy as ECT to avoid confusion with ELMCT as
defined in Figure 1 (ECT = Egap + ELMCT with ELMCT < 0 for UiO-
66:Ce4+). The position of this band will be used to construct the

charge state transition level curve for the (3+/4+) transition
further on.

Photoluminescence Measurements. Eu3+ represents one of
the spectroscopically most investigated lanthanide ions due to its
characteristic red luminescence lines.61 A typical Jablonski
diagram of a generic Eu3+-doped material is presented in Figure
5 and shows the different pathways that can occur after

absorption of a photon by the material. The excited linker can
quickly decay to its ground state (fluorescence) or the electron
can be transferred via an intersystem crossing to a triplet state
and then to the Eu3+ impurity. From there it decays to different
low-lying Eu3+ levels, giving rise to characteristic peaks in the
emission spectrum.
Figure 6 shows the emission and excitation spectra of the UiO-

66:Eu3+ sample. The red line shows a broad linker emission band

ranging to about 550 nm (see Supporting Information section
S3) followed by the characteristic Eu3+ intraconfigurational 4f6

lines.61,62 By measuring the excitation spectrum for emission at
wavelengths in these two different regions, we can investigate the
mechanisms leading to this specific emission. At 460 nm, only
linker emission is found and no Eu3+ emission. The excitation
spectrum for emission at this wavelength hence shows the
characteristic broad band absorption which is also observed for
pristine UiO-66 (Supporting Information section S3) and which
corresponds to photon absorption of the linker followed by

Figure 3. UV/vis spectra in Kubelka−Munk units of pristine UiO-66
and UiO-66-NH2 materials compared to Ti-doped frameworks. Band A
shows how the excitation of the aromatic system is influenced by the
metal node. The black arrow indicates the shift caused by the changing
environment of the linker. Band B corresponds to the absorption of the
NH2 group. Band C shows the change in the NH2 absorption due to the
interaction with Ti. Here again, the arrow indicates the shift caused by
titanium.

Figure 4.UV/vis spectra in Kubelka−Munk units of a series of different
Ce4+ UiO samples compared to pristine UiO-66 and UiO-66-NH2. For
the nomenclature, see Table 1.

Figure 5. Simplified Jablonski diagram showing the energy transfer
processes in a generic Eu3+-doped material. Solid lines indicate the
absorption or emission of a photon and curved lines are nonradiative
transitions.

Figure 6. Emission and excitation spectrum of UiO-66:Eu3+ measured at
230 K.
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fluorescent decay. If we however look at the spectrum measured
at an emission of 615.5 nm, corresponding to the 5D0 →

7F2
transition of Eu3+, then more features arise. The narrow lines
correspond to direct excitation channels of the Eu atoms with
following fluorescent decay. In addition, we observe a broad band
which we associate with a charge transfer band. We attribute this
excitation to the O2−−Eu3+ CT and the value of the edge (300
nm, 4.1 eV) will be used to position the (2+/3+) transition levels
of all other lanthanides in the next section.
Charge State Transition Levels. The limited sensitivity of

lanthanides to the chemical environment leads to a systematic
behavior of various physical properties across the lanthanide
series, resulting in a typical zigzag curve. Such curves are often
constructed in Ln-doped oxides to predict the charge state
transition energies of the whole series by means of only a few
experimental data points. These levels are usually compared to
the band edges of the host electronic structure (host-referred
binding energy, HRBE). The CT offset obtained from the UV/
vis data positions the Ce(3+/4+) level at 2.5 eV with respect to
the HOCO. The position of this data point fixes the relative
energies of the other lanthanides (black line in Figure 7).

Positioning of the (2+/3+) transition curve was possible from
the PL measurements performed on UiO-66:Eu3+. The
associated CT was found to occur at 4.1 eV, which fixes the
Eu(2+/3+) charge state transition energy and as a result the
complete (2+/3+) curve (blue line in Figure 7). Rogers et al.
moreover found that the Ti(3+/4+) transition level can be found at
approximately the same binding energy value as the Eu(2+/3+)

transition level.37 Because of the relevance of Ti-doped UiO-66,
this transition level was also added to Figure 7.
Note that the Coulomb correlation energy U, defined as the

difference between two successive charge state transition levels,
amounts to 6.87 eV for Eu. This is a typical value for Eu in oxides
(e.g., Dorenbos et al.63), which confirms our correct
interpretation of the excitation/emission spectra. We can

moreover use U to determine the vacuum level in the band
diagram via the chemical shift of Eu2+.31 It allows the expression
of all binding energies relative to this value (vacuum-referred
binding energy, VRBE).
From the diagram in Figure 7, it is observed that the Ti(3+/4+)

level and hence the CT of Ti4+ is resonant with the material’s
HOCO−LUCO gap, explaining the improved electron mobility
of UiO-66:Ti4+ after excitation. The overlap between the Ti(3+/4+)

level and the LUCO of UiO-66 is believed to be the cause for the
increased photocatalytic activity for UiO-66:Ti4+, since an
excited electron of the linker has sufficient energy to move to
the dopant ion. Following the same reasoning, all Ln ions with
(3+/4+) or (2+/3+) charge state transition levels near or below
the UiO-66 LUCO region could potentially be the target of an
LMCT process upon excitation of the UiO host (e.g., Pr, Sm, or
Tb). In order to validate this assumption, the transfer is
investigated in the next section via absolute luminescence
intensity measurements. Furthermore, DFT calculations will be
performed on Ti- and Ce-doped samples to corroborate our
findings.

Absolute Intensities. From the PL measurements, we know
that the unfunctionalized linker shows a broad band emission
centered around 400 nm (see Supporting Information section
S3). This band is due to the recombination of the exciton,
centered on the linker, with emission of a photon. The doped
UiO materials aim to impede this direct recombination pathway
by inducing energy transfer to the metal ions. The opening of the
new decay channel competes with the direct recombination,
resulting in a decrease of the linker emission band. The more
efficient the LMCT process, the stronger the reduction of the
linker emission, offering a method to assess the efficiency of the
energy transfer via LMCT.
The most simple semiquantitative method to compare

absolute emission intensities of powder samples consists of
measuring an “infinitely” thick sample. This is done by using a
filled cup that is placed in the standard PL setup. Since the
incident light beam illuminates the entire sample, the emission
can be compared among different samples in the same setup.
Table 2 shows the integrated intensities of the linker emission

band of the different dopedUiO samples. They are normalized to

the pure UiO-66 emission and are based on the emission spectra
provided in Supporting Information (section S3). One can
observe that by doping the material, the resulting linker emission
diminishes, suggesting that it is now in competition with
alternative pathways. We see that Ti4+, Eu3+, Yb3+, and Ce4+ all
lead to a drastic decrease in intensity. For Ti and Eu, we already
discussed their beneficial influence on the charge transfer
pathway in UiO-66. Indeed, Table 2 corroborates that an
efficient LMCT can take place and the emission intensity drops
substantially. For the Ce4+ sample, almost a complete loss of the

Figure 7. Overlay of the band diagram of UiO-66 (gray) with both the
(3+/4+) (black dots) and (2+/3+) charge state transition levels (blue
squares) for the lanthanide series incorporated as impurities in the UiO-
66 host. Elements with a potentially interesting transition level for
photocatalysis are printed in bold. The curves are calibrated using the
CT absorption edges obtained for UiO-66:Ce4+ (3+/4+) and UiO-
66:Eu3+ (2+/3+) as indicated by the red arrows. Titanium can also be
included using a recently proposed expansion of the empirical model.37

Values are referred to the vacuum (VRBE, vacuum-referred binding
energy) or relative to the host material (HRBE, host-referred binding
energy).

Table 2. Integrated Intensities of the Linker Emission Band
between 350 and 500 nm Excited at 300 nma

sample integrated intensity (%)

UiO-66 100
UiO-66:Ce4+ 6
UiO-66:Nd3+ 71
UiO-66:Eu3+ 12
UiO-66:Yb3+ 14
UiO-66:Ti4+ 31

aThe results are normalized to the UiO-66 emission.
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emission peak is found. This could also be attributed to a fast
energy transfer but possibly followed by fast energy dissipation
via nonradiative pathways, for which Ce4+ is notorious.64,65

We also have a look at the other lanthanides not thoroughly
discussed in the previous sections. About the same drop in
intensity as for Eu3+ and Ce4+ can be found for Yb3+. Figure 7
shows that the interband transition of the host material resonates
with the (2+/3+) charge state transition level of the Yb ion,
opening a decay pathway via this channel and hence lowering the
linker-based emission peak. However, incorporation of Nd3+

leads to a much smaller decrease in intensity. This behavior is
because the Nd(2+/3+) charge state transition occurs at a too high
energy with respect to the LUCO (Figure 7), implying that a Nd
charge transition will likely not occur.
Figure 7 shows that many more possibilities arise for an

efficient LMCT, since Sm and Tb also show charge state
transition levels within the UiO-66 band gap. Further
investigation of the different Ln-doped UiO-66 materials can
yield more insight in the decay pathways and could lead to
materials with improved luminescent properties or increased
photocatalytic activity. However, as the results show, the
resonance of the Eu or Yb charge state transitions with the
HOCO-LUCO energy gap indicates that these doped materials
would be first of choice for a further study.
Computational Assessment. In order to gain more insight

at a fundamental level, a selected subset of the samples was
assessed from first principles. Excited-state calculations are still
challenging for periodic systems, so we performed TDDFT
calculations on some well-defined clusters. We focused on
isovalent dopant ions (Ti or Hf), which do not offer
computational difficulties and may serve as a reference. In
addition, ground state calculations were used to simulate
isovalently substituted UiO-66 with a single negative charge
(and doublet spin state). This model represents the cluster after
charge transfer from the linker. Observation of the singly
occupied molecular orbital (SOMO) then yields insight in the
localization of this excess negative charge. Periodic data are
presented afterward and offer insights in the ground state
electronic structure, which can be qualitatively linked to the
observed changes in the experimental data.
Cluster Models. First, we performed calculations on a series of

simplified cluster models, consisting of one inorganic node
terminated with formic acid. These clusters result in a total
stoichiometry of Zr6−nMnO4(OH)4(HCOO)6 (M = Ti4+ or
Hf4+). Three particular geometries are shown in Figure 8. The
SOMO of both the pristine Zr node (left) and a Hf-doped one
(middle) indicate that an extra electron is uniformly distributed
over the whole node. If we however insert a titanium atom

(right), then the electron is localized on the empty 3d orbitals of
the Ti atom.
Even though these small clusters do not contain any aromatic

linkers, and are therefore severely simplified model systems,
inspection of the TDDFT spectra shows some interesting results
(Figure 9). The Hf-doped node shows an almost identical

spectrum as the pristine Zr node. In contrast, a peak arises around
320 nm caused by the inserted Ti. As the number of Ti atoms in
the cluster increases, both the oscillator strength of this transition
and the absorption in the spectrum rise. Closer investigation
learns that it concerns a transition from oxygen-centered p-
orbitals (oxygen from the formate anions) toward the Ti 3d
orbitals. It can be linked to the shift observed experimentally in
the A region of Figure 3. Moreover, the predicted position of this
CT band agrees well with both experimental (Figure 3) and
empirical results (Figure 7). As a final remark, it should be noted
that the 100% titanium UiO has not yet been synthesized as such
and has to be considered as a limiting case.
The simple cluster models allow to identify the absorption

pathways that arise upon doping the UiO material. However, the
artificial replacement of the linkers by formate anions results in a
loss of linker states and is thus a severe approximation. We
therefore studied more complex Ti-containing clusters, in which
two formate capping molecules were replaced by BDC linkers,
terminated by a hydrogen to secure charge balance. Since much
interest has gone to the amine-functionalized variants, showing
an even larger increase in photocatalytic activity, we also include

Figure 8. Cluster models of Zr6O4(OH)4(HCOO)12 (left), Zr5Hf1O4(OH)4(HCOO)12 (middle, Hf is the top metal atom), and
Zr5Ti1O4(OH)4(HCOO)12 (right, Ti is the top metal atom) calculated at the B3LYP/DEF2TZVP level with a −1 charge and doublet spin state.
The models show the localization of the additional electron on the titanium 3d shell (right).

Figure 9. TDDFT spectra for simple formic acid terminated clusters
with 1 or more Zr replaced by Hf of Ti. The arrow indicates the new
peak rising as a function of the number of Ti atoms in the cluster and
corresponds to an O2−-Ti4+ excitation.
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an amine-modified cluster model in our calculations. The general
cluster structure is shown in Figure 10 (inset), where atom X
indicates the dopant and the R-group can be H or NH2. The
resulting spectra are shown in Figure 10.

We notice that the results are qualitatively similar to those of
Figure 9. A more detailed view on the three main features in the
spectrum can be obtained by considering the related orbital
transitions (see Figure 11). RegionA of Figure 10 corresponds to
the classical HOMO−LUMO excitation of the linker. The shift
of this peak upon inclusion of a titanium atom agrees with the

shift of absorption edges observed experimentally (indicated as
region A in Figure 3). In region B, the BDC-NH2 absorption
arises as a small peak just below 400 nm, and there is a clear
absorption caused by the included Ti. In this transition the most
important contribution to the orbitals is moved from the p-
orbitals of the oxygen atoms of the surrounding carboxylate
groups to the Ti 3d orbitals (Figure 11B). This transition is
similar to the one observed in the small cluster models shown in
Figure 9. Finally, region C in Figure 10 contains a feature only
observed in the amino-functionalized material. It shows a
transition between the aromatic ring of the linker, more
specifically the HOMO of the complete cluster, and a Ti 3d
orbital. This transition only occurs when both an amine group
and a Ti atom are present in the system. The existence of such a
long-range charge transfer gives an indication as to why amine-
functionalized UiO-66:Ti4+ shows the largest photocatalytic
activity in literature.24,25 These TDDFT findings therefore
corroborate DFT calculations by Santaclara et al. for the situation
where a Ti ion was grafted to a linker vacancy.60

Periodic Models. Further insight can be obtained by using a
periodic model. We performed periodic DFT calculations of
isovalently substituted UiO-66 and UiO-66(Ce). Figure 12
shows the DOS for the four considered structures, consisting of
pure Zr, Hf, Ti, or Ce nodes. Pure UiO-66(Ti) has again to be
considered as a theoretical limit. Note that although PBE is
known to underestimate band gaps, it has been observed to
reproduce trends correctly for UiO-66-type materials.41 This is
further confirmed by single-point HSE06 calculations66,67 for
UiO-66(Ti) and UiO-66(Ce) (see Supporting Information).
As shown by Figure 12, the DOS of the Zr and Hf material

show almost no difference, since the electronic characteristics of
the bare ions are very similar. This behavior was also found

Figure 10. TDDFT absorption spectra (B3LYP/6-311+G(d,p), 30
states) for extended cluster models. The basic cluster model has a
stoichiometry of Zr5XO4(OH)4 (HCOO)10(BDC-R)2 with R = H and
NH2 and X =Zr and Ti (inset). Themeaning of shaded regionsA,B, and
C is described in the text.

Figure 11. Orbitals contributing to the three main excitations observed in the spectrum of Zr5TiO4(OH)4(HCOO)10(BDC-NH2)2 (see Figure 10).
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experimentally by Nasalevich and co-workers27 and using cluster
calculations in the previous section. However, introducing
titanium in the metal node alters the LUCO states of UiO-66.
It introduces 3d states that are sufficiently low in energy to go
below the linker-based band forming the LUCO of the pristine
UiO-66. The overlap between the Ti 3d and the linker orbitals
suggests better charge transfer possibilities and explains why an
increased photocatalytic activity is observed for Ti-containing
UiO-66. Note that Santaclara et al. reported that adsorbing Ti
onto a linker vacancy would improve the activity even further.60

Periodic calculations on UiO-66(Ce) show the appearance of a
broad band within the original UiO HOCO-LUCO gap. This
band consists of the 4f orbitals of the Ce ions. In the Ce4+ state,
these orbitals are completely empty and hence form the new
LUCO of the material. The LUCO therefore changes from
ligand- to metal-based, similar to Ti-doped UiO-66, although no
energetic overlap between the new and original LUCO states is
now observed. Coincidentally, the Ce gap state appears at a
similar energy from the HOCO as the state introduced by an
amine group in UiO-66-NH2 from the LUCO.41 However,
although the effect on the overall band gap is comparable (see
Figure 4), both excitations are physically different. The amine
group gives rise to a completely filled band and therefore creates
a new HOCO state. This results in linker-based absorption. In

contrast, cerium brings down the LUCO state and excitation
occurs to a cerium level.
The observed Ce f band can be qualitatively linked to our

previously obtained results. The occurrence of 4f levels in the
band gap of UiO-66 indicates that Ce can take different charge
states depending on the Fermi level location and that a charge
transfer transition, measurable by optical spectroscopy, is to be
expected. Indeed, the empty 4f band within the band gap of the
pristine UiO-66 is energetically reachable for an electron that has
been excited to the linker LUCO via an energy transfer process.
The broad band observed in the absorption spectrum of Figure 4
was already attributed to this charge transfer channel. A charge
state transition level must therefore be present in the band gap.
The predicted location of the 4f band shows a good
correspondence with the thermodynamic (3+/4+) charge state
transition level, which was also used to construct Figure 7. The
location of the Kohn−Sham single-particle levels (Figure 12) is
not exactly the same as the location of the charge state transition
level. This is however not to be expected given their different
physical meaning.68−71

■ CONCLUSION

LanthanideMOFs represent an interesting class of materials with
specific electronic properties exploitable for luminescent and

Figure 12. Total (gray) and projected (red, green, blue and yellow) density of states of (from top to bottom) UiO-66(Ti), UiO-66(Zr), UiO-66(Hf)
and UiO-66(Ce). The energy is expressed with respect to the Fermi energy (EF = 0).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b00425
Inorg. Chem. 2018, 57, 5463−5474

5471

Publications in International Peer–Reviewed Journals 149



photocatalytic applications. Unfortunately, pure Ln-MOFs are
notoriously unstable and difficult to synthesize. In this work, a
simple microwave-assisted synthesis methodology was proposed
for the fast incorporation of transition metal and lanthanide
cations in the robust UiO-66material, giving rise to an entire new
set of highly stable materials with unprecedented electronic
properties. Combining spectroscopic data with computational
results allowed to understand the changes in electronic structure
of the different materials in a synergistic way.
By using experimentally observed CT values in Ce- and Eu-

doped UiO samples, the (2+/3+) and (3+/4+) charge state
transition levels were predicted for the entire Ln series,
displaying a zigzag curve with respect to the band structure of
the host material (see Figure 7). Absolute intensity measure-
ments confirmed this model, showing that for dopants with
transition levels resonant to the HOCO−LUCO gap of UiO-66
an extra decay pathway becomes available. Further confirmation
was obtained using DFT calculations. For isovalently substituted
samples, only Ti shows a CT pathway. This is because Ti 3d
levels overlap energetically with the linker LUMO state while Hf
and Zr states only occur in a higher energy range. For Ln-doped
materials, cerium insertion in the node introduces an empty 4f
band within the pristine UiO-66 band gap, which also gives rise to
CT. Similar charge transitions were observed for Yb and Eu. We
therefore propose these Ln-based materials as prime candidates
in catalytic studies. Moreover, the general applicability of our
synthesis procedure combined with the stability of the proposed
materials may encourage researchers to conduct further studies
and open up a new chapter in Ln-MOF luminescence and
photocatalytic studies.
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Electronic properties of heterogenized Ru(II)
polypyridyl photoredox complexes on covalent
triazine frameworks†

Arthur De Vos, a Kurt Lejaeghere, *a Francesco Muniz Miranda, a

Christian V. Stevens, b Pascal Van Der Voort c and Veronique Van
Speybroeck *a

Ru(II) polypyridyl complexes have been successful for a wide range of photoredox applications thanks to

their efficient light-induced metal-to-ligand charge transfer. Using the computational framework of

density-functional theory, we report how these complexes can be anchored onto covalent triazine

frameworks while maintaining their favorable electronic properties. We moreover show that variation of

the nitrogen content of the framework linkers or complex ligands endows the heterogenized catalyst

with a unique versatility, spanning a wide range of absorption characteristics and redox potentials. By

judiciously choosing the catalyst building blocks, it is even possible to selectively guide the charge

transfer toward either the scaffold or the accessible pore sites. Rational design of sustainable and

efficient photocatalysts thus comes within reach.

1 Introduction

To sustain a growing global population, a more efficient and
environmentally friendly harvesting of energy is required. This
is especially important for the chemical industry, which is one
of the most energy-intensive sectors, strongly relying on fossil
fuels for the production of chemical products.1 Photocatalysis is
a more sustainable approach, as it relies on naturally present
sun light in combination with photocatalytic materials to
transfer solar into chemical energy.2–5 This transfer can be
efficiently achieved by homogeneous photocatalysis with the aid
of photocatalytic complexes.3,6 However, as most promising
photocatalysts contain precious metals, it is highly desirable to
develop recyclable and reusable heterogeneous photocatalytic
systems. The use of photocatalytic complexes in a homogeneous
suspension necessitates an environmentally unfriendly cycle to
remove the catalyst from the products. Heterogeneous catalysts
in which the photocatalytic complexes are anchored on
a porous framework can avoid this last step and therefore serve

as an environmentally cleaner alternative.7–10 In this work, we
not only demonstrate how covalent triazine frameworks (CTFs)
provide such a support for photocatalytic Ru complexes, but
show that they introduce an additional possibility for tuning the
electronic response—and hence efficiency—of the combined
photocatalytic system.

The photocatalytic complexes of interest consist of a Ru2+ ion
octahedrally chelated by three bidentate polypyridyl ligands L,
denoted as Ru(II)L3 (see Fig. 1). The photoactivity of these
complexes is caused by their long-lived metal-to-ligand charge
transfer (MLCT) state induced by light absorption.3 This MLCT
and resulting availability of the excited electron on the ligands
enables its good performance as catalytic center, where it trig-
gers oxidation or reduction reactions in surrounding
systems.3,11–17 Proven photoredox applications include carbon
dioxide reduction,18,19 solar cell development,20 water split-
ting,2,21–23 as well as Diels–Alder cycloadditions.24

In this paper we consider the heterogenization of these Ru(II)
L3 complexes onto covalent triazine frameworks using
a computational approach. CTFs are part of a much broader
family of porous frameworks suitable for anchoring photo-
catalytic complexes. This family includes metal–organic
frameworks (MOFs)25 and covalent-organic frameworks
(COFs),26–28 many of which have the high surface areas
mandatory to function as a good support material. Moreover
MOFs and COFs are highly tunable due to the variability of their
building blocks, adding a second pathway to modify the mate-
rial in addition to the anchored complex. Such alternative
modication strategies are ideal to engineer electronic and
optical behavior.29,30 Unfortunately, most MOF structures tend
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to lack stability under reaction conditions.13,31,32 COFs, on the
other hand, are more stable, and even display some (photo)
catalytic activity in their pristine form,33–38 although they lack an
inorganic catalytic center compared to MOFs. Using COFs as
a support for photocatalytic complexes may lead toward more
efficient and robust heterogeneous photocatalysis.

CTFs are an especially promising class of COFs known to be
thermally and chemically stable.35,39–42 They are 2D porous
frameworks made upon the trimerization of aromatic nitriles.
CTFs are particularly interesting to anchor photocatalytic
complexes, as they are much lighter than most other porous
materials and do not possess toxic or environmentally
unfriendly elements. In addition, 2D heterostructures have
attracted widespread attention thanks to their compelling
properties, which are useful for many potential applications.43

In order to use CTFs as support material, bidentate nitrogen-
containing linkers similar to the chelating ligands of the Ru(II)
L3 complex should be present in the framework. We start from
a biphenyl-based CTF,44 which we will refer to as CTF-1-2R45 (the
name CTF-2, which has also been used for this material44 was
originally proposed for a naphthalene-based structure46). Note
that CTF-1-2R intrinsically has some photocatalytic activity.44

We then replace a number of biphenyl linkers with polypyridyl
ones suited to anchor the Ru(II)L3 complex (see Fig. 1). Hug et al.
recently synthesized such a CTF-1-2R containing a 2-20-bipyr-
idine (bipy) linker.47 Similar strategies can be applied for
MOFs,48 where photocatalytic complexes were already success-
fully anchored to both linkers49,50 and nodes.51

In the following sections, we perform a computational
investigation of the combined Ru(II)L3–CTF heterogeneous
photocatalyst and explore in how far the favorable electronic
properties of Ru(II)L3 complexes are maintained upon
anchoring. To investigate this point, we vary the bidentate
moieties in both the Ru(II)L3 complex and the CTF support and
show how small synthetic modications allow tuning the light
absorption and redox properties of the catalyst. The CTF and
the Ru(II)L3 complex are rst considered separately, aer which
the properties of the coupled catalyst are compared in detail.
The combined Ru(II)L3–CTF heterogeneous photocatalyst has
a larger versatility than the isolated complex as both the
framework and the Ru(II)L3 complex can be varied. In addition,
it makes it possible to obtain asymmetrically surrounded Ru(II)
L3 complexes in a rather natural way. We show that depending
on the composition of the system the MLCT can be guided52

Fig. 1 Building blocks of both the CTF monolayer and the Ru(II)L3 complexes (top). The heterogeneous photocatalyst of interest consists of
a structure in which the Ru(II)L3 complex is anchored on a CTF monolayer, for which an example is given (bottom) (blue: N, brown: C, white: H,
grey: Ru).
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either to the framework or to the pore of thematerial, producing
a versatile photocatalyst for either interface- or pore-driven
catalytic applications.

2 Methodology
2.1 Structures

We considered several variants of the CTF-1-2R framework to
act as a scaffold for Ru(II)L3 complexes. CTF-1-2R itself only
contains biphenyl linkers (biph) and is therefore unsuited to
function as a catalytic support for the photocatalytic Ru(II)L3
complex. To introduce appropriate anchor sites, four experi-
mentally available bidentate nitrogen-containing linkers were
instead considered, cis-bipyridine (cbipy), phenanthroline
(phen), cis-bipyrazine (cbipz), and bipyrimidine (bipm), as well
as their monodentate trans congurations (tbipy, tbipz) (see
Fig. 1). This set of linkers allows changing the nitrogen content
of the CTF's aromatic system, with nitrogen counts ranging
from two to four per linker. Moreover, experimental synthesis of
these materials should be possible, as demonstrated by the
successful synthesis of a bipyridine-based CTF by Hug et al.47

We modeled the nitrogen-containing CTFs by considering
a single CTF-1-2R monolayer, which contains three biph linkers
and two triazine (tria) secondary building blocks (SBU) per unit
cell. The inuence of multilayer stacking is therefore not taken
into account. In each layer we replaced one, two or three of the
biph linkers by a particular polypyridyl one (Li), forming a modi-
ed CTF-1-2R. We will refer to a given CTF in terms of its
constituent linkers, e.g. biph3 for CTF-1-2R and Ln

ibiph3�n for the
modied systems with n the number of replaced biph linkers. The
systematic and controlled inclusion of polypyridyl linkers within
the CTF allows us to assess the inuence of nitrogen content on
the CTF properties. The work of Wang et al. moreover indicates
that it is indeed possible to make such mixed-linker CTFs.53

The properties of the Ru(II)L3 complex were varied using the
same four bidentate ligands. Ru(II)L3 complexes used for homo-
geneous photocatalysis consist of three bidentate nitrogen-
containing ligands for which generally two or three are
equal.3,12–15Wewill denote these complexes as Ru(II)L2

jL1
i, with the

most prominent example being Ru(II)cbipy3. When embedded
into the CTF, the Li linker is shared between the framework and
the complex, while the other two chelating ligands Lj extend into
the pore. Suchmetal-functionalized COFsmay be produced either
post-synthetically or by using prefunctionalized linkers during the
CTF synthesis.13,54 We denote the resulting heterogenized photo-
catalyst as (Ru(II)L2

j)L1
i(Ln

ibiph2�n) with n ¼ 0, 1, 2. The presence
of mixed-ligand complexes rather than complexes with only
a single type of ligand allows us to tune the photocatalytic activity
in much more detail.

2.2 Computational details

All periodic calculations were performed using density-
functional theory (DFT) in the projector-augmented wave
(PAW) approach55 with the VASP 5.4.4 package56–59 and
employing the PBE functional.60 Although the semilocal PBE
functional substantially underestimates band gaps, it correctly

reproduces electronic-structure trends at a fraction of the cost
of higher-level methods.29,45,61 We conrmed this using selected
HSE06 calculations (see Fig. S2–S5†).62,63 Note, however, that for
quantitative purposes, even more advanced theories would be
required, as conjugated systems typically yield poor absolute
electron affinity and band gap predictions.64 van der Waals
interactions were modeled by the DFT-D3 method of Grimme
with Becke–Johnson damping.65,66 The recommended GW-ready
PAW potentials were used because of their high precision,67,68

employing a 1s1, 2s22p2, 2s22p3 and 4s24p65s24d6 valence elec-
tron conguration for respectively H, C, N and Ru. In addition,
a plane wave basis set was employed with a kinetic energy cut-
off of 800 eV for all structures.

For CTF monolayers a 2 � 2 � 1 G-centered grid was used to
sample the rst Brillouin zone. We imposed an electronic
energy convergence criterion of 10�5 eV together with an ionic
relaxation threshold of 10�4 eV. These settings were used to
uniformly rescale the CTF's in-plane lattice parameters from
�4% to 4% in steps of 1% and t a Rose–Vinet equation of state
(see e.g. Fig. S8†).69 Because of the intrinsic periodicity imposed
by VASP, an interlayer distance of 22 Å was maintained, and the
van der Waals radius in the D3 scheme was reduced to 20 Å to
remove dispersion interaction between the monolayers. The
equilibrium lattice parameters were extracted from the equa-
tion of state, at which the structures were relaxed using more
stringent electronic and ionic convergence criteria of 10�7 eV
and 10�6 eV, respectively. In this last optimization run, the
interlayer vacuum region was increased to 40 Å when a Ru(II)L3
complex was anchored onto the CTF to obtain reliable energies.

The Ru(II)L3 complexes were calculated in a 40 � 40 � 40 Å3

unit cell using a 2+ charge, a G-point k-grid and an electronic and
ionic convergence threshold of 10�7 eV and 10�6 eV. Similarly,
the Ru2+ ion and nitrogen-containing linkers were calculated in
a 20 � 21 � 23 Å3 and 40 � 30 � 22 Å3 box (see Fig. S6†) to
obtain the formation energy (see “The photocatalytic complex”
and “The heterogeneous photocatalyst”). In the case of a charged
system, an energy correction was applied to remove monopolar
interactions with its periodic images (see Section S2†).68,70,71

Density of states (DOS) calculations were performed with a 6
� 6 � 1 G-centered grid for the CTF and a G-point grid for the
building blocks and Ru(II)L3 complexes. In addition, the
threshold for the electronic self-consistent cycle was tightened
to 10�8 eV. The DOS were plotted using the pymatgen package.72

Depending on the feature of interest, different DOS plots were
aligned using either a judiciously chosen energy or potential
reference, or by quantitatively positioning them with respect to
the vacuum potential. In the latter case, the vacuum potential
was either explicitly calculated (neutral systems) or determined
from the electron affinity, i.e. the energy change upon adding
a supplementary electron (charged systems).

3 The scaffold

To understand the role of the CTF scaffold's composition in the
heterogeneous photocatalyst, we rst consider the CTF alone.
We examine both the energetic and the electronic inuence of
introducing polypyridyl linkers within the biph3 monolayer,

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 8433–8442 | 8435
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which are needed to create a suitable anchor site for the Ru(II)L3
complex (see “Structures”).

3.1 Energetics

As CTFs are made upon trimerisation of aromatic nitriles (see
Fig. 1, X ¼ CN), the CTF stability can be assessed by evaluating
the formation energy in terms of these constituting linkers (see
Table S5†):

EForm ¼ ECTF �
X

i

ELiðCNÞ ¼
X

i

DELiðCNÞ (1)

The formation energy is depicted in Fig. 2a. We see that all
frameworks are stable, but that the stability scales unfavorably
with the number of polypyridyl linkers. This destabilization per
linker is of the order of 1.8 eV and is approximately equal for all
linkers within a 40 meV range, independent of their nitrogen
content.

To investigate the role of the individual linkers in more
detail, eqn (1) can be approximated to attribute the formation
energy to independent contributions of the different linkers. In
this case, the formation energy can be seen as the sum of
stabilization energies DELi(CN) per linker, independent of the
framework in which they are incorporated. These stabilization
energies per linker can be obtained from the formation energies
of different CTFs via a least-squares t (see Table S6†). The
agreement between the actual and the tted formation energies
is better than 3 meV, indicating that there is no energetic
interaction between individual linkers across the bridging
triazine unit.

3.2 Electronic structure

The densities of states for a few considered CTFs are shown in
the right panel of Fig. 3 (see Section S5.2 for a full overview and
Fig. S2† for a HSE06 validation of Fig. 3). The decomposition
with respect to the building blocks shows the appearance of
both localized and delocalized states. The delocalized states,
which include the conduction band minimum (CBM), are

spread out over the entire structure and agree well with the
traditional solid-state concept of an energy band. In contrast,
there are also localized states, such as the top of the valence
band, which are characterized by sharp peaks in the DOS. The
corresponding orbitals are conned to individual components
of the CTF and retain amore discrete, molecular character.29,73,74

These localized states are therefore oen referred to as crystal
orbitals, and the top of the valence band is classied as highest
occupied crystal orbital (HOCO). Strikingly, the energy and
shape of these localized electron levels is very similar to those in
the CTF constituents (see Fig. 3, le panel). This suggests that
some features of the linkers are maintained when incorporating
them into the aromatic system of the periodic CTF. Such elec-
tronic structure decoupling resembles that of 0D MOFs, which
are made up of independent contributions of their inorganic
and organic building blocks.29,61 Hence we would like to intro-
duce the idea of orthogonal electronic structure engineering for
COFs in a similar way as for MOFs, i.e. the ability to tune the
overall electronic structure by independently varying the
different constituents.

Finally Fig. 3 illustrates that the electronic structure of CTF-
1-2R can be modied by doping it with nitrogen-containing
linkers. Although the position of the HOCO relative to the
vacuum energy remains fairly independent of the nitrogenous
character of the framework, the CBM systematically lowers if it
is increased (see Fig. 3 and S9†). As a result the band gap
decreases. The band gap is plotted for the various materials in
terms of the nitrogen content in Fig. 4a. The behavior of the
CBM is found to be inherited from the individual linkers (see
Section S4†) and is in line with current literature on similar
nitrogen-based organic frameworks.34,75,76 It is caused by the
inclusion of nitrogen atoms in the aromatic ring. Because
their free electron pairs are not part of the aromatic system,
they lead to a p-electron-decient system. The framework (or
linker) will therefore accept electrons more easily. The
resulting band gap may be more suitable for photocatalysis, as
experimentally observed in nonfunctionalized
CTFs.34,36,37,44,46,76 In addition, the dependence of the band gap

Fig. 2 Formation energy of the CTF scaffold (a) and the Ru(II)L3 complex (b) in eV per unit cell. Each data point is colored in three parts, which
represent the composition of the CTF scaffold or Ru(II)L3 complex, respectively. In panel (a) the solid lines connect all frameworks Ln

ibiph3�nwith
a fixed linker type Li; the dashed lines correspond to different values of n.
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on nitrogen content may be relevant during photocatalysis as
it could favor the transport of excited electrons from the
photocatalytic complex to the framework (see “The heteroge-
neous photocatalyst”).

4 The photocatalytic complex

Essential to the photocatalytic performance of the envisioned
heterogeneous photocatalyst is the activity of the Ru(II)L3
complex. Similar to the CTF scaffold, several nitrogen-
containing ligands can be considered to further tune the
properties of this complex. Here we investigate the energetics
and electronic properties of mixed-ligand Ru(II)L3 complexes
with up to two different polypyridyl moieties (see “Structures”).

4.1 Energetics

Ru(II)L3 complexes are a combination of a Ru2+ ion and
nitrogenous bidentate ligands (see Fig. 1 with X ¼ H). Their
stability can therefore be calculated from the following forma-
tion energy (see Table S8†):

EForm ¼ ERuL3
2þ �

X

j

ELjðHÞ � ERu2þ ¼
X

j

DELj ðHÞ (2)

Note that by using eqn (2) competition with other ligands is
not considered. However, the latter stability is corroborated by
the conrmed functionality of Ru(II) complexes in several pho-
tocatalytic reactions.2,3,11–24

The energy can again be successfully decomposed into
contributions from the different ligands with a residual error of

Fig. 3 Densities of states of CTF-1-2R doped with 1, 2 or 3 phenanthroline linkers (phennbiph3�n, n ¼ 0, 1, 2, 3) compared to the electronic
structure of the hydrogen-terminated constituents (biph, phen, tria). The DOS are aligned with respect to the vacuum energy.

Fig. 4 Band gap of the CTF as a function of the number of linker nitrogen atoms per unit cell (a). Gap between the highest occupied and lowest
unoccupied molecular orbital and analogous linker–linker gap of the Ru(II)L3 complex with respect to the number of nitrogen atoms in the
complex (b). Each data point is colored in three parts, which represent the composition of the CTF scaffold or Ru(II)L3 complex, respectively.
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less than 4 meV (DELj(H), see Table S9†). This implies that there
is little energetic coupling between the different ligands across
the Ru ion, so the main differences between Ru(II)L3 complexes
can be attributed to the Ru(II)–Lj bonds.

The experimentally observed stability of Ru(II)L3 complexes
is conrmed in our calculations (see Fig. 2b). Moreover, we note
that ligands with few nitrogen atoms bind more strongly into
a Ru(II)L3 complex, which is in line with their larger basicity and
associated stronger electron-donating character. This simple
criterion suggests that a Ru(II)L3 complex might be post-
synthetically applied to an existing CTF crystal when the
complex ligands have a higher nitrogen content than the
framework linkers. In this way the Ru(II)L3 complex would
anchor more strongly to the framework and exchange one of its
ligands for a framework linker. We investigate this conjecture in
more detail in “The heterogeneous photocatalyst”.

4.2 Electronic structure

The highest occupied molecular orbital (HOMO) of Ru(II)L3
complexes is centered on the Ru2+ ion and corresponds to a t2g
state of an octahedrally surrounded complex. The lowest
unoccupied molecular orbital (LUMO), on the other hand, is
located on the chelating ligands with the highest nitrogen
content and thus highest electron affinity (see Fig. 5 or Section
S6.2 for a full overview and Fig. S4† for a HSE06 validation of
Fig. 5). The HOMO–LUMO gap therefore represents a qualita-
tive measure of the MLCT, which is one of the key properties in
the photocatalytic process of interest. The nitrogen dependence
of the LUMO location moreover allows tuning the MLCT to
a specic ligand, which is of interest when anchoring the
complex to a CTF. This larger reduction potential of Ru(II)L3
complexes with increasing nitrogen content was also observed
experimentally.3

Similar to CTFs, the electronic structure of a Ru(II)L3 complex
can to a large extent be considered as a superposition of
contributions of its components (see Fig. S10†). Therefore, even
here the concept of orthogonal electronic structure engineering
can be introduced. As the Ru(II)L3 complex contains the same
type of linkers/ligands as the CTF, its electronic structure
moreover evolves in a similar way as a function of nitrogen
content. Indeed, the lowest unoccupied linker state lowers as
the nitrogen content increases, while the highest occupied
linker state remains rather constant. This leads to an overall
decrease of the ligand–ligand (LL) gap with increasing nitrogen
content (see Fig. 4b and 5). On the other hand, the HOMO is
now a Ru-based state and lowers as much in energy with
nitrogen content as the LUMO. As shown in Fig. 4b, this gives
rise to a fairly constant HOMO–LUMO gap. Hence, the
absorption behavior is similar across the different mixed Ru(II)
L3 complexes, although the redox potential is changing. This
feature makes our Ru(II)L3 complexes an interesting set for
photocatalysis as it allows adapting both the direction of the
MLCT and the chemical activity while targeting the same range
of absorption wavelengths.

5 The heterogeneous photocatalyst

Both the CTF scaffold and the homogeneous Ru(II)L3 catalyst
display interesting properties for photocatalytic purposes. They
can be combined in numerous ways, which enables ne-tuning
the material beyond what is possible in the individual constit-
uents. However, it is not guaranteed that the benecial behavior
of the components is transferred to the combined Ru(II)L3–CTF
system. We consider the energetics and electronic properties of
a systematic subset of heterogeneous photocatalysts below (see
Table S1†). Not only does this demonstrate that the photo-
catalytic properties of both the complex and the framework are

Fig. 5 Metal-to-ligand (MLCT) and ligand–ligand (LL) transitions in Ru(II)bipm2phen1 (a) and Ru(II)phen2bipm1 (b) together with the corre-
sponding orbitals.
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maintained, but they can even be varied with an unparalleled
versatility, allowing different phototransfer directions and
redox potentials.

5.1 Energetics

Similar to the treatment of the CTF scaffold or the Ru(II)L3
complex, the formation energy of the Ru(II)L3–CTF catalyst can
be calculated with respect to the individual constituents (see
Table S11†). We nd the same trends in stability when we vary
the components of either the Ru(II)L3 complex or the CTF (see
Fig. S12†). Incorporating nitrogenous linkers in either part not
only destabilizes the material, but by approximately the same
amount as in the separate building blocks (see Table S12†).
The energetics of the combined Ru(II)L3–CTF catalyst can
therefore be predicted to some extent from this underlying
behavior.

Of particular interest to the combined Ru(II)L3–CTF catalyst
is the energy required or released when anchoring the photo-
catalytic complex onto the support framework. We calculated
the energy needed to anchor a Ru(II)L3

j complex with three equal
ligands onto a Ln+1

ibiph2�n CTF to form the anchored (Ru(II)L2
j)

L1
i(Ln

ibiph2�n) complex (n¼ 0, 1, 2). For all considered catalysts
this energy was found to be negative (see Table S13†), indicating
that the heterogeneous photocatalyst can indeed be formed
through a spontaneous process of ligand exchange. Moreover
highly nitrogen-containing Ru(II)L3

j complexes anchor more
strongly to CTFs with a lower nitrogen content, which possess
a higher basicity. This is in correspondence with the energetics
of the isolated Ru(II)L3 complex.

5.2 Electronic structure

Ru(II)L3 complexes combine a band gap in the visible wave-
length range with an intrinsic charge transfer upon light
absorption. The combined Ru(II)L3–CTF catalyst will only be
successfully created if these advantages remain intact. A rst
requirement is that the electronic structure of the complex
within the catalyst should not differ too much from that of the
isolated one. Fig. 6 (le) illustrates that the energy levels of the
pristine Ru(II)bipm2phen complex (le panel) are indeed
retrieved when anchoring it onto a phenanthroline-containing
framework (right panel) (see Fig. S14 and S15 for further
examples and Fig. S5a† for an HSE06 validation of Fig. 6 (le)).
Furthermore the redox potential of the complex remains almost
unaltered, indicating that the heterogeneous photocatalyst may
be applied to the same reactions as the homogeneous one. The
principle of orthogonal electronic structure engineering there-
fore also extends to the combined Ru(II)L3–CTF catalyst, in
which not only states of the Ru(II)L3 complex, but also from the
CTF are recovered (see Fig. S13†).

A second point of attention is the electronic structure near
the band gap. We showed in “The photocatalytic complex”
that the Ru(II)L3 complex has a Ru-centered HOMO and
a ligand-based LUMO. When anchored, the HOCO moves
toward a non-anchoring CTF linker state (see Fig. 6, le).
Excitations from this level may be of interest, but it is spatially
separated from the Ru2+ ion. Further study is therefore

needed to elucidate whether transitions between such
a framework linker and the Ru(II)L3 complex are realistic. We
instead focus on MLCT excitations of the anchored Ru(II)L3
separately, which we nd to display the same trends as the
Ru(II)L3 complex. Indeed the LUCO and the Ru levels again
decrease as a function of the nitrogen content of the Ru
ligands while the highest occupied ligand states remain more
or less xed (see Fig. S14†). As a result, the MLCT gap remains
independent of the used ligands, while the LL gap decreases
with nitrogen content. These ndings suggest a Ru(II)L3
complex to retain its photoredox properties when it is het-
erogenized in the CTF. The heterogenized photocatalyst may
therefore be suited for similar reactions as the isolated
complex.

Although the general electronic properties of the Ru(II)L3
complex are conserved, heterogenizing the Ru(II)L3 complex
onto the CTF does have some interesting consequences. The
most prominent effect is the introduction of a CTF-centered
HOCO, as mentioned above. A second result is visible for the
unoccupied states (Fig. 6, le). Not only is the electron affinity
increased as a function of the CTF nitrogen content, but this
affects the anchoring linker differently from the ones dangling
into the pore. It may even lead to a change in energy ordering
between the different unoccupied ligand orbitals (see Fig. S15b
and c†). In that case, an MLCT-excited electron from the Ru(II)L3
complex may change its charge transfer direction compared to
the isolated cluster, i.e. toward the framework rather than the
other two (pore) ligands.

Attaching the Ru(II)L3 complex to a CTF does not appear to
undermine its photoactivity nor the redox reactions to which it
is applied. On the contrary, modifying the CTF linkers
provides an additional degree of freedom to tune the elec-
tronic response of the photocatalyst. By varying the polypyridyl
linkers in the CTF or the corresponding ligands in the Ru(II)L3
complex, the redox potential of the catalyst can be altered by
up to 1 eV. This versatility is useful to further optimize Ru(II)L3
complexes for sustainable applications, such as water split-
ting23 and carbon dioxide reduction.19 Such design may be
accomplished using the qualitative guidelines established
here, as well as by means of future investigations into quan-
titative redox potentials, e.g. by including the solvent and
applying a higher level of theory. In addition, carefully
selecting both the complex and CTF components allows the
design of a guided metal-to-ligand charge transfer (see Fig. 6,
right). In a mixed Ru(II)L3 complex the MLCT is directed
toward the ligand with the highest nitrogen content. When
combined with the CTF, a higher nitrogen content of the
framework favors a MLCT toward the anchoring linker. If the
catalytic operation requires excitation to the framework, the
nitrogen content should therefore be high in the CTF and low
for the ligands in the pore (e.g. (Ru(II)cbipy2)bipm(bipm2)). In
contrast, MLCT toward the pore can be achieved by keeping
the nitrogen content of the framework at a minimum and
using highly nitrogenous moieties for the pore linkers (e.g.
(Ru(II)bipm2)phen(phen2)). This is also the energetically most
favored scenario (see Table S13†).
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6 Conclusion

Heterogenization of Ru polypyridyl complexes is an essential
step in the development of more sustainable photoredox cata-
lysts. A promising possibility in that respect is attaching the
complexes to covalent triazine frameworks, which provide
a robust and light-weight support. The composition of these 2D
porous substrates may moreover be tuned to the redox reaction
of interest. CTF-anchored complexes therefore not only offer
a large accessible surface, but also a promising versatility
toward functional catalyst design.

We considered a wide range of different polypyridyl-based
CTF monolayers and Ru(II)L3 complexes and demonstrated
that it is indeed energetically favorable to anchor the Ru
complexes onto the CTF. However, an essential condition for an
efficient heterogeneous photocatalyst is that its photoredox
properties do not deteriorate when incorporated into the CTF
scaffold. We conrmed that the electronic structure of both the
Ru(II)L3 complex and CTF stay mostly unaltered upon
combining the two systems, and that the redox potential of the
photocatalytic complex remains largely the same. This behavior
was shown to be even more generally valid: the energy levels of
both the unfunctionalized CTF and the Ru(II)L3 complex are to
a large extent made up of contributions from their individual
components. Also energetically, the stability of a given structure
solely depends on the type of linker or ligand that is introduced
into the material. This conclusion indicates that the principle of
orthogonal electronic structure engineering, rst demonstrated

for 0D MOFs,29 might be applicable to a wide class of crystals
with molecule-like building blocks.

Although the heterogenization of photocatalytic Ru(II)L3
complexes is a valuable target as such, our study additionally
showed that anchoring onto a CTF scaffold provides the system
with an even broader tunability than before. Band gaps, charge
transfer reactions and redox potentials are all strongly adapt-
able by changing the nitrogen content of the different compo-
nents of the catalyst. A higher nitrogen content typically lowers
the energy of unoccupied polypyridyl levels and occupied Ru t2g
levels, while occupied linker or ligand states change only little.
This behavior makes it possible to guide the light-induced
charge transfer by increasing the nitrogen content of either
the CTF (framework-directed MLCT) or the dangling Ru ligands
(pore-directed MLCT). The versatility of CTF-anchored Ru(II)L3
complexes therefore endows them with the capability to display
a high photoredox activity for a wide range of target reactions
and catalytic set-ups.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

We acknowledge nancial support by the Fund for Scientic
Research Flanders (FWO) and the Research Board of Ghent
University through a Concerted Research Action (GOA). The

Fig. 6 Electronic states of the Ru(II)bipm2phen1 complex in vacuo and when anchored on a phennbiph3�n, n ¼ 0, 1, 2, 3 framework (left).
Depending on the Ru(II)L3 complex and CTF scaffold, the charge transfer upon light absorption can be directed toward the pore or the framework
(right).

8440 | J. Mater. Chem. A, 2019, 7, 8433–8442 This journal is © The Royal Society of Chemistry 2019

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 G

he
nt

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
6/

11
/2

01
9 

2:
37

:3
3 

PM
. 

View Article Online

162 Paper III



computational resources and services used in this work were
provided by VSC (Flemish Supercomputer Center), funded by
Ghent University, FWO, and the Flemish Government depart-
ment EWI.

Notes and references

1 U.S. International Energy Agency, International Energy
Outlook, 2016, DOE/EIA-0484(2016).

2 K. Takanabe, ACS Catal., 2017, 7, 8006–8022.
3 C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem. Rev.,
2013, 113, 5322–5363.

4 M. D. Kärkäs, J. A. Porco and C. R. J. Stephenson, Chem. Rev.,
2016, 116, 9683–9747.

5 D. M. Schultz and T. P. Yoon, Science, 2014, 343, 1239176.
6 J. M. R. Narayanam and C. R. J. Stephenson, Chem. Soc. Rev.,
2011, 40, 102–113.

7 A. G. Slater and A. I. Cooper, Science, 2015, 348, aaa8075.
8 S. M. J. Rogge, A. Bavykina, J. Hajek, H. Garcia, A. I. Olivos-
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ABSTRACT: Heterogenization of RuL3 complexes on a support with proper
anchor points provides a route toward design of green catalysts. In this paper,
Ru(II) polypyridyl complexes are investigated with the aim to unravel the
influence on the photocatalytic properties of varying nitrogen content in the
ligands and of embedding the complex in a triazine-based covalent organic
framework. To provide fundamental insight into the electronic mechanisms
underlying this behavior, a computational study is performed. Both the
ground and excited state properties of isolated and anchored ruthenium
complexes are theoretically investigated by means of density functional theory
and time-dependent density functional theory. Varying the ligands among
2,2′-bipyridine, 2,2′-bipyrimidine, and 2,2′-bipyrazine allows us to tune to a certain extent the optical gaps and the metal to
ligand charge transfer excitations. Heterogenization of the complex within a CTF support has a significant effect on the nature
and energy of the electronic transitions. The allowed transitions are significantly red-shifted toward the near IR region and
involve transitions from states localized on the CTF toward ligands attached to the ruthenium. The study shows how variations
in ligands and anchoring on proper supports allows us to increase the range of wavelengths that may be exploited for
photocatalysis.

1. INTRODUCTION

Catalysis is of paramount relevance to many chemical reactions
that could not occur within a reasonable time otherwise, thus
disrupting either their industrial use1 or biological function-
ality.2 In the case of photocatalysis, the activation is effected by
visible photons. This enables the synthesis of chemical
products exploiting an easily available source of energy in
mild reaction conditions, as often even the light emitted by a
household bulb can be enough. Furthermore, control of the
light exposure allows photocatalysis to be fine-tuned and even
stopped at will, creating the ability to obtain a high degree of
chemoselectivity.3,4 However, in the attempt to design new
green catalytic routes, there is a high interest in developing
recyclable and reusable heterogeneous photocatalytic sys-
tems.5−8 One way to achieve this goal is the anchoring of
homogeneous complexes with photocatalytic properties on a
heterogeneous stable support. This procedure is applicable in
case the photocatalytic properties of the pristine complex are
retained or improved in the heterogenized system. To this end,
a deep knowledge is required of both electronic and excited

state properties of the pristine homogeneous and anchored
complex within the support. Such investigation is presented in
this paper for Ru(II)L3 complexes, which are commonly
applied visible light photocatalysts consisting of a Ru2+ ion that
is octahedrally chelated by three bidentate polypyridyl ligands
as shown in Figure 1, parts a and b. Herein the electronic
properties of such isolated and anchored ruthenium poly-
pyridyl complexes onto a stable heterogeneous support are
investigated.
Complexes of the type Ru(2,2′-bipyrdine)32+ are among the

most interesting photoredox catalyzers. They show no catalytic
properties in their ground state, but when exposed to light,
their excited electronic states are able to oxidize or reduce
substrate molecules through single-electron transfer (SET)
processes.10 They have proven their usefulness allowing very
different reactions such as carbon dioxide reduction,11,12 solar
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cells development,13,14 water splitting,15−17 as well as Diels−
Alder cycloadditions,18,19 and can be used as a photo-
sensitizer,20 thus spanning both inorganic and organic
reactions and acting as either reducing or oxidizing
agents.3,21−25

The two possible relaxation mechanisms of the excited states
of the Ru(II) cation are schematically shown in Scheme 1,
which sketches the orbital occupancy of the frontier electron
states of the ruthenium complex. The t2g and eg states originate
from the octahedrally surrounded Ru(II) cation, while orbitals
from the ligands are situated in between. In the ground state,
depicted on the left, only the t2g states are filled and ruthenium
is in the Ru(II) state. By absorption of a photon in the visible
region a singlet → singlet metal-to-ligand charge transfer
(MLCT) excitation occurs, leaving an electron hole in the
metal states. As such, the oxidation number of ruthenium
increases by one. The singlet excited state can quickly convert
to a lower-energy triplet excited state via nonradiative means.
This mechanism is called intersystem crossing (ISC). In a
recent theoretical study the decay from the singlet to triplet
states was shown to occur with a time constant of 26 ± 3 fs,
which was in very good agreement with experimental data. To
this end a newly implemented combination of linear response
time-dependent density functional theory (TD-DFT) with

surface-hopping including arbitrary couplings (SHARC) was
employed for the first time to model the relaxation dynamics of
Ru(bipyridine)3

2+ after light irradiation with explicit non-
adiabatic and spin−orbit couplings.26 The resulting excited
state, shown in the red box in Scheme 1, is long-lived, as the
decay to the singlet ground state is spin-forbidden.
The photoexcited state can then relax either by reduction of

an organic substrate, maintaining an oxidized Ru(III) cation
(upper arrow in Scheme 1), or by reduction of the complex via
transfer of an electron from the substrate to the now vacant t2g
orbital of the Ru(III) cation, which then reverts to Ru(II)
(lower arrow in Scheme 1).
The triplet excited state of Ru(2,2′-bipyridine)32+ may thus

be engaged in an electron transfer process, but it may also be
involved in a process called triplet−triplet energy transfer
(TTET), in which the decay from the excited Ru(2,2′-
bipyridine)3

2+ from its triplet to ground state involves the
excitation of another molecule from its ground singlet state to
its lowest triplet state. This mechanism requires the excitation
of both the catalyst and substrate to a spin-triplet state and has
been the subject of both theoretical27 and application-oriented
investigations.28 The Ru(2,2′-bipyridine)32+ has been exploited
in a number of C−C making and breaking transformations,
such as trans/cis stilbene isomerization,29 anthracene dimeri-

Figure 1. (a): Schematic representation of the isolated Ru(bipy)3
2+ complex. (b): Polypyridyl ligands: cis-2,2′-bipyridine (bipy), 2,2′-bipyrimidine

(bipm), and cis-2,2′-bipyrazine (bipz) considered in this study. (c) Part of the CTF synthesized in ref 9 and used as computational model here, in
black. The anchored RuL2

2+ fragment inside one pore is shown in red.
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zation,30 cycloadditions,31 and trifluoromethylations of styrene
substrates32 via the TTET mechanism.
Herein we investigate the photocatalytic properties of

Ru(II)L3 type complexes, where the ligands may either be
cis-2,2′-bipyridine (bipy), 2,2′-bipyrimidine (bipm), or cis-2,2′-
bipyrazine (bipz) as schematically shown in Figure 1b.
Complexes with a varying number of nitrogen containing
aromatic rings have been synthesized both in the litera-
ture33−35 and in this work. In the first instance, we investigate
to what extent the nitrogen content affects the photocatalytic
properties. Second, the impact of heterogenizing the Ru(II)L3
complexes on covalent triazine frameworks (CTFs) (see Figure
1c), which are a subclass of the broader family of covalent
organic frameworks (COFs), are assessed.36 Unfunctionalized
COFs have been explored within catalysis to some
extent,6,37−39 but additional functionalization of the materials
with metal complexes may open additional perspectives for
their usage within catalysis by merging some of the most
important features of both the organic, i.e., stability, and the
inorganic, i.e., catalytic properties, worlds.
CTFs are potentially interesting supports since they are

chemically and thermally stable.40−46 Furthermore, they are
much lighter than most other porous supports and contain no
toxic or environmentally unfriendly elements. These porous
2D materials are made by ionothermal trimerization of
aromatic nitriles and when fabricated with bidentate nitrogen
containing ligandssimilar to the chelating ligands in the
ruthenium homogeneous complexthey may serve as ideal
anchoring materials for the latter complexes.47 The first reports
on COFs containing (bi)pyridine have appeared recently,
showing great promise for applications in catalysis and gas
sorption.9,48−54 In a similar way, this has already been applied
for metal organic frameworks (MOFs),55 where photocatalytic
complexes were successfully anchored to both linkers56,57 and

nodes.58 However, MOFs are in general less stable, making it
interesting to explore other heterogeneous supports.59−61

To optimize the photocatalytic system, a thorough under-
standing of the ground- and excited-state properties of the
tethered RuL3

2+ complexes is mandatory.62 Ground state
properties of the heterogeneous system have been studied in
detail in our previous work,63 whereas in this work, we focus
on the calculation of excited states. The investigation of the
distribution of most singlet states can be performed
experimentally by UV−vis absorption spectroscopy. Contrarily,
triplet states are more difficult to characterize without a
computational investigation due to electronic selection rules
preventing singlet → triplet excitations to achieve a significant
oscillator strength, i.e., probability of occurrence. In order to
understand how the CTF support impacts the photocatalytic
properties of the ruthenium complexes, a stepwise computa-
tional analysis is adopted. The ground- and excited-state
electronic properties of both the isolated ruthenium complexes
and the anchored systems are investigated by means of density
functional theory (DFT) and time-dependent density func-
tional theory (TD-DFT).
To this end, we embed RuL2

2+ (represented in red in Figure
1c) into an extensive CTF structure model (represented in
black in Figure 1c).9 This CTF organic scaffold contains
bipyridine groups belonging to the CTF exposed inside the
pores, which are suitable to act as linkers for the ruthenium
complex, thus giving rise to a RuL2

2+@CTF compound. The
results are analyzed to obtain insight into the electronic charge
rearrangement and optical gap tuning induced by the ligands.
For the isolated ruthenium complexes, we are able to compare
and validate the calculated optical properties with exper-
imentally measured UV−vis absorption data. However,
specifically investigating the excitations of COFs by means of
UV−vis absorption spectroscopy is cumbersome as these

Scheme 1. Photoactivation of an Octahedral Ruthenium Complex from the Ground State (Left Black Box) to an Excited State
(Red Box) under the Influence of Visible Light, Exciting an Electron toward a State Localized on the Ligands, followed by
ISCa

aThe excited state relaxes by reduction (upper arrow) or oxidation (lower arrow) of the substrate. Schematic adapted from ref 3. Copyright 2013
American Chemical Society.
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compounds often absorb light in a wide wavelength region, in
part due their high flexibility. In addition, photoemission
spectroscopy may yield results difficult to interpret without
some theoretical understanding. In this light the current
computational approach gives new insights into the excited
state properties of the RuL2

2+@CTF system, which in turn
affect its photocatalytic properties. While TD-DFT calculations
have been performed on COFs before,64 to our knowledge this
is one of the first applications on a COF model to which a
photoactive complex has been anchored.

2. COMPUTATIONAL DETAILS
All calculations were performed with the Gaussian 16
software.65 Ground state information was extracted at the
DFT level. Excited states were investigated adopting the TD-
DFT scheme,66 within the linear-response approach due to
Casida.67

2.1. Assessment of the Level of Theory for the
Ground States. Four different exchange-correlation func-
tionals coming from different rungs on Jacob’s ladder68 were
tested on isolated RuL3

2+ complexes to compare their relaxed
structures: the generalized gradient approximation PBE,69

hybrid B3LYP,70,71 long-range corrected CAM-B3LYP,72 and
metahybrid M06.73 All computed internal normal modes of the
relaxed structures show positive frequencies, ensuring that the
optimized geometries represent minima of the ground state
potential energy surface.
The average differences in bond lengths calculated with the

various functionals and basis sets are below the 0.05 Å
threshold. The optimized structures for Ru(bipy)3

2+ are
included in section S4 of the Supporting Information. All
levels of theory employed here predict a positive partial
Hirshfeld charge on the Ru(II) cations, with differences
between the same complexes of about 0.02 |e|, with e the
electron charge (see Table S1 of the Supporting Information).
2.2. Assessment of the Level of Theory for the

Excited States. The vertical excitation spectra from the
ground state geometry of Ru(bipy)3

2+, obtained by TD-
DFT,67,74 are shown in Figure 2. Theoretical calculations were
carried out both in the gas phase, i.e., without solvent, and with
water and acetonitrile solvents modeled with the polarizable
continuum method (PCM) to take into account the effect of
the environment on the excitation energies.75 The simulated
UV−vis absorption spectra at the TD-DFT level of theory are
compared with the experimental optical profiles for Ru-
(bipy)3

2+ complexes in water76 and acetonitrile solvents. The
latter experimental data were generated within the framework
of this work (vide infra for details on the experimental part). A
side note is warranted on how to compare the theoretical and
experimental data. The TD-DFT energy of the first allowed
transition is an approximation of the optical gap, which is
defined by a neutral excitation and as the difference between
the energies of the lowest dipole-allowed excited state and the
ground state.77 As it accounts for the electron−hole
recombination energy or exciton binding energy, the optical
gap is systematically lower than the fundamental gap,78 defined
by a charged excitation and as the difference between the first
ionization potential and the first electron affinity.77 From UV−
vis absorption measurements, optical gaps can be extrapolated
as the energy of the first divergence of the spectrum from its
baseline.
The spectrum calculated with the M06 functional yields the

best agreement with experimental data with respect to those

computed with PBE, B3LYP, and CAM-B3LYP (see Figure S1
of the Supporting Information) in terms of both shapes and
positions of the bands, and no further rescaling of energies nor
of wavelengthsas often employed for similar comparisons
when pseudopotentials are used to simulate core electrons in
metal atomswere necessary.79 As expected,80,81 TD PBE
spectra obtained by using a semilocal functional without
Hartree−Fock exchange necessitated significant blueshifts to
match the experimental data. Contrarily, TD CAM-B3LYP
spectra required a significant redshift, in agreement with earlier
studies on compounds ranging from metal−organic frame-
works (MOFs)82 to noble metal nanoclusters.80 TD B3LYP
spectra are rather similar to TD M06 spectra in frequencies,
but the agreement regarding the shape of the absorption bands
is better when using the M06 functional. As the M06/
LanL2DZ level of theory correctly reproduces the optical
features of the studied complexes, we have consistently used
this level of theory unless otherwise stated. Errors between the
various tested functionals are always smaller than 20 nm (see
Figure S1 of the Supporting Information). We used the
LanL2DZ83 basis as it has been shown that the choice of basis
set has a minimal influence on excitation energies, oscillator
strengths, and assignments for transition metal complexes.84

Tests with the Def2TZVPP basis set reveal a difference for the
energy of the strongest transition of only 11 nm. Overall, M06
performs particularly well in systematic reviews of both organic
and inorganic molecules,85,86 yielding accurate transition
energies.
Our conclusions are in agreement with ref87 in which several

functionals were tested for a few ruthenium complexes,
including Ru(bipy)3

2+. Besides the excitation energies, for
which hybrid functionals and their range-separated and meta
counterparts are the most accurate, Atkins et al. focused on the
energy gaps between excited states, which tend to be best
described by the pure generalized gradient approximation
exchange-correlation functionals.87 Since we are in this work
interested in excitation energies, this confirms our choice for
the M06 functional.

Figure 2. Experimental UV−vis absorption (top, Word et al.76 and
this paper) and TD M06 spectra (bottom) of Ru(bipy)3

2+. Vertical
excitations for the in vacuo TD M06 spectrum are reported as orange
spikes. Computed spectra have been smoothed using Gaussian
functions of half-width at half-height of 0.333 eV (default value of
Gaussview). The computed spectra have not been rescaled nor
shifted.
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The overall shape of the spectrum is due to the many
transitions from the singlet ground state to singlet excited
states (S0 → Sn ; n = 1, ...), which are spin-allowed. The effect
of the solvent seems very modest, both from an experimental
and a computational point of view. In addition, the effect of
PCM with respect to the calculation in vacuo (dashed red line
in Figure 2) is negligible for the first strong absorption band
centered at about ∼450 nm (∼2.75 eV) and is rather small for
the second peak located between 300 and 200 nm, i.e., in the
UV region, with discrepancies smaller than 10 nm.
2.3. Optimization of the Ru(II)@CTF Models. To

investigate the influence of embedding the ruthenium
complexes within a CTF support, a Ru(II)@CTF model was
constructed as schematically shown in Figure 1c. A CTF
composed of triazine nodes interlinked with bipy linkers was
considered. The bipy residues embedded into the CTF can
naturally act as ligands for the ruthenium complexes, together
with two other ligands that remain exposed inside the pore of
the CTF.
The investigated model consists of two full CTF pores to

minimize “edge effects” due to the sudden truncation of our
cluster model (see Figure 1c). The cluster was terminated by
completing the coordination of carbon atoms with hydrogen
atoms. During the geometry optimization, the structures were
allowed to relax freely and they converged to approximately
planar structures, with small differences due to the different
types of ligands.
Because the models including the COFs are very large (10

triazine and 34 pyridine rings, see Figure 1c), geometry
optimizations of the models including the COFs were carried

out with a step-by-step approach. First, the COFs were
optimized using a small basis set (e.g., LanL1DZ). Second, the
system was reoptimized with the addition of the Ru(II) cation
and the two other ligands at the same level of theory. Finally,
the total system was reoptimized at the M06/LanL2DZ level of
theory within Gaussian 16 standard convergence criteria.

3. EXPERIMENTAL DETAILS

The UV−Vis absorption spectrum was collected using a
Shimadzu UV1800 UV−vis spectrometer. The sample was
prepared by dissolving 1 mg of Ru(bipy)3(PF6)2 (Sigma-
Aldrich) in 1.5 mL acetonitrile (Sigma-Aldrich, used without
further purification). The solution was filtered through a 0.45
μm Whatman syringe filter and placed in a 1 cm × 1 cm
cuvette. Further dilution of the sample was performed to
obtain the desired absorbance range.

4. RESULTS AND DISCUSSION

4.1. Ground State Properties of Isolated Complexes.
The three ligands investigated here all maintain a largely planar
geometry when coordinating with a Ru(II) cation; the dihedral
angles linking the two aromatic subunits are less than 1.5°.
However, they contain a different number of nitrogen atoms (2
in bipy and 4 in bipm and bipz as shown in Figure 1b).
Frontier orbitals of the ruthenium complexes may be sensitive
to the nitrogen content of the ligands and their different
aromaticity. In Figure 3, the HOMO and LUMO of
Ru(bipm)3

2+ are displayed, showing a general trend for this
class of complexes. The HOMO, which is a nonbonding (n)

Figure 3. Isosurfaces of the HOMO−3, HOMO, and LUMO of the Ru(bipm)3
2+ compound (complex g in Figure 4). Calculation carried out at the

M06/LanL2DZ level of theory.

Figure 4. Ten RuL3
2+ complexes investigated here. (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1; (c) L = bipy × 2, bipm × 1; (d) L = bipy × 1, bipz

× 1, bipm × 1; (e) L = bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h) L = bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2;
(j) L = bipz × 3.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b05216
J. Phys. Chem. A XXXX, XXX, XXX−XXX

E

Publications in International Peer–Reviewed Journals 171



orbital, is mainly localized on the central Ru(II) cation, thus
largely coinciding with a t2g orbital, whereas the LUMO, which
is a π* orbital, is localized on the ligands. In addition, also the
HOMO−3 orbital is visualized as it is the first occupied orbital
below the HOMO, which is mainly localized on the ligands. In
contrast, the HOMO−1 and HOMO−2 orbitals are mainly of
the t2g type (see Figure S2 of the Supporting Information).
It is now interesting to investigate to what extent the

nitrogen content in the ligands affects their orbital energies.
Various complexes were considered as schematically shown in
Figure 4. For each of these complexes the energies of the
HOMO, LUMO, and HOMO−3 in terms of the number of
nitrogen atoms are plotted in Figure 5. The energies of both
frontier orbitals decrease by ∼1 eV by going from the
Ru(bipy)3

2+ complex, containing only 6 nitrogen atoms (black
circles), to complexes with only bipz and bipm ligands (red,
pink, yellow, and orange circles), which contain 12 nitrogen
atoms instead. The simultaneous decrease in energy for both
types of orbitals results in a rather flat profile by about 0.2 eV
for the HOMO−LUMO gaps. Nevertheless, a small minimum
at N = 8 atoms can be discerned, a recurring feature in many
energy gap profiles of these complexes as will be shown later.
While the HOMO−LUMO gap seems largely unaffected by

the ligands, the energy gap between orbitals mainly localized
on the ligands shows a different behavior. The contribution of
the nitrogen atoms is small in the HOMO−3 orbital, as can be
seen in the expansion in atomic contributions of the wave
function (Table S2 in Supporting Information). As a result, the
energy of the HOMO−3 is only slightly affected by the
increase in number of nitrogen atoms from 6 to 12 (Figure 5
bottom left panel). Then, as expected, the energy gap between
the LUMO and HOMO−3, which is indicative for ligand−

ligand transitions, decreases with the number of nitrogen
atoms in the complexes, as shown in the bottom right panel of
Figure 4. These conclusions are in agreement with our
previous work on the ground state properties of RuL3

2+.62

Thus, the energy difference between the HOMO−3 and
LUMO can be considered as a sort of effective “ligand gap”,
i.e., an energy gap between states mainly localized on the
organic rings. Even if this gap shows significant internal
variations for a fixed number of nitrogen atoms in the complex,
it seems to be more clearly dependent on the nitrogen content
than the HOMO−LUMO gap, as it spans a full 1 eV range
(see Figure 5, right panels).
Further clarification for the previous findings can be found

by inspecting the electronic density of states (eDoS) for
Ru(bipy)3

2+ (see Figure 6). It confirms that the major
contributions of ruthenium around the band gap are found
on the HOMO, HOMO−1, and HOMO−2.
Such an analysis was also performed for the different

complexes having a varying degree of nitrogen content. The
eDoSs are superimposed in the left pane of Figure 7, showing
that the nitrogen content actually affects all the eigenvalues of
the systems. With an increasing number of nitrogen atoms in
the ligands we observe decreasing energies; i.e., the distribution
is shifted to the left side of the plot, as indicated by the colored
arrow. The contributions of the eDoS originating from
ruthenium, while mainly localized on the HOMOs and on
virtual states which are about 5 eV higher in energy than the
LUMOs (see Figure 6), are still affected by the number of
nitrogen atoms in the complexes, as shown in the right pane of
Figure 7.
The organic ligands investigated here are all heteroaromatic

compounds and the degree of aromaticity might play a role to

Figure 5. Energies of LUMOs (top left panel), HOMOs and HOMOs-3 (bottom left panel). Energy differences between HOMOs and LUMOs
(top right panel) and HOMOs-3 and LUMOs (bottom right panel). The ten RuL3

2+ complexes are (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1;
(c) L = bipy × 2, bipm × 1; (d) L = bipy × 1, bipz × 1, bipm × 1; (e) L = bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h) L
= bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2; and (j) L = bipz × 3. Calculation carried out at the M06/LanL2DZ level of theory.
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elucidate the observed trends for the energy levels in terms of
the nitrogen content. Aromaticity is usually considered as a
particular stabilization of the occupied states localized on
aromatic rings with respect to the virtual states. This property
can be quantified using a number of different scales and
indexes. Herein we used the aromaticity index of Bird,88,89

which is based on the resonance stabilization energy. The latter
property is smaller for pyrimidine (40.6 kcal/mol) and
pyrazine (40.9 kcal/mol) than for pyridine (43.3 kcal/
mol).88 This fact can be qualitatively understood in terms of
electron content because adding more nitrogen atoms, with
additional electron pairs that do not participate in delocalized
π orbitals, decreases the overall stabilization. We notice that
the energy difference between the HOMO−3 and LUMO has
some correlation with Bird’s aromatic stabilization energy, as
shown in Figure S3 of the Supporting Information. However,
we have not found any clear correlation between the HOMO−
LUMO gap and the aromaticity index of Bird.88,89 This is
reasonable since this gap is strongly affected by ruthenium,

which is not taken into account by this aromaticity descriptor.
We also investigated the correlation with some other
aromaticity indices. More information can be found in section
S2.1 and Figure S4 of the Supporting Information.
In order to effectively catalyze redox reactions, ruthenium

has to possess a net charge. The partial charges obtained with
both the Hirshfeld and Mulliken partition schemes of the ten
complexes are reported in Table S3 of the Supporting
Information. As can be seen, the Ru(II) cation is consistently
positive, but a correlation with the number of nitrogen atoms
or aromatic descriptors is not evident, because the differences
are rather small, being of the order of 0.02 |e|. As expected, the
Hirshfeld charges are in absolute values smaller than the
Mulliken charges.90

In conclusion from the ground state properties of the
isolated Ru(L)3

2+, it is observed that the HOMO−LUMO
gapapproximately describing the MLCTremains nearly
unaffected by the number of nitrogen atoms, whereas the
HOMO−3-LUMO gapapproximately describing the li-
gand−ligand gapis reduced for a higher number of nitrogen
atoms.

4.2. Excited States Properties of Isolated Complexes.
The photoredox and charge-transfer properties are strongly
affected by the optical properties of the complexes, in
particular by their absorption and emission of UV−vis
radiation. First, we discuss the singlet and triplet excitations
in the visible-light range which are mainly of the MLCT type,
as stated before. Afterward, we focus on the triplet metal-
centered states. The triplet excitations are spin-forbidden but
play an important role in TTET. The energy of the first spin-
allowed transition, i.e., the energy of the first singlet state (S1),
approximates the optical gap, as discussed previously. From
our TD-DFT calculations we determine how it changes with
the nitrogen content of the complexes. The results are shown
in the upper panel of Figure 8.
The complex showing the lowest S1 energy contains eight

nitrogen atoms and is composed of two bipy ligands and one
bipz (blue dot, complex b), whereas the complex with the
highest energy is Ru(bipz)3

2+ (red dot, complex j), with a
difference of about 0.4 eV. A similar distribution of values,

Figure 6. eDoS of Ru(bipy)3
2+ complex, with contributions due to the

Ru(II) cation and the N atoms colored in red and blue, respectively.
Calculation carried out at the M06/LanL2DZ level of theory. The
zero is set at the calculated ionization energy.

Figure 7. Total eDoS (left) and contribution localized on ruthenium (right) of the ten complexes investigated here, sorted by color according to
the number of N atoms in the ligands (N = 6, 8, 10, and 12). The eDoS are superimposed. Calculations have been carried out at the M06/
LanL2DZ level of theory.
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albeit with different magnitudes, can be observed for the most
intense transitions of the visible spectra, occurring between 3
and 2.7 eV, at ∼430 nm as can be seen in Figure S5 of the
Supporting Information. All excitation energies and their
corresponding oscillator strengths are given in Table S4 of the
Supporting Information.
Although the experimental absorption spectrum is mainly

due to vertical excitations, adhering to the Franck−Condon
principle, we also examined to which extent the geometries of
the excited MLCT S1 and S2 states change when we optimize
them. These states correspond to adiabatic, i.e., nonvertical,
excitations and may be observed in fluorescence measure-
ments. We find that their relaxed excited-state geometries are
very similar to those of their respective ground states (see
Figure S6 (left pane) Supporting Information). Moreover, the
overall effect of geometry optimization on the excitation
energies is a shift toward lower values, which is rather constant,
i.e., between 0.43 and 0.66 eV for the ten RuL3

2+ complexes
(Table S4 and S5 of the Supporting Information). For
Ru(bipy)3

2+ the S1 energy for the relaxed geometry becomes
2.00 eV (compared with 2.45 eV when the geometry of the
excited state is not optimized), corresponding to a wavelength
of 618.7 nm. This is in good agreement with a fluorescence
emission occurring at 615 nm.91,92

Nested between the S0 → Sn transitions, there are spin-
forbidden MLCT transitions to triplet states (Tn), whose
contributions to the absorption spectra are negligible.
However, these Tn states play a role in TTET and can still
be encountered during nonradiative processes and decays

which require a relaxation of the geometry. They therefore
have to be taken into account to describe the electronic
structures of complexes with emerging catalytic properties.93,94

The adiabatic transition energies of the first triplet states
closely follow the trend of the S1 ones (Figure 8, bottom
panel), albeit with a smaller overall variation (∼0.3 eV instead
of 0.4 eV) and at lower energies. However, they still pinpoint
Ru(bipy)2(bipz)

2+ as the complex with the smallest transition
energy (N = 8). As expected, the distributions of T1 and S1
excitation energies versus the number of nitrogen atoms also
follow a pattern very similar to that of the HOMO−LUMO
gaps (see Figure 5).
Transitions toward T1, T2, and T3 states are all of the MLCT

type. In the case of the Ru(bipy)3
2+, Ru(bipz)3

2+, and
Ru(bipm)3

2+ complexes, i.e., those with three equal ligands,
the corresponding vertical transitions are basically degenerate
as the energy difference is below the 0.02 eV threshold. This
degeneracy is removed when a ligand is substituted with one of
a different type, as shown in Figure S7 of the Supporting
Information for the case of Ru(bipy)3

2+. By a subsequent
exchange of ligands, the T1−T2−T3 energy separation
increases from less than 0.02 eV to more than 0.2 eV. In
addition, the triplet transitions whose degeneracy is broken by
passing from RuL3

2+ to a Ru(L)2L′2+ complex (with L and L′
two different ligands), do not involve charge transfer to both L′
and L, but to only one ligand, either L′ or L.63
At energies higher than the triplet MLCT states, triplet

states centered on ruthenium can be found, which are called
metal-centered states (3MC).95 These states are found at ∼3.3
eV in the vertical excitations, which qualitatively agrees with
what has been observed for the ground state eDoS (see Figure
7), showing contributions due to Ru(II) cations at energies
higher than 3 eV above the LUMO.
While singlet and triplet MLCT states have a relaxed

geometry close to that of the ground state, relaxed 3MC states
show more significant distortions: there is a loss of coplanarity
between the two rings of the ligands, with dihedral angles
between the two aromatic subunits of more than 7° (see Figure
S6 (right pane) of the Supporting Information). This suggests
that intersections with nearby excited states may occur,
potentially leading to ISC phenomena.
Even if these triplet states are centered on the metal, they

involve an increase in the positive Hirshfeld partial charge on
the Ru(II) ion with respect to the ground state, as shown in
Figure S8 of the Supporting Information. This can be
explained as 3MC states are thought to be predissociation
states,91,96−98 thus leaving a higher excess positive charge on
the Ru(II) cation. While this latter increment is small in
absolute value, in cases with a high content of nitrogen atoms,
it represents an increase of about 40% in the overall positive
charge on the cation, potentially changing the energetics of
intermediate and transition states during catalytic processes
going via the TTET mechanism.

4.3. Ground State Properties of Complexes Embed-
ded into a COF. In second instance we investigate how the
electronic properties of the ruthenium complexes are affected
by embedding them into a CTF support. The CTF is
composed of triazine nodes interlinked with bipy linkers and
the bipy residues embedded into the CTF can naturally act as
ligands for the ruthenium complexes. The fact that the ligand
embedded into the CTF is bipy has also the effect of reducing
the number of possible ligand combinations in the RuL2

2+@

Figure 8. Vertical TD-M06 energies of the S1 states (upper panel)
and of the optimized T1 states (lower panel). The ten RuL3

2+

complexes are (a) L = bipy × 3; (b) L = bipy × 2, bipz × 1; (c) L
= bipy × 2, bipm × 1; (d) L = bipy × 1, bipz × 1, bipm × 1; (e) L =
bipy × 1, bipm × 2; (f) L = bipy × 1, bipz × 2; (g) L = bipm × 3; (h)
L = bipz × 2, bipm × 1; (i) L = bipz × 1, bipm × 2; and (j) L = bipz
× 3 according to the nomclature introduced in Figure 4. Calculation
carried out at the M06/LanL2DZ level of theory.
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CTF complex with respect to the isolated complexes from 10
to 6, i.e., complexes a−f in Figure 4.
We observe some significant electronic changes with respect

to the isolated ruthenium complexes discussed before. In
particular, occupied framework states are found between the
states localized on the metal and on the ligands, as
schematically shown in Scheme 2. This conclusion is in
agreement with previous ground state calculations of RuL2

2+@
CTF.63 According to the molecular orbital composition, the
occupied t2g and virtual eg d orbitals of the Ru(II) cation
remain separated in energy by ∼6 eV for the Ru(bipy)2

2+@
CTF, which is close to the energy separation observed in the
eDOS of the isolated complex (see Figure 6). However, in the
Ru@CTF system, there are occupied framework states
between the occupied orbitals of ruthenium and the virtual
orbitals on the ligands, lowering the HOMO−LUMO gaps
substantially by about 2.5−2.8 eV compared to the isolated
complexes.
Furthermore, we also investigate the influence of the

nitrogen content on the electronic states of the system. The
nitrogen content has a clear influence on the electronic states
of the system, as schematically shown in the right pane of

Scheme 2. An increased nitrogen content from 6 to 10 atoms
reduces the energy of t2g and eg orbitals by about 1 eV with
respect to Ru(bipy)2

2+@CTF, the shift for Ru(bipm)2
2+@CTF

is somewhat smaller, i.e. 0.6 eV. Instead the energy of the
framework orbitals (∼8.3 eV) is rather unaffected. The virtual
orbitals of the ligands are decreasing with about 0.5 eV, thus
bringing the energy gap between HOMO and LUMO to values
of the order of 0.6−0.8 eV for nitrogen rich compounds such
as Ru(bipz)2

2+@CTF, Ru(bipm)2
2+@CTF, and Ru-

(bipzbipm)2+@CTF. The exact numerical values for the
HOMO−LUMO gaps of the CTF-embedded complexes are
reported in Table S6 of the Supporting Information.

4.4. Excited States Properties of Complexes Embed-
ded into a COF. In CTF-embedded complexes, we notice
that the orbital character of the first allowed TD M06
excitation, i.e., the first excitation with nonvanishing oscillator
strength, is no longer mainly of the MLCT type as was the case
for isolated complexes. Instead, we observe a charge transfer
from states localized on the organic framework toward states
localized on the complex, as shown in Figure 9. The target
orbital is mainly localized on the bipyridine ligand of the CTF
and only marginally on the ligands exposed inside the pore.

Scheme 2. Schematic Representation of Orbital Energies for the Ground State of Ru(bipy)2
2+@CTF (Left Pane) and

Ru(L)2
2+@CTF with 10 Nitrogen Atoms (Right Pane), Indicating the Proposed Change of Orbital Energies Due to an Increase

of Nitrogen Content from 6 to 10 Atoms in the Ligandsa

aThe energy levels in the right pane correspond to Ru(bipz)2
2+@CTF and Ru(bipzbipm)2+@CTF. Calculations are at the M06 level of theory.

Figure 9. Orbitals involved in the first allowed transition in Ru(bipy)2
2+@CTF complex. Calculation carried out at the M06/LanL2DZ level of

theory.
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These orbitals are the LUMOs in case of Ru(bipy)2
2+@CTF. It

may be possible that if the pore ligands should have a higher
nitrogen content, the target orbital would be situated on them
instead, as ground state calculations on similar periodic
systems suggest.63

The first allowed transition in RuL2
2+@CTF is thus of the

crystal to crystal charge transfer (CCCT) or crystal to ligand
charge transfer (CLCT) type. In the work of De Vos et al.,
where periodic ground state electronic structures were
performed on the ruthenium complexes in CTF frameworks,
it was indeed suggested that excitations of the highest occupied
crystal orbital to the linkers or ligands attached to the
ruthenium ion might be interesting, but it could not be
deduced whether those states would be realistic as they are
spatially relatively far separated. Here we find based on excited
state calculations that these transitions are indeed realistic as
they have a nonvanishing oscillator strength. A list of all
excitation energies and their corresponding oscillator strengths
is given in Table S7 in the Supporting Information.
Changing the nitrogen content of the ligands connected to

ruthenium and pointing into the pores of the material, induces
a significant drop in the vertical excitation energy of the most
intense transition, with values as low as 1.6 eV for an increasing
number of nitrogen atoms in the ligands around ruthenium
(see Figure 10). So, while in isolated complexes the excitation

energy of the strongest transition is in the UV/blue visible
region, the gap falls into the orange-near-infrared (NIR) region
when the complex is included into the CTF (see Figure 11).
Furthermore, it has to be emphasized that this effect is specific
to this metal complex@CTF adduct, as the optical gap of the

CTF model alone (i.e., without any anchored ruthenium
complex) is ∼3.32 eV, which is close to the near-UV range of
energies instead.
While in isolated complexes the change of the excitation

energy of the strongest transition with the number of nitrogen
atoms of the ligands was small and nonmonotonous, a clear
decrease of the excitation energy with the nitrogen content is
observed in the embedded complexes (see Figure 10). This is
due to the fact that the HOMO is no longer localized on the
ruthenium but on the CTF, whereas the target virtual orbital is
mainly localized on the ligands of the ruthenium complex.
These results show that the hybrid RuL2

2+@CTF system
offers an extra degree of versatility in tuning the electronic
response of the photocatalyst. By tuning the nitrogen content
of the anchoring linkers pointing into the pore of the RuL2

2+@
CTF system, the optical gap can be reduced by about 0.5 eV
and the direction of the charge transfer can be designed. A
schematic representation of the excitation energies correspond-
ing to the strongest transition in both isolated, embedded
ruthenium complex and isolated CTF is shown in Figure 11
together with an indication on how these excitations would be
influenced by the nitrogen content.
As it is known that TD-DFT might fail to correctly

reproduce charge-transfer excitations,99 it is important to
corroborate the above interpretation with ground state
considerations. We notice here that the predicted TD M06
optical gaps shown in Figure 10 are in qualitative agreement
with those of the occupied framework orbitals/virtual ligand
orbitals described in Scheme 2 calculated with ground state
M06 calculations. Furthermore, the trend with the nitrogen
content is similar. Moreover, to further assess the reliability of
the previous M06 ground state considerations, we have
employed the range-separated CAM-B3LYP exchange correla-
tion functional (which is often considered better suited to
describe charge-transfer phenomena100) to compute Kohn−
Sham gaps in the isolated and CTF-embedded complexes. In
this case, the gap between the occupied framework orbitals and
virtual ligand orbitals calculated at the CAM-B3LYP level of
theory is about 1.9−1.7 eV smaller than the HOMO−LUMO
gap in isolated complexes, which is in qualitative agreement
with the aforementioned M06 results. With CAM-B3LYP,
however, all the absolute energies are significantly blueshifted.
This seems reasonable, as range-separated hybrid functionals
are outperformed by global hybrid functionals for n → π*
transitions.64 To further investigate the nature of this
transition, we have used the Mulliken averaged configuration
(MAC) index of Ciofini and co-workers that is able to spot
ghost states which appear by significantly underestimating the
energy.101 This diagnostic index, which discerns unrealistic
charge transfer produced by the limitations of the level of
theory, is a generalization of the Mulliken estimation of

Figure 10. Change of the strongest excitation energy with the number
of N atoms in the ligands around the Ru(II) cation in RuL2

2+@CTF.
The six RuL2

2+@CTF complexes are (a) L = bipy × 2; (b) L = bipy ×
1, bipz × 1; (c) L = bipy × 1, bipm × 1; (d) L = bipz × 1, bipm × 1;
(e) L = bipm × 2; (f) L = bipz × 2. Calculation carried out at the
M06/LanL2DZ level of theory.

Figure 11. Schematic representation of the strongest singlet excitation energies of the isolated and embedded complexes. The lowest excitation
energy for the isolated complex is found for Ru(bipy)2bipz at ∼2.7 eV. For the embedded complexes the excitation energy decreases for an
increasing number of nitrogen atoms. The energy of the first transition with nonzero oscillator strength of the empty CTF is also indicated.
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transition energy for charge transfer excitations. With it we
were able to confirm the charge transfer character of the
transition; it is not a ghost state as the transition energy is
larger than the MAC index. From this, we are ensured that our
TD-DFT results are reliable.

5. CONCLUSIONS

In this work, we have investigated how polypyridyl ligands,
characterized by a varying nitrogen content and aromaticity,
can affect the photocatalytic properties of ruthenium-based
complexes of the type RuL3

2+ in both the ground and the
excited states. As those complexes can be exploited either as
oxidant or reductant agents in photochemical reactions, this
overall insight into their energetics allows a choice for the most
appropriate compound for the specific task at hand. Studying
triplet states with computational approaches is necessary to
optimize catalytic conditions for reactions going through
triplet−triplet energy transfer (TTET), since investigating
nonsinglet states by means of UV−vis absorption is often
unpractical.
In second instance, we studied how the heterogenization of

the ruthenium complexes on a CTF support consisting of
bipyridine ligands affects the electronic ground and excited
state properties of the RuL2

2+@CFT system.
For the isolated RuL3

2+, an increase in the number of
nitrogen atoms in the ligands redshifts the overall energetics of
the compound, albeit without significantly altering the
HOMO−LUMO gap. The energy gaps between linker−linker
states, on the other hand, are significantly affected by both
aromaticity and nitrogen content of the ligands. Singlet metal-
to-ligand charge transfer (MLCT) excitations are found
between 2.2 and 2.6 eV for complexes within varying nitrogen
content. They are only slightly affected by changing the
ligands. Triplet metal-to-ligand charge transfer (MLCT)
excitations are situated in the 1.5−1.8 eV range and can to a
certain extent be tuned for a range of applications that require
specific activation energies. One particular complex, Ru-
(bipy)2(bipz)

2+, shows a redshift of both singlet and 3MLCT
triplet excited states, making it an interesting candidate for
processes induced by visible light. Changes induced in higher-
energy triplet metal-centered (MC) states moreover deplete
the electronic density around the Ru(II) cation, increasing its
positive charge and, thus, its oxidant power.
For the complex embedded into a bipyridine-composed

CTF, we observe a significant redshift of the allowed
excitations to energies bordering the near IR region of the
spectrum. This allows harvesting these lower energies to
promote charge-transfer excitations. For example, near-infrared
photocatalysis102,103 could greatly benefit from the nanoporous
environment and thus make better use of the near-infrared
solar irradiation (making up 44% of solar irradiation spectrum)
to reduce the ruthenium active site. Furthermore, the first
allowed transition occurs from orbitals localized on the
framework toward orbitals mainly localized on the ruthenium
complex.
Overall, this investigation indicates how optoelectronic

properties of ruthenium complexes can be changed and,
possibly, tuned by the ligands and heterogenization within a
CTF environment. Furthermore, this means that, potentially, a
larger spectrum of radiation can be harvested to activate the
complex. In the future, this kind of investigation could also be
extended to other nitrogen containing aromatic ligands and

transition metals, e.g., iridium, to further develop these
promising platforms for heterogeneous photocatalysis.
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(23) Estalayo-Adriań, S.; Garnir, K.; Moucheron, C. Perspectives of
Ruthenium(Ii) Polyazaaromatic Photo-Oxidizing Complexes Photo-
reactive towards Tryptophan-Containing Peptides and Derivatives.
Chem. Commun. 2018, 54, 322−337.

(24) Kulkarni, M. S.; Kumbhar, A. S.; Mohan, H.; Rao, B. S. M.
Synthesis, Characterization and Redox Chemistry of Ru(II)
Complexes of N-Methyl Pyridyl Quinoxaline. Dalton Trans. 2009,
6185−6191.
(25) Nakada, A.; Koike, K.; Nakashima, T.; Morimoto, T.; Ishitani,
O. Photocatalytic CO2 Reduction to Formic Acid Using a Ru(II)−
Re(I) Supramolecular Complex in an Aqueous Solution. Inorg. Chem.
2015, 54, 1800−1807.
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Figure C.1: (a) Computational time used on the Tier-2 clusters. (b) Compu-
tational time used per year.
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