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Nederlandstalige samenvatting

Moleculaire dynamica (MD) simulatie is een modelleringstechniek waarbij
opeenvolgende configuraties van het moleculair systeem worden gegenereerd
door de beweginsvergelijkingen van Newton te integreren. Deze bewerkingen
worden uitgevoerd met behulp van computers. Een noodzakelijk ingrediënt in
het recept van MD voor het integreren van de beweginsvergelijkingen van New-
ton zijn de krachten tussen de deeltjes. Deze krachten worden berekend vanuit
de potentiële energie van het systeem. Het resultaat van een MD simulatie
is een traject dat op elk tijdsstip de atomaire posities en snelheden van het
moleculair systeem bevat. Daarenboven kunnen andere grootheden berekend
worden, zoals de druk of temperatuur.

Er zijn veel beschikbare methodes om de potentiële energie van het sys-
teem te bekomen. Het grootste onderscheid wordt gemaakt op basis van het al
dan niet expliciet beschrijven van de elektronische structuur van het moleculair
systeem. Indien dit niet wordt gedaan spreekt men van moleculaire mecha-
nica (MM) methodes waarbij gebruik gemaakt wordt van krachtvelden die
de potentiële energie van het systeem voorstellen door geparametriseerde ana-
lytische functies in functie van interne vrijheidsgraden. Als de elektronische
structuur van de atomen in rekening wordt gebracht, wordt de potentiële ener-
gie berekend door het expliciet oplossen van het kwantummechanisch (QM)
veeldeeltjessysteem.

In een MD simulatie worden een aantal microscopische toestanden be-
schouwd, bepaald door de bewegingsvergelijkingen en de beschrijving van de
interactie tussen de atomaire kernen op basis van klassieke fysica of kwan-
tummechanica. De relatie tussen alle mogelijke atomaire configuraties voor
een gegeven verzameling van atomen en de overeenkomstige potentiële energie
voor elke microtoestand wordt het potentiële energie oppervlak (PES)
genoemd. De rode draad doorheen deze thesis is dat MD een krachtige
techniek is om macroscopische grootheden te berekenen door middel van een
complexe bemonstering van het PES, i.e. een voldoende aantal microscopische
toestanden van het PES worden verkend door het traject van het systeem zo-
dat statistisch gerechtvaardigde resultaten worden bekomen. In dit doctoraats-
werk worden de vibrationele spectra van zeolietbouwstenen en eigenschappen
die vloeistofstructuur karakteriseren (radiale distributiefuncties en structuur-
factoren) berekend met resultaten afkomstig van MD simulaties. De afleiding
van macroscopische grootheden vanuit microscopische informatie is gebaseerd
op statistische fysica. Het Centrum voor Moleculaire Modellering (CMM) is
actief in het gebied van het ontwikkelen van statistische programma’s voor het
analyseren van de resultaten van MD simulaties (Paper IV ).
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In het eerste deel van deze thesis wordt MM MD aangewend voor het analy-
seren van zeoliet nanogroei met behulp van vibrationele spectra (hoofdstuk
2, Paper I ). Zeolieten zijn microporeuze anorganische materialen, meestal met
aluminosilicaat componenten, die kristalstructuren vertonen met poriën en ka-
nalen die groot genoeg zijn om de diffusie van kleine moleculen toe te laten. Als
gevolg van deze structurele karakteristieken, hebben zeolieten wijdverspreide
toepassingen als ionenwisselaars, adsorptiematerialen en katalysatoren. We-
gens de directe link tussen de kristalstructuur en de fysische eigenschappen is
er een grote interesse in de structurele chemie van zeolieten vanuit zowel de
academische wereld als de industrie. Vibrationele spectroscopie is een gene-
rieke term voor verschillende types van spectra (infraroodspectra, inelastische
neutronverstrooiingsspectra); de techniek is gebaseerd op Fourier transfor-
maties die data van MD simulaties transformeert van het tijdsdomein naar
het frequentiedomein. Spectroscopie kan gebruikt worden om zeoliet bouw-
stenen te karakteriseren. Voor het begrijpen van de transformatie van silica
eenheden naar microporeus kristallijn materiaal, is vooral de correlatie tussen
de grootte of de structuur van de silica eenheden belangrijk, alsook de positie
van de absorptiepieken in het spectrum. We identificeren pieken in het vi-
brationele spectrum van zeoliet oligomeren en ringen met specifieke interne
coördinaten, en focusseren ons op de invloed van de parameters ringgrootte
en topologie op het vibrationele spectrum. Hiervoor werd een nieuw protocol
ontwikkeld – de atomaire snelheidsprojectie methode – die ons in staat
stelt om signalen met de interne vrijheidsgraden van de zeoliet nanodeeltjes
te vereenzelvigen. Met deze methode is het mogelijk om te voorspellen welke
specifieke modes worden bëınvloed door een veranderende grootte of topologie
van silica nanodeeltjes die belangrijk zijn voor zeolietsynthese. Op die manier
kan moleculaire modellering assisteren in het begrijpen van de mechanismen
die plaatsvinden gedurende de initiële fases van de zeoliet nanogroei. De ato-
maire snelheidsprojectie methode wordt toegepast op silicaliet-1, en de interne
coördinaten worden geconstrueerd op basis van de rekbeweging tussen twee
atomen: de rekbewegingen zelf en lineaire combinaties ervan kunnen dienen
als interne coördinaten. Het besluit is dat de analyse van vibrationele spectra
zeer nuttig is om meer inzicht te verwerven in het beginstadium van zeoliet-
synthese op moleculair niveau omdat het spectrum van eigenmodes van interne
coördinaten kan variëren bij verschillende moleculaire systemen. Op het einde
van dit eerste deel wordt een afweging gemaakt van de MD versus de statische
methodologie.

In het tweede deel wordt de structuur van vloeistoffen bestudeerd met
QM MD (hoofdstuk 3, Paper II en Paper III ). Hierbij wordt de potentiaal be-
schreven op basis van kwantummechanische methoden om ook niet-covalente
interacties correct in kaart te brengen. Meer specifiek, maken we gebruik van
dichtheidsfunctionaaltheorie (DFT), die het veeldeeltjesprobleem formu-
leert in termen van de elektronendichtheid om de grondtoestandsenergie te
berekenen, aangevuld met empirische correctietermen voor de dispersiekrach-
ten. De invloed van deze correctietermen zal specifiek bestudeerd worden.
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Vloeistoffen hebben geen vaste structuur zoals wordt waargenomen bij vaste
stoffen. De intermoleculaire krachten, waarvan de bekendste de waterstof-
bruggen zijn, leiden tot karakteristieke ruimtelijke correlaties. Het is belang-
rijk de microscopische structuur van vloeistoffen in zo gedetailleerd mogelijk
te kennen omdat deze ook de macroscopische eigenschappen bepaalt, bv. ther-
modynamische functies. Een uitstekende grootheid om de vloeistofstructuur te
bestuderen is de radiale distributiefunctie (RDF), wat een relatieve waar-
schijnlijkheidsdichtheid is om een atoom op een afstand van een ander atoom
te vinden in de oorsprong. Initieel worden de RDFs van vloeibaar methanol
met waterstofbruggen bestudeerd in simulaties waarvan het aantal deeltjes, het
volume en de temperatuur constant zijn (NVT) (Paper II ). Verder wordt er
een correctieschema opgezet voor de basis set superpositie fout (BSSE),
en wordt de invloed van deze correctie op de RDF geëvalueerd. De BSSE is
een gevolg van het gebruik van niet complete basissets waarin de atomaire
en moleculaire orbitalen worden geëxpandeerd, en veroorzaakt een artificiële
versterking van de intermoleculaire interacties en een artificiële verkorting van
de intermoleculaire afstanden. Het nieuw voorgestelde correctiemodel, dat
moet geparametrizeerd worden, bestaat uit een klassieke krachtveld energie-
term die dient toegevoegd te worden in latere MD simulaties. Initieel wordt
enkel de intermoleculaire waterstofbruginteractie in methanol gekalibreerd om-
dat geanticipeerd kan worden dat de BSSE het grootst zal zijn voor dit type
van interactie. Aangezien het in rekening brengen van dispersie onontbeerlijk
is om de RDF correct te reproduceren, wordt een gecombineerde studie van dis-
persie en BSSE uitgevoerd. Door de introductie van deze correcties, met het
model voor BSSE en dispersie, worden de afwijkingen op de amplitude van de
eerste piek van de relevante partiële RDFs van de atomen die deelnemen aan de
waterstofbrug gereduceerd van 12%-16% tot 0.4%-1%, in vergelijking met het
experiment. Dit toont aan dat DFT MD, gecorrigeerd voor BSSE, in staat is
om de vloeistofstructuur van methanol in een NVT ensemble te reproduceren.

Gebaseerd op het werk op methanol, wordt de studie van vloeistofstruc-
tuur uitgebreid op vier niveaus (hoofdstuk 3, Paper III ). De eerste uitbreiding
bestaat erin dat we niet één, maar vijf vloeistoffen beschouwen: methanol,
chloroform, acetonitrile, tetrahydrofuraan en ethanol. De keuze van
deze solventen is gemotiveerd door de relevantie voor de industrie en hun clas-
sificatie (niet-polair, polair aprotisch, polair protisch). Van deze vijf komen
waterstofbruggen enkel voor in methanol en ethanol. Ten tweede worden, naast
NVT simulaties, ook simulaties uitgevoerd in een ensemble waarbij het aantal
deeltjes, de druk en de temperatuur constant zijn (NpT). Veel experimenten
worden uitgevoerd onder constante druk en temperatuur, zodoende dat simu-
laties in het isotherme-isobare ensemble dichter aanleunen bij experimentele
data. De derde uitbreiding bestaat erin dat de parametrizatie van het correc-
tiemodel voor BSSE wordt veralgemeend en toegepast op alle solventen. Op
deze manier worden er drie MD simulaties per solvent uitgevoerd (NVT, NpT
en NpT gecorrigeerd voor BSSE), waarvan telkens de RDFs bepaald worden
en, indien mogelijk, worden vergeleken met RDFs die afgeleid zijn op basis
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van experimentele data. De enige grootheid die experimenteel kan worden op-
gemeten is de totale structuurfactor (SF), die gerelateerd is aan de RDF
door middel van een Fourier transformatie. Alle andere grootheden, zoals
de partiële RDFs, kunnen niet rechtstreeks opgemeten worden. Partiële RDFs
worden bekomen door een inverse Fourier transformatie van de partiële SFs.
De partiële SFs worden op hun beurt berekend door een iteratief protocol dat
neutronverstrooiingsexperimenten combineert met MD simulaties gebaseerd op
empirische interatomaire potentialen. Op die manier cumuleren RDFs, die
worden bepaald op basis van experimentele data, onnauwkeurigheden die ge-
genereerd worden in de verschillende stappen van de procedure. De vierde en
belangrijkste uitbreiding is de beoordeling van de vloeistofstructuur in de
reciproke ruimte. Een Fourier transformatie die RDFs naar SFn converteert, en
omgekeerd, vereist wiskundige bewerkingen maar de nauwkeurigheid ervan kan
beter gecontroleerd worden. De studie van SFn spitst zich toe op tetrahydro-
furaan omdat hiervoor de meeste experimentele data beschikbaar is. Speciale
aandacht gaat uit naar het onderscheid van de inter- en intramoleculaire
contributies in de totale SF, wat met experimentele methodes zeer complex
is. In dit werk vinden we dat de intramoleculaire bijdragen de intermoleculaire
interacties domineren in de totale SF. Gezien vanuit experimenteel oogpunt het
niet eenvoudig is om de dominerende intramoleculaire fluctuaties te scheiden
van het totale spectrum, is de experimentele data ontoereikend om op accurate
wijze intermoleculaire partiële RDFs te berekenen. Deze thesis toont ook aan
dat de dominantie compleet is in die zin dat de intramoleculaire interacties zeer
groot zijn voor zowel grote als kleine golfgetallen. Verder wordt er aangetoond
dat het signaal van de intermoleculaire verstrooiing snel klein wordt bij grotere
golfgetallen. Dit alles suggereert dat de hoofdoorzaak van fouten de extractie
is van de intermoleculaire totale SF van de totale gemeten SF. De afwijking
tussen de theoretische en de experimentele SFn is vooral groot in het golfge-
talgebied waar de intermoleculaire contributies zich manifesteren. Gezien de
totale bijdrage van de intermoleculaire contributies klein is, zal een kleine rela-
tieve fout in de (berekende) intramoleculaire SF niet onderscheidbaar zijn van
een relatief grote fout in de intermoleculaire SF. De gevoeligheden van kleine
perturbaties in de SFn op de RDFs worden onderzocht door middel van de
drie types van MD simulaties. Het besluit is dat de SFn hoogst ongevoelig zijn
aan veranderingen in de partiële intermoleculaire RDFs. Hierdoor wordt er
expliciet aangetoond dat de afleiding van partiële intermoleculaire RDFs van-
uit een klein aantal SFn, zoals het geval is bij modellen die RDFs afleiden uit
experimentele data, slecht geconditioneerd is.

De hoofdconclusie van deze thesis is dat MD een veelzijdige en krach-
tige moleculaire modelleringstechniek is omdat het kan toegepast worden op
zeer diverse problemen en in staat is om informatie te verschaffen die met
andere technieken niet altijd kan bekomen worden. In deze thesis wordt MD
toegepast op vaste stoffen (zeolieten) en vloeistoffen (solventen), twee zeer ver-
schillende fases van de materie. Het zou zeer moeilijk zijn om het inzicht in
de moleculaire mechanismen van de zeolietvorming, zoals besproken wordt in
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hoofdstuk 2, te bekomen met experimentele technieken. Dezelfde conclusie kan
getrokken worden in verband met het werk op de structuur van vloeistoffen,
waarvan het onderscheid tussen de inter- en intramoleculaire contributies het
meest prominente voorbeeld is.





English summary

Molecular dynamics (MD) simulation is a modeling technique in which
successive configurations of the molecular system are generated by integrating
Newton’s equations of motion. These calculations are executed with comput-
ers. A necessary ingredient in the recipe of MD when Newton’s equations are
integrated, are the forces between the particles. These forces are computed
from the potential energy of the system. The result of an MD run is a tra-
jectory that contains at each time step the atomic positions and velocities of
the molecular system. In adddition, other quantities can be calculated, such
as pressure or temperature.

There is a plethora of methods available to obtain the potential energy of
the system, and a main classification is made whether or not the methodology
explicitely calculates the electronic structure problem for a given set of atomic
coordinates. If this is not the case we refer to the methods as molecular
mechanics (MM) methods which use force-fields to represent the potential
energy of the system by parametrized analytical functions in function of inter-
nal degrees of freedom. If the electronic structure of the atoms is taken into
account, the potential energy is computed by explicitely solving the many-body
electronic structure problem using quantum mechanics (QM).

In an MD run a given number of microscopic states are considered, de-
termined by the equations of motion and by using a potential energy which
is either described classically or based on quantum mechanics. The relation
between all possible atomic arrangements for a given collection of atoms and
the corresponding potential energy for each microstate is called the potential
energy surface (PES). The central point of this thesis is that MD is a
powerful tool to compute macroscopic properties by means of a complex sam-
pling of the PES, i.e. sufficient microscopic states of the PES are explored by
the system trajectory to determine statistically justified macroscopic results.
In this work, vibrational spectra of zeolite buildig blocks and properties char-
acterizing liquid structure (radial distribution functions and structure factors)
are calculated from the output obtained from MD simulations. The derivation
of macroscopic properties from microscopic information is based on statistical
physics. The Center for Molecular Modeling (CMM) is active in developing
software to analyse output from MD simulations (Paper IV ).

In the first part of this thesis MD, based on classical force fields is used
to analyse zeolite nanogrowth with vibrational spectra (chapter 2, Paper
I ). Zeolites are microporous inorganic materials, mostly with aluminosilicate
components, which exhibit crystal structures containing pores and cages lare
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enough to permit the diffusion of small molecules. As a result of these structural
characteristics, zeolites find widespread application as ion exchangers, adsor-
bents and catalysts. Because of the direct link between their crystal structure
and physical properties, there is intense interest in their structural chemistry
from both academia and industry. Vibrational spectroscopy is a generic term
for several types of spectra (IR, INS); it is a Fourier-transform based tech-
nique which receives input from MD simulations and transforms information
from the time domain to the frequency domain. Spectroscopy can be used to
characterize zeolite building blocks. In the understanding of the transformation
of silica species into microporous crystallites, the correlation between the size
or the structure of the silica species and the position of the absorption peaks in
the spectrum is especially important. We identify peaks in vibrational spectra
of zeolite oligomers and rings with specific internal coordinates, and focus
on the influence of the parameters ring-size and topology on the vibrational
spectrum. For this purpose, a new protocol – the atomic velocity projection
method – has been developed which enables to link signals with the internal
degrees of freedom of zeolite nanoparticles. With this method it is possible to
predict which particular modes are influenced by changing size and topology
of the silica nanoporticles important for zeolite synthesis. As such, molecu-
lar modeling assists in the understanding of the mechanisms during the early
stages of the zeolite growth. The atomic velocity projection method is applied
to silicalite-1, and the internal coordinates are constructed from stretches be-
tween two atoms: the stretches themselves can serve as internal coordinates or
linear combinations of them. Concluding, the analysis of vibrational spectra is
a very useful tool in understanding the initial stages of zeolite formation, as the
spectral behavior of eigenmodes of internal coordinates can vary with different
molecular systems. MD can then be used to simulate various structures which
are key components during zeolite growth. At the end of this first part, an
assessment is made of the MD versus static methodology.

In the second part the structure of liquids is studied with QM MD (chap-
ter 3, Paper II and Paper III ). The potential is determined from quantum
mechanical methods in order to also describe the non-covalent interactions cor-
rectly. More specifically, we will rely on density functional theory (DFT),
which formulates the many-electron problem in terms of the electron density
to compute the ground-state energy, but will also add empirical corrections
for the dispersion interactions. The influence of these correction terms will be
studied specifically. Liquids do not have a structure in the sense that solids
have a structure. The intermolecular forces, of which the most famous is the
hydrogen bonding, lead to characterisitic spatial correlations. It is impor-
tant to know the microscopic structure of liquids in as much detail as possible
because it determines their macroscopic properties, e.g. thermodynamic func-
tions. An excellent tool to study liquid structure is the radial distribution
function (RDF), which is a relative probability density of finding an atom
at a distance from another atom at the origin. Initially, we study the RDFs of
the hydrogen-bonded liquid methanol in simulations where the number of par-
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ticles, the volume and the temperature are kept constant (NVT) (Paper II ).
Moreover, a correction scheme is set up for the basis set superposition error
(BSSE), and evaluate the influence of this correction on the RDF. The BSSE
results from using an incomplete basis set for expanding the atomic and molec-
ular orbitals, causing an artificial strengthening of the intermolecular interac-
tions and artificial shortening of intermolecular distances. The new proposed
correction model, which needs to be parametrized, is a classical force-field
energy term and can be added in subsequent MD simulations. At first, only
the intermolecular hydrogen bond interaction in methanol is calibrated, as it
is expected that the BSSE will be the largest for this type of interaction. Since
taking into account dispersion is indispensable in any attempt to correctly
reproduce the RDF, a combined study of BSSE and dispersion is performed.
Upon introduction of these corrections (model for BSSE and dispersion), the
discrepancies between theory and experiment on the first peak height of the
relevant partial RDFs of the atoms that participate in hydrogen-bonding are
reduced from 12%-16% to 0.4%-1%. This shows that accurate DFT MD cor-
rected for BSSE is able to reproduce the liquid structure of methanol in an
NVT ensemble.

Based on the work performed on methanol, the study of liquid structure is
extended on four levels (chapter 3, Paper III ). First, we consider five liquids:
methanol, chloroform, acetonitrile, tetrahydrofuran and ethanol. The
choice of these solvents is motivated by their importance for the industry and
their classification (non-polar, polar aprotic, polar protic). Of these five cases,
hydrogen bonding occurs only in methanol and ethanol. Second, besides the
NVT MD runs, the simulations are performed in an ensemble where the num-
ber of particles, the pressure and the temperature are constants (NpT). Many
experimental measurements are made under conditions of constant tempera-
ture and pressure, and so simulations in the isothermal-isobaric ensemble are
most directly relevant to experimental data. The third extension is the gen-
eralisation of the parametrization procedure of the correction model for BSSE
and the application to all solvents. This way, we arrive at three MD simula-
tions per solvent (NVT, NpT and NpT corrected for BSSE), of which all the
RDFs are determined and, where possible, compared with RDFs derived from
experimental data. The only property that is a direct experimental observable
is the total structure factor (SF), which is related to the RDF through a
Fourier transform. All other quantities, including the partial RDFs, are not
directly available from experiment. Partial RDFs are obtained after an inverse
Fourier transform of the partial SFs. These latter properties are in turn de-
termined form an iterative protocol combining neutron scattering experiments
with isotopic substitution and MD runs based on empirical interatomic poten-
tials. As such, RDFs derived from experiment are not free from cumulating
inaccuracies generated in the various steps in the procedure. The fourth and
most important extension is the assessment of liquid structure in reciprocal
space. A Fourier transform to convert RDFs to SFs, and vice versa, requires
some mathematical manipulations but the accuracy of these computations is
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better controlled. The work on SFs focuses on tetrahydrofuran as a case study,
as most benchmark data are available in this case. Special attention is given to
disentangling the total SF into inter- and intermolecular contributions,
which experimentally poses a lot of complications. We find that the intramolec-
ular contributions largely dominate the intermolecular interactions to the total
structure factor. As from experimental point of view the subtraction of the
dominant intramolecular fluctuations from the total spectrum is not a trivial
task to perform with a high accuracy, the experimental data is incomplete to
extract a correct solution. Furthermore, this thesis reveals that the dominance
is complete in the sense that the intramolecular terms cover the whole momen-
tum range, including the low wave vector part where we expected that it is
mainly controlled by intermolecular contributions. Another aspect revealing
from our computation, is that the signal from intermolecular scattering fades
out quite fast with increasing momentum transfer. These facts suggest that
the first and probably the most crucial source for generating errors is the ex-
traction of the intermolecular total structure factor from the total measured
scattered amplitude. The discrepancy between theoretical and experimental
SFs is large, especially in the wave vector part in which the intermolecular
contribution manifests itself. Since the total contribution of the intermolecular
RDF to the SF is small, a small relative error in the (computed) intramolecular
SF will not be distinguishable from a relative large error in the intermolecular
SF. The sensitivities of small perturbations in the SFs on the RDFs are ex-
amined by means of the three types of MD simulation. The conclusion is that
SFs are almost insensitive to changes in partial intermolecular RDFs. This
way, we explicitely show that the derivation of partial intermolecular RDFs
from a small number of SFs, as is the case with models that derive RDFs from
experimental data, is ill-conditioned.

The main conclusion of this thesis is that MD is a versatile and pow-
erful molecular modeling technique as it can be applied to a very diverse
set of problems and is able to provide information otherwise unattain-
able. In this thesis, MD has been applied to solid state materials (zeolites)
and liquids (solvents), two very distinct forms of matter. The insights into
the molecular mechanisms of structuring of silica nanoparticles, as discussed
in chapter 2, would be very hard to obtain with experimental techniques. The
same conclusion can be drawn concerning the work on the structure of fluids,
the disentanglement of the inter- and intramolecular contributions being the
most prominent example.
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BO Born-Oppenheimer
BSSE basis set superposition error
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FF force field
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PES potential energy surface
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QM quantum mechanical
RDF radial distribution function
SF structure factor
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General Introduction and goal of

this thesis

1.1 Computer simulations as a tool for studying
molecular systems

Each paper that passed through my hands during the last four years, had a
common message expressed in different versions: ‘Computer simulation has
become a powerful tool for obtaining detailed insights into the structure, dy-
namics, and function of molecular systems.’

Computer simulations act as a bridge between microscopic length and time
scales and the macroscopic world of the laboratory: we set up a model for
the interactions between atoms and molecules, and obtain predictions of bulk
properties. As such, a direct route is provided from the microscopic details
of a system (charges and masses of the atoms, the interactions between them,
molecular geometry, etc.) to macroscopic properties of experimental interest
(thermodynamic properties, information about the structure, diffusion coef-
ficients, and so on). There are only a handful of non-trivial, exactly soluble
problems in statistical mechanics. Exactly soluble means that a complete spec-
ification of the microscopic properties of a system leads directly to a set of
interesting results or macroscopic properties. Essentially exact results can be
obtained for a given model system without having to rely on approximate the-
ories. If the calculated properties of a model system are not satisfactory, the
model is inadequate and the estimate of the intermolecular interactions needs
to be improved.

Simulations act as a bridge in another sense: between theory and experi-
ment. We may test a hypothesis by conducting a simulation on a molecular
system using a model based on that theory, comparing the outcome with ex-
perimental results.
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We may also carry out simulations on the computer that are difficult or
impossible in the laboratory, e.g. experiments under extremes of temperature
and pressure, while a computer simulation of, say, materials with conditions
as they appear at the core of the earth, would be perfectly feasible. Quite
subtle details of molecular motion and structure might be difficult to probe
experimentally, but can be extracted readily from a computer simulation. In
addition, we can use computers to predict the properties of materials that have
not yet been made.

Ultimately we may want to make direct comparisons with experimental
measurements made on specific solid state materials, liquids or gases, in which
case a good model of the molecular interactions is essential. In any case we want
to reduce the amount of fitting and guesswork in this process to a minimum.
On the other hand, we may be interested in phenomena of a rather generic
nature, or we may simply want to discriminate between good and bad theories.
However, in many cases, it is not necessary and even not realistic to strive for
a perfect molecular model; we should temper our ambitions in developing a
model that suits our goal, containing the essential physics to solve our specific
problem.

Computer experiments have become standard practice, and not only in
the field of studying molecular interactions but to the extent that they now
provide the first and the last test of a new theoretical result. However, as
experienced over the last four years, results from the computer as such offers
no understanding, only numbers. The useful information has to be extracted
from it, which is the easy part. Actually knowing which information you want
to obtain and interpret it correctly is the hard part, and a form of art on its
own.

1.2 Molecular modeling

Molecular modeling is the science of studying molecular structure by means of
an extensive number of theoretical and numerical models. The computations
encompass ab initio and semi-empirical quantum mechanical methods, molecu-
lar mechanics, path-integral techniques, Monte Carlo, free energy and solvation
methods, (bio)chemical information and databases, plus many other established
procedures. The broad research field of modeling molecular systems by comput-
ers is truly multidisciplinary. It is used by biologists who describe the cellular
picture, chemists who fill in the atomic and molecular details, physicists extend
these views to the electronic level and the underlying forces, mathematicians
analyze and formulate appropriate numerical models and algorithms, and com-
puter scientists provide the support for running large computer programs [1].
Combining these disciplines is something the researcher in molecular modeling
can only hope to achieve after years of experience in the field.

Although molecular models represent a highly simplified version of the real
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molecular environment, they are able to discern patterns and add insights that
we otherwise are unable to notice. However, the art lies in the fact that the
developed and applied models have to be appropriate for the problems that we
are faced with.

1.3 Molecular dynamics: the method explored
in this thesis

In this thesis the focus lies on studying molecular systems with the help of
molecular dynamics simulations (MD). Ever since the first MD simulation by
Adler and Wainwright [2], the number of different techniques, methods and
models for this type of computer simulation and the number of applications
for it, grows extensively. And, although this branch of science is still relatively
new, MD has evolved into an important and widely used theoretical tool that
allows researchers in chemistry, physics and biology to model the behavior of
many different types of systems, including gases, liquids, solids, surfaces and
clusters.

What is MD? In an MD simulation, the classical equations of motion
governing the microscopic time evolution of a many-body system are solved
numerically, i.e. the force between the particles is computed allowing the inte-
gration with Newton’s equations of motion, mir̈i(t) = Fi = −∇iV (rN ) [3], to
move particles to new positions and identify the velocities at these locations.
The MD methodology can provide a window into the microscopic dynamical
behavior of the individual atoms that make up a molecular system. From
this information, the microscopic mechanisms can be ‘observed’ and dynamical
properties can be calculated, e.g. absorption spectra, reaction rate constants,
and transport properties. In addition to providing a dynamical picture, MD
can also be employed as a means of sampling from a statistical mechanical
ensemble and determining equilibrium properties, e.g. average thermodynamic
quantities (pressure, temperature, etc.) or structural functions like the radial
distribution function.

Central theme of this thesis. In the MD-technique, a sufficient region of
phase space, i.e. the 6N -dimensional space spanned by all particle coordinates
and momenta for a system of N particles, is explored by the system trajec-
tory to compute a macroscopic property. One can look at MD as a dynamic
computation, where a given number of successive microstates are considered,
determined by the equations of motion and the description of the particle in-
teraction – with quantum mechanics and/or classical physics – under consid-
eration. The quality of the results of the MD simulation then depends on the
accuracy of this description. The conversion of the very detailed information
of many atomic positions and momenta to derive macroscopic properties is the
merit of statistical physics. The basic concepts of this theory are outlined in
Chapter 2 of the standard work of Allen and Tildesley [4]. On the other hand,
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thermodynamic quantities can also be obtained based on static computations,
considering only one point on the potential energy surface (PES) – the PES
is a hypersurface defined by the potential energy of a collection of atoms over
all possible atomic arrangements. Typically, this approach is employed when
the computational cost is rather high. This may be the case for very large
systems or when an electronic structure method is used at a very high level of
theory. However, the method considers one point only in the potential energy
landscape or the potential energy surface. This is, from the point of view of
statistical physics, rather limited. For example, when a system has multiple
important conformers, then it is a good practice to sample more than just one
of these configurations to arrive at a more statistically justified result. Macro-
scopic properties are always ensemble averages over a representative statistical
ensemble, so the knowledge of a single structure, even if it is the structure of
the global energy minimum, is then often not sufficient. Instead, the final re-
sult is more reliable when a representative ensemble at a given temperature is
generated, taking into account multiple local minima on the PES, to compute
macroscopic properties. In this perspective, the central theme of this PhD
thesis is

to go beyond the concept of considering one point of the PES, as
in static point methods, by means of a more complex sampling of
phase space using the MD technique.

MD as a tool for studying zeolite nanogrowth. Firstly, MD is used
to compute vibrational spectra of silica oligomers and rings, which play an im-
portant role in zeolite synthesis. This research was inspired by the long term
collaboration between the CMM and the COK. The objective of this project is
to enhance the interpretation of vibrational spectra, based on a molecular dy-
namical approach, to obtain a better understanding of the mechanisms present
during the early stages of the zeolite growth. For this an efficient protocol,
based on linking spectra patterns with atomic motions, is developed, as ex-
plained in Chapter 2 (Paper I, Paper IV ). Two methods are conventionally
used for the calculation of vibrational spectra linking spectral patterns with
atomic motions: normal-mode analysis (NMA) and MD simulations. The first
technique is based on a static approach and the latter is a Fourier-based tech-
nique which receives input from MD simulations. NMA is computationally less
demanding but is restricted to the harmonic approximation which allows only
small deviations from a local or global minimum on the PES. The restriction
stems from the fact that NMA is in essence a second-order approximation of
the minima in the PES. As a consequence, only one minimum can be calcu-
lated and only a small part of the energy surface is considered, which limits the
technique when multiple minima are present. By applying MD, this problem
is then circumvented. The results of this part are described in chapter 2 of this
thesis.

MD as a tool for studying liquid structure. Secondly, MD is used
to compute radial distribution functions (RDFs) in methanol (Paper II ) and
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a set of classes of other important solvents (Paper III ), which is illustrated in
Chapter 3. The RDF is a histogram of discretized pair separation distances
which shows how many pairs there are in each interval. Here, a pair can be e.g.
a pair of atoms or molecules. In the second part of Chapter 3 (Paper III ), the
structure factor (SF) is introduced as a complementary tool to interpret RDFs
better. A SF is related to the RDF through a Fourier transform, and in this
work SFs are employed to analyse the accuracy of models predicting or extract-
ing information on liquid structure. The RDF and SF are structural properties
of the fluid that do not depend on the time evolution of the system, i.e. they
are static equilibrium averages. Such an average can be accomplished by MD
simulation, and in this perspective it is obvious that this is not achievable by
static point methods. The accurate derivation of RDFs is not straightforward
and within the framework of this thesis some models are introduced to describe
accurately RDFs using molecular dynamics simulations.

Versatility of MD. In the work related to zeolites, data from MD simu-
lations are used to gain insight in the generated spectra. Simulations are done
with molecular mechanics (MM) and the MM-model applied as input for the
MD simulation of the zeolite building blocks is not investigated. On the con-
trary, in the work on RDFs the computer simulations were completed using a
quantum mechanical approach, and the input for the MD simulation is altered
in order to improve the agreement with experimental RDFs. However, regard-
less whether the focus is on analyzing data from an MD simulation (Paper
I, Paper IV ), or rather improving the simulation itself (Paper II, Paper III ),
MD remains the central theme throughout this whole doctoral dissertation. In
Chapter 2, the power of this approach is contrasted with the limited scope
of static methods, as used in Paper V where NMR- and Raman spectra are
computed.

1.4 MM and QM methods

The computational methods that are used to do MD on a molecular system are
divided in two main categories: (i) MM methods that do not explicitly con-
sider electrons in the system, also commonly referred to as force-fields (FF),
and (ii) quantum mechanical (QM) methods (or ab initio methods) that ex-
plicitly consider electrons in the systems, which have their roots in the theory
of quantum mechanics, and involve the solution of the Schrödinger equation at
some level of approximation. In both approaches it is assumed that the Born-
Oppenheimer (BO) approximation is valid and that the atomic nuclei can be
treated as classical point particles. There are also computational methods that
are a combination of MM- and QM methods, they are mostly referred to as
QM/MM-methods.

In both the MM as well as in the QM classes, there is a plethora of possi-
bilities available. All of them have their advantages and disadvantages, but the
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Figure 1.1: Length-time diagram for QM and MM methods.

accessible time- and length-scale covered by MD, as shown in Fig. 1.1, is always
important. It is clear that the more detailed a simulation technique operates,
the smaller the accessibility of long times and large length scales becomes. With
quantum simulations the electronic structure problem is solved at every time
step of the simulation and is therefore very expensive. It may only be applied
for smaller systems or for phenomena that occur on smaller time scales. FFs
approximate electronic distributions in a rather coarse-grained fashion by as-
signing an analytical form to the potential energy expression in which atomic
charges represent the electrostatic interactions. The required/targeted accu-
racy is a factor which must be kept in mind at all times. Also polarization
effects may be added. More information on how FFs are constructed is given
in the next section. No single method of calculation is likely to be ideal for
all applications, and it depends on the pursued objectives and the molecular
system itself which method is best suited.

In the preceding discussion, it has been assumed that the particles can be
treated as classical point particles, according to Newton’s equations of motion.
This treatment is usually justifiable, but for systems where hydrogen/proton
motion is important, e.g. at low temperature, such an approximation is not
valid. Whenever these so called nuclear quantum effects may be important, a
quantum formalism, such as the Feynman imaginary time path integrals [5], is
required. This type of MD is in general not performed at the CMM, but it is
important to mention this issue because the same topic of Paper II and Paper
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Figure 1.2: Pictorial representation of the contributing potential energy terms in a
common force-field.

III has also been investigated by path integral MD. [6–9]

1.4.1 MM-methodology

In Paper I, FFs have been used extensively, therefore a general outline on how
FFs are constructed is presented here. MM is based on interatomic potentials,
which are parametrized analytical functions that represent the potential en-
ergy of a system as a function of internal coordinates q. A FF is the analytical
representation of the potential energy of a system in a given conformation as
a sum of terms which account for different molecular interactions (Fig. 1.2):
mechanical-like strains arising from equilibrium bond length and angle devia-
tions, torsion flexibility, Van der Waals and electrostatics. A typical FF has
the following form:

VFF = Vcovalent + Vnon-covalent, (1.1)

with

Vcovalent = Vbond + Vbend + Vtorsion (1.2)

Vnon-covalent = VVdW + VCoulomb (1.3)
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The contributions to the potential energy have the following mathematical
form:

Vbond =

Nr∑

i=1

1

2
Kr,i (ri − r0,i)2 (1.4)

Vbend =

Nθ∑

j=1

1

2
Kθ,j (θj − θ0,j)2 (1.5)

Vtorsion =
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1

2
Kφ,k [1− cos (mk (φk − φ0,k))] (1.6)
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−
(
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)6
]

(1.7)

VCoulomb =
1

2

N∑

i6=j

QiQj
4πε0rij

(1.8)

Here, N is the total number of atoms in the system, Qi is the charge of atom
i and rij is the distance between atom i and atom j, Nr is the total number
of stretch bonds, Nθ the number of bending angles, and Nφ the number of
dihedral angles. There are several parameters in these equations which need to
be determined: force constants (Kr,i, Kθ,j , Kφ,k ), rest values (r0,i, θ0,j , φ0,k)
and multiplicity factors (mk).

The potential terms Vbond and Vbend have a generic form as in Fig. 1.2(a)
(Eq. (1.4) and Eq. (1.5)), Vtorsion like Fig. 1.2(b) (Eq. (1.6)), VCoulomb commonly
looks like Fig. 1.2(c) (Eq. (1.8))because of the 1/r-factor and VVdW typically
shows behaviour as in Fig. 1.2(d) (Eq. (1.7)) due to the combination of the
attractive r−6- and the repulsive r−12-contributions. An important property
of such a model is that the topology (how the atoms are connected) is fixed
and that chemical reactions can not take place. Currently also reactive FFs
are developed but this is out of the scope of this thesis. [10]

1.4.2 QM-methodology

In Paper III and Paper IV, MD is studied based on quantum mechanical meth-
ods. This technique known as ab initio MD uses forces calculated from the
potential energy, which is computed with first principles methods. This is
sometimes referred as ‘on the fly’ electronic structure calculations. Up to some
years ago this methodology was not applicable as the true bottleneck relies
in the calculation of the PES. However, recent advances in electronic structure
theory as well as readily available high-speed computers have begun to upgrade
the ab initio MD approach as a viable tool. The most important element in an
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ab initio MD calculation is the representation of the electronic structure. Cal-
culation of the exact ground-state electronic wavefunction is intractable, and
approximations must be used in some way. The electronic structure theory
employed should be reasonably accurate, yet not too computationally demand-
ing for the current application. Ab initio MD is not tied to any particular
approach and the strength or weakness of a particular ab initio MD scheme is
intimately connected to the strength or weakness of the chosen electronic struc-
ture method. Over the years a variety of different approaches such as density
functional theory [11, 12] (DFT), Hartree-Fock (HF), post-HF (e.g. Møller-
Plesset 2 (MP2)), semi-empirical, etc., were combined with MD, and this list is
certainly incomplete. Density functional theory has become a very attractive
method in computational chemistry as it allows to go beyond Hartree-Fock ac-
curacy, provided a good functional is chosen. On the other hand this method
is still computationally feasible. For a detailed explanation of this approach we
refer to standard textbooks. [13–15]

1.5 Software

Computational chemistry is performed using both available program packages
such as Gaussian, CP2K, ORCA, ... and in-house developed software. The
CMM has developed a set of software tools which may be found on the website
and are freely available within an academic environment. In this thesis, CP2K
is extensively used, and to a lesser extent Gaussian is employed.

Computationally expensive routines like molecular simulations need to be
run with software that is written in compiled languages (Fortran, C, C++, Java,
etc.) because the execution speed of the software is of essential importance.
The program CP2K [16] is an example of such software. For all the rest, i.e.
preparing input, post-processing data, scripting, etc., a high-level language will
do just fine. The latter is slower in performance because they are not compiled
all the way down to binary machine code. However, a high-level language, e.g.
Python, is easier to use and aims at a more hands-on approach.

1.5.1 CP2K

CP2K is a program to perform atomistic and molecular simulations of solid
state, liquid, molecular, and biological systems. It is an open-source project
hosted at http://www.cp2k.org and is written in Fortran 90. It is a very
modular program, and the goal of CP2K is to provide an infrastructure allowing
the user to perform various kinds of atomic simulations. The vast majority of
simulations done for this dissertation were completed using CP2K, although
other standard computational chemistry software have also been used (Paper
IV ), e.g. Gaussian [17,18].

http://www.cp2k.org
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Some key features of CP2K are: a variety of model Hamiltonians (classi-
cal, semi-empirical, DFT and combinations (QM/MM)), MD and Monte Carlo,
various statistical ensembles (NVE, NVT, NpT), free energy and PES tools,
computation of various properties (vibrational, NMR, EPR (Electron Param-
agnetic Resonance), XAS (X-ray absorption Spectroscopy)).

1.5.2 Python

Python is an interpreted, interactive, object-oriented programming language.
It is commonly defined as an object-oriented scripting language – a definition
that blends support for object-oriented programming with an overall orienta-
tion toward scripting roles. A whole chapter can be devoted on the reasons for
using Python (Chapter of 1 of ref. [19]):

• It is easy to learn and the syntax is clear.

• The language is hands-on (practical matters like extracting data from an
output file becomes easier) and more advanced at the same time (object-
oriented programming), allowing to stick with just one language for a
very broad range of applications.

• There are a number of specialized libraries available for Python. The
most important ones for this work are NumPy, SciPy and MatPlotLib.
These extensions can be invoked by Python at anytime when there is
need for a number-crunching component that runs at C speed. This way,
Python can act as a control language when these compiled extensions are
linked into the Python program.

• The software developed at the CMM is usally written in Python. The
compatibility between the new Python program and the available CMM-
software [20] is then enhanced by a vast amount. Especially the MolMod
library, the Yaff library, the MD-TRACKS package [21] and the ZEOBUILDER
GUI [22] toolkit have been used extensively in this work.

1.5.3 MD-Tracks

MD-TRACKS (Paper IV ) was written by Toon Verstraelen [23]. The project
was initiated little before my arrival at the CMM and was finalised during my
master thesis. My contribution to MD-TRACKS was mainly testing the code,
and reporting bugs and unexpected behaviour.

MD simulations can produce a massive amount of output – the trajec-
tory data. This data includes the time-dependent atomic coordinates, forces,
cell parameters, atomic velocities, derivatives of the dipole moment, different
types of energies, etc. MD-TRACKS is a collection of analysis scripts to pro-
cess this vast quantity of data and to perform advanced statistical operations.
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The analysis is performed with commands that operate on a binary trajec-
tory database. The software is compatible with multiple simulation codes and
consecutive commands can be cominbed.

MD-TRACKS was employed extensively during the course of my PhD, for
inheriting low-level source code and as a user. MD-TRACKS has been proven
very useful numerous times, although recently focus has shifted towards already
existing formats for processing large amounts of numerical data, HDF5 being
the most prominent one.

MD-TRACKS led to a peer-reviewed publication [21] (Paper IV ). My con-
tribution was mainly concentrated on testing and validating the source code
and tracing bugs.





2
MD as a tool for studying zeolite

nanogrowth

2.1 Introduction on zeolites

The history of zeolites began some 250 years ago when the Swedish scien-
tist Axel Fredrik Crönsted discovered a mineral that swelled when exposed to
heat. This new family of minerals was called zeolite, derived from the Greek
words “zeo” (to boil) and “lithos”(stone). Zeolites are aluminosilicates where
connected SiO4 and AlO4 tetrahedra give rise to microporous crystalline struc-
tures containing cavities and channels of molecular dimension. The Si and Al
atoms are often indicated with the symbol T. An empirical formula for an alu-
minosilicate zeolite is Mn+

x/nAlxSi1−xO2 · yX, where x can vary from 0 – 0.5 and

Mn+ are inorganic or organic cations and X represents neutral guest molecules
or included species. [24–27] Upon introduction of Al into the silica framework,
the Al 3+ ↔ Si 4+ substitution gives an overall negative charge to the frame-
work, and requires the presence of extraframework cations within the structure
to keep the overall framework neutral.

Zeolite structures are designated by a 3 capital letter code according to
rules set by the Commision of the International Zeolite Association (IZA).
The 5th edition of the Atlas of Zeolite Framework Types [28], published by
the IZA describes 133 zeolite structures, and regular updates are found on
the website of the IZA [29]. The codes are generally derived from the names
of the type materials, e.g. the code for the MFI structure (topology) stems
from the abbreviation ZSM-5 (five), where this latter name originates from
the full name Zeolite Socony Mobil-five. The ZSM-5 zeolite is made of several
pentasil units linked together by oxygen bridges, where a pentasil unit consists
of five-membered rings (Fig. 2.2). While a first distinction between different
zeolites can be made based on the topology, another criterion is the chemical
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Figure 2.1: Two silicalite-1 unit cells, where the unit cell is repeated in the x-
direction. The distinction between the two unit cells is indicated by the dashed black
vertical line. If several of these unit cells are linked together, a three-dimensional
nanoporous network of channels arises. The blue horizontal dashed line indicates
the possible formation of another channel if a another unit cell is connected. It is
the formation of such channels, amongst others properties, that makes the zeolite
material very interesting for applications, e.g. for diffusion of guest molecules.
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Figure 2.2: Optimised five-membered silica cluster – the fundamental building block
for the MFI-type zeolite.
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composition of the framework. For example, both zeolites ZSM-5 and silicalite-
1 belong to the so-called pentasil group. The difference between ZSM-5 and
silicalite-1 is the aluminum content, which is nihil for the latter, i.e. silicalite-1
is the full silica version of the aluminosilicalite ZSM-5.

The field of applications of zeolites is very broad and the depth of its present
knowledge varies substantially. They are extensively used in a variety of ap-
plications which may be classified primarily as follows: adsorption, catalysis
and ion exchange. The number of application fields is immense: oil refin-
ing, petrochemistry, biogas industry, construction, heating and refrigeration,
waste-,litter- and sewage-treatment, aquaculture, nuclear-, mining- and steel-
industry, agricultural use, animal food industry, (bio)medical applications, ra-
dioprotection and optical electronics, the list can go on. [30–32] Moreover, in
every domain there are again numerous applications. An attempt to sum them
all would result in an incomplete list, but a good start is the Handbook of
Zeolite Science and Technology [24], and references therein.

2.2 Synthesis of zeolites

Zeolite scientists have been, and still are, particularly creative: so far some 40
zeolites are discovered in nature, and approximately 130 zeolites are synthe-
sized [30]. The opportunity to create zeolitic structures with different frame-
work topology and different chemical composition allows to broaden their ap-
plication in more and more diverse areas. Zeolites are synthesized in aqueous
media with temperatures between 100 ◦C and 200 ◦C in the presence of organic
and/or inorganic cations and a mobilizing agent. The crystallization process is
determined by a large number of variables, and influences the kinetics and the
final phases formed. Despite the efforts to fully comprehend the synthesis of
zeolites, the connection between the initial conditions and the final structure
formed is not yet fully understood due to the complexity of the synthesis mech-
anism and the metastable nature of zeolites [33]. Reviews on the synthesis of
zeolites are given in refs. [25, 26,34–38].

The formation of silicalite-1 is a frequently studied process, and Fourier
transform infrared (IR) spectroscopy has been a key method to study colloidal
solutions and solid samples. The most important characteristic in these inves-
tigations is the adsorption band at 550 cm−1 in the (final) silicalite-1 crystal.
This signal is associated with the presence of five-membered rings in pentasil
zeolites, as the signal is assigned to five-ring vibrations [39], and is regarded as
the spectroscopic signature of the MFI-type zeolite (MFI “fingerprint”).

Important contributions in the field of zeolite formation have been made by
the Center for Surface Chemistry and Catalysis (COK). The COK is a research
group that focuses on experimental work and was an important partner for the
work done in Paper I and Paper V. Based on the clear solution synthesis of
silicalite-1 [40], the COK performed IR spectroscopy measurements on clear
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solution mixtures and extracted nanoparticles [41–44]. In the mixture (in situ)
the adsorption band initially occurs at 650 cm−1, but shifts and broadens to
600 cm−1 with time, and for the final silicalite-1 crystal the MFI fingerprint
at 550 cm−1 is observed. Investigation on the extracted nanoparticles (ex situ)
learns that a shift toward higher wavenumbers in parallel with a decrease in
particle size takes place. Infrared measurements on two different populations of
unique nanoparticles were done: (i) on so-called precursors (a discrete multiple
of an elementary unit of specific size, between 33 and 35 Si atoms) and (ii)
on nanoslabs, which are composed of ca. 400 Si atoms. For the former an
absorption band at 590 cm−1 is found, while for the latter a high IR activity
at 570 cm−1 is seen. After condensation of the nanoslabs into a crystalline
structure, the band at 550 cm−1 is again recovered.

2.3 A better understanding of the synthesis of
zeolites with theoretical spectra

Given the benefits zeolites offer to modern day society, understanding how
zeolites nucleate and grow is of fundamental scientific and technological impor-
tance. Moreover, insight into the molecular mechanisms of structuring of silica
can lead to the development of new hierarchical materials.

Based on the experimental work by the COK, a paper was published in 2008
by the CMM, where molecular dynamics was used to study infrared spectra
from the initial stages of self-organization of elementary building blocks through
to nanosized silicalite-1 crystals [45]. A combined experimental-theoretical ef-
fort makes it possible to search for an unambiguous fingerprint in the IR spectra
once crystallinity appears. New is the introduction of the peak shift as a mea-
sure for nanoparticle assembly: at what stage(s) does a shift occur and why?
Focus lies on the formation of silicate-1 and five-membered rings. In this paper
it is found that, as the particles become bigger in size, the fingerprint band low-
ers in frequency from 650 cm−1 to 550 cm−1, as shown in Fig. 2.3. An isolated
five-membered ring (5T) reveals an IR-active vibration around 650 cm−1. By
connecting pentasil rings, slightly larger building blocks are constructed, but
no substantial changes for the peak position have been observed. The situation
changes if a more condensed structure is formed, such as the silica octamer,
referred to as 8T(4 × 5), in which four five-membered rings form a tiny cage-
like structure: a sudden shift by approximately 50 cm−1 is observed. The red
shift becomes even more substantial when the particles grow larger. Therefore
the IR peak shift can be tracked down from loosely connected rings, over con-
densed units, MFI precursors and nanoslabs towards the formation of one-,two-
and three-dimensional growth to a full crystal, where the MFI fingerprint of
550 cm−1 is recovered.

Aim. The shift of the IR fingerprint band forms the subject of Paper I.
While ref. [45] is a step forward in the understanding of the transformation of
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Figure 2.3: IR spectra derived from molecular dynamics for silica building blocks
of different sizes important for the formation of the zeolite silicalite-1. The curves
which are shifted upwards belong to larger building blocks. Reprinted from ref. [45].
Copyright 2008. American Chemical Society.

soluble silica species into microporous crystallites by identifying sudden change
in the IR spectra, it is clear that the responsible mechanisms and processes can
further be elucidated. Unraveling the spectra of zeolite nanoparticles, derived
from molecular dynamics, can aid in this procedure. The goal of Paper I can
be formulated as:

identifying peaks in spectra of zeolite building blocks with specific
well-chosen internal degrees of freedom, i.e.: link the spectra with
particular motions of internal coordinates (ICs). In particular, focus
lies on the identification of particular modes which are influenced
by changing size and topology of the silica building blocks.

Whereas the focus in ref. [45] lies on five-membered rings and the MFI frame-
work, Paper I extends the picture of zeolite formation by also considering
essential nanoparticles for other types of zeolite: four-, five-, and six-rings and
all types of connections between them.

2.4 Spectra derived from MD trajectories

Vibrational spectroscopy (IR, Raman, inelastic neutron scattering (INS), etc.)
can provide valuable information about the chemical state of a molecule and
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the structure and dynamics of its environment. Assignment of vibrational
modes is an important step in the interpretation of these data as fingerprints
of conformations. Modeling and numerical simulations can be very helpful in
this respect.

While standard textbooks on molecular vibrations and spectroscopy give a
quantum mechanical treatment on the subject, the computation of power spec-
tra (or spectral density) from classical MD requires a different approach [46]:
(i) an MD run generates the atomic trajectories for the system of interest from
a set of initial atomic coordinates and momenta and a given expression for the
potential surface, (ii) a central dynamical variable x(t) is calculated from the
trajectories, its choice depends on the type of the desired power spectrum. In
Paper I, the INS- and IR-spectra are considered, for which the central dynam-
ical variable x(t) is the atomic velocity and the time derivative of the dipole
moment, respectively.

General power spectrum. The band shape function I(ω), or in the case
of any dynamical variable x(t) the power spectrum or spectral density, is, by
virtue of the Wiener-Khintchine theorem, related to the Fourier transform of
its autocorrelation function C(t) (Chapter 22 of ref. [47], [48]):

I(ω) =

+∞∫

−∞

C(t) exp(−iωt)dt, (2.1)

with

C(t) =< x(t)x(t+ τ) >, (2.2)

where ω is the angular frequency and the average <> indicates an average over
an ensemble appropriate to the problem. In Chapter 10 of ref. [49] it is shown
from linear respons theory, that this power spectrum I(ω) can be expressed as
a time average:

I(ω) = lim
t→∞

1

t

∣∣∣∣∣∣

t∫

0

x(t) exp(−iωt)dt

∣∣∣∣∣∣

2

. (2.3)

The derivation is based on the ergodic principle, i.e. the ensemble average of
C(t) equals the time average.

Inelastic Neutron Scattering spectrum. The definition of the INS
spectrum is obtained by plugging the atomic velocities into Eq. (2.3) for the
variable x(t). If the atomic velocity history is obtained in an MD calculation,
the INS spectrum IINS(ω) can then be computed as:

IINS(ω) = lim
t→∞

1

t

N∑

i=1
α=x,y,z

∣∣∣∣∣∣

t∫

0

vi,α(t)exp(−iωt)dt

∣∣∣∣∣∣

2

. (2.4)
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IR spectrum. The IR spectrum is acquired in a similar way as the INS
signal using an autocorrelation function of the time derivative of the dipole
moment (Eq. 2.1).

The INS- and IR-spectra are based on a Fourier transform which converts
information from the time domain to the frequency domain. Both spectra are
directly dependent on the velocities of the atoms Ṙi,α = vi,α so that the po-
sitions of peaks in INS- and IR-spectra coincide, but the intensities will vary.
In Paper I focus is set on the INS-spectra since charges in force fields are not
(yet) well defined in order to obtain reliable qualitative spectral amplitudes.
Moreover, cancellation effects frequently appear in the time-varying dipole mo-
ment vector. It implies that the amplitudes in an IR spectrum are smaller and
faster affected by relative noise. On the contrary, the INS spectrum contains
only a summation of positive contributions (Eq. (2.4)) and the relative noise
on the spectrum decreases. It also provides information about all vibrations of
the system, i.e. all IR and Raman active modes. So in this thesis exclusively
INS-spectra are considered, but extension to the IR power spectrum is possible.

2.5 Atomic velocity projection method

2.5.1 Concept and formulation

In Paper I, a protocol is presented to identify signals in vibrational spectra of
silica oligomers. The method is based on the projection of the atomic velocity
vectors on the tangential directions of the trajectories belonging to a predefined
set of ICs. In this way only contributions of atomic motions along these ICs are
taken into consideration. These ICs are linear combinations of the Cartesian
coordinates and are unaffected by translations or rotations of the molecule as
a whole. This new methodology – the velocity projection method – makes
a detailed analysis of vibrational spectra (Eq. (2.4)) possible by establishing
a one-to-one correspondence between a spectral signal and a proper IC. The
method is applied to the spectra of zeolite oligomers and rings, and should serve
as a basic understanding of which modes and which peaks in the vibrational
spectra are influenced by size of the ring and topology. The essence of the
method is shown in Fig. 2.4 and Fig. 2.5.

The velocity projection method consists of projecting the Cartesian velocity
vector vi,α of each atom i on the atomic tangent vector of the internal coor-
dinate q(Riα(t)) (Fig. 2.4). If one considers only one IC, the definition of the
tangent vector of atom i at each time step is given by :

Jiα =
∂q

∂Riα
(2.5)

where α runs over the Cartesian x, y, z-components of atom i. Obviously, i
must be one of the atoms that specifies the IC q(Riα). Only the tangential
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Figure 2.4: Illustration of the atomic velocity projection method applied to the
Si14-atom. The IC used for this projection is the O-Si stretch.
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membered ring into partial INS spectra re-
stricted to changes of a particular IC.

Figure 2.5: Classification of ICs and comparison between the full and partial INS
spectra.
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velocity component (v//)iα gives a non-vanishing contribution to the change
of the IC and this parallel velocity is the component that should be identified
with this particular IC. The velocity component (v//)iα of each atom alongside
the IC is then used to compute the Fourier transform (Eq. (2.4)) at each time
time step to construct a partial INS spectrum restricted to those vibrations
inducing changes of the IC of interest. A comparison between the full and
partial INS spectra makes a full analysis of the vibrational spectrum possible
(Fig. 2.5(b)): spectral peaks can be linked to IC’s and corresponding (internal)
degrees of freedom. When a peak in the projected spectrum coincides with
its counterpart in the total spectrum, one can assume that there is no motion
along other orthogonal coordinates that contributes to this peak. Such a peak
is then completely resolved.

2.5.2 Analysis using ICs.

The peaks in the full spectra can be (partially) decomposed by a proper selec-
tion of ICs, so a suitable selection of the relevant ICs is important. This can
be done for the various zeolite building blocks under study. Linear combina-
tions of various ICs can be constructed to form new ICs, and all of them can
then be classified (Fig. 2.5(a)): each class has its specific internal motion and
generates a partial INS spectrum for each building block. Focus is set on ICs
constructed from stretches between two atoms: the stretches themselves can
serve as ICs or linear combinations of them. This way we arrive at the scheme
of Fig. 2.5(a), where the symmetric and antisymmetric IC’s are formed by re-
spectively adding and subtracting two stretching Si-O bonds of one particular
Si-O-Si bridge (internal stretches, see Fig. 2.2).

In Paper I, it is found that the peaks due to the symmetric stretch mode are
not completely resolved. In order to gain insight into the normal modes of this
particular IC of a molecular ring system, a model is considered of n identical
and equally spaced masses on a circle. The normal modes are obtained as the
eigenvectors of the circulant matrix C:

Cjk = c(j−k) mod n, (2.6)

for j,k=1, . . . , n where the notation (i) mod n implies integer arithmetic mod-
ulo n. The eigenvectors of the circulant matrix can be used to create new IC’s
on which we can project the atomic velocities, based on the symmetric stretch
IC’s. There are n symmetric stretches in the circular molecular system and
qss,k is short for the kth symmetric stretch IC. With the circulant matrix being
the model for the Hessian, we can construct these new internal coordinates
qc,m and span(qc,m, qs,m) (Fig. 2.5(a)) for each eigenvector m by making linear
combinations of the symmetric stretches qss,k, where the coefficients are the
elements of the eigenvector. The IC span(qc,m, qs,m) is introduced as the sub-
space spanned by the vectors qc,m and qs,m as they only differ in phase and
one can not discriminate between them.
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2.6 Effects of ring size and topology

We find that the spectra of the terminal O-Si and the antisymmetric internal O-
Si IC’s are not influenced by the topology and not by the size of the considered
rings: the spectra of the elementary 4,5- and 6-ring are the same (see Fig.
2.6). In addition, when other rings are attached to these basic n-rings, the
same conclusions can be drawn. When the atomic velocities are projected on
the symmetric O-Si IC’s, the resulting spectra differ for the 4-,5- and 6-ring.
The spectral shifts of the spectra of IC qc,0 are tiny (Fig. 2.6), while those
corresponding with span(qc,m, qs,m) are rather substantial (see Paper I ). The
same trend can be observed in connected ring systems, e.g. when the spectra
of the four- and five-ring of the 7T(4,5) system are compared.

It is recommended to refer to the spectra of the elementary rings when
investigating the effect of connecting multiple n-rings. The most important
conclusions are that the qc,0 IC is the most sensitive mode to changes in molec-
ular topology (see Fig. 2.7). It is the most global mode: we associate it to
the breathing mode as it is determined by adjacent stretches which are not in
antiphase, giving this mode a more collective character. The eigenmode of the
span(qc, 2, qs, 2) IC on the other hand is the most local mode, as the successive
stretches move in antiphase with each other. The topology dependence here is
minimal. About the connectivity we found that the size of the added n-rings
does not play a crucial role; it is rather the way how these rings are connected
to each other that causes the observed spectral changes.

When one projects the atomic velocities on the orthogonal complement of all
stretch IC’s present in a molecular structure, we found that the contribution
of the stretch modes to the spectra is spectrally well separated from other
contributions like bending and dihedral angles. This confirms that the spectral
region in which we are interested for zeolite synthesis can be almost completely
resolved by considering changes in stretch modes.

2.7 Applicability

The atomic velocity projection method is implemented, tested and applied with
Python software. The core of the code is intimately linked with other CMM-
software (MD-TRACKS, MolMod package). The methodology is generally ap-
plicable, and in principle the software should be extendable to other molecular
systems. In the current version, however, convenient use has been made of the
fact that the software is only applied to zeolites, which makes the practical im-
plementation less complex. E.g. since only silica, oxygen and hydrogen atoms
appear in the chemical formula of silicalite-1, the atomic numbers can be hard
coded instead of having to consult a database containing information for all
the elements of the periodic table.
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n-ring terminal O-Si qc,0

Figure 2.6: Projection of atomic velocites on the terminal O-Si and on the circulant
symmetric qc,0 IC for the four-, five, and six-ring. The green curve represents the
standard deviation of the average of the spectra of all the terminal IC’s in each n-
ring.
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n-ring qc,0 span(q ,q )c,0 s,2

Figure 2.7: Projection of atomic velocites on the circulant symmetric qc,0 and
span(qc, 2, qs, 2) IC’s for connected five-rings. The green curve represents the stan-
dard deviation of the average of the spectra of the seperate five-rings.
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The methodology can be applied to other molecular systems, potentially
with an extension in the software, provided some basic requirements are met,
e.g. the power spectrum I(ω) can be expressed in terms of a variable x(t) (Eq.
2.3), where x(t) is derivable from MD simulations.

Two limitations must be mentioned: (i) the particular IC on which the
projection has been performed, is in general a function of time. The fluctuations
due to the time dependency of the ICs are also computed with the Fourier
transform but should be small enough to neglect. (ii) The circulant matrix
as a model for the Hessian, and its eigenvectors as a solution of the NMA
eigenvalue equation as projection coefficients, can only be used for single closed
ring systems. Therefore, it is not expected to completely resolve spectra in
systems where fused rings are present. If multiple rings are attached to each
other, then one has to distinguish between them. This is still useful because
the resulting spectra can be directly compared with spectra from other n-ring
structures.

2.8 Assessment of the MD approach versus static
methodology

Paper V [50] is a combination of experimental work and theoretical model-
ing. In this work, silica solution (sol) - gel processing is studied with Raman
and nuclear magnetic resonance (NMR) spectroscopy. Careful control of the
sol and its transformation to gel allows synthesis of a wide variety of silica
materials with specific properties depending on synthesis conditions. A better
understanding of the synthesis process is important for the synthesis of new
zeolites (see Section 2.2). The paper studies the reacion pathway of tetramethy-
lorthosilicate Si(OCH3)4 (TMOS) in the presence of solvent (methanol) and an
acidic catalyst (H2SO4) in an aqueous environment: which silica nanoparticles
are formed and how? It is a continuation of earlier work on tetraethylorthosili-
cate Si(OC2H5)4 (TEOS) [51], also a collaboration between the CMM and the
COK.

Molecular modeling provides a valuable aid in unraveling the molecular as-
pects and underlying mechanism of the silica condensation process by predict-
ing theoretical Raman vibrational frequencies and 29Si NMR chemical shifts
on silicalite oligomers.

Raman spectra can be determined from MD as the Fourier transform of
the autocorrelation function of the time variation of the electric polarizability
matrix.

When placed in a magnetic field, NMR active nuclei absorb electromagnetic
radiation at a frequency characteristic of the isotope. The resonant frequency,
energy of the absorption, and the intensity of the signal are proportional to the
strength of the magnetic field. In NMR spectroscopy, use is made of the fact
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that the nuclear magnetic moment has a resonance frequency shift depending
on the molecular environment. [52,53] The chemical shift provides information
about the structure of the molecule and the signals are usually reported rela-
tive to a reference signal. Tetramethylsilane Si(CH3)4 (TMS) is the accepted
internal standard for calibrating chemical shift for 29Si NMR spectroscopy in
organic solvents (where TMS is soluble).

In Paper V, Raman vibrational frequencies and NMR shifts are determined
with static quantum chemical computations. The calculations are performed on
silicalite chain structures from monomer up to octamer and some cyclosilicates
(three- and four-rings) in vacuo, i.e. the gas phase. The general workflow
for such type of computational modeling consists of two steps: (i) find the
optimized structure that matches a local minimum in the PES, (ii) determine
the desired molecular property on this optimised structure. This workflow has
inherent limitations as it relies on static calculations. To perform a comparison
with the experiment, some approximations are necessarily made:

(i) On the PES, there are multiple local minima, corresponding to different
conformers for a given oligomer. Finding all these minima is difficult,
as there is no prior knowledge of the shape of the PES. We then neces-
sarily need to be satisfied with a limited number of such local minima.
From a practical point of view, it is sometimes difficult to converge to a
local minimum with static methods, even for a single (large) molecule.
Examples of a tetramer and octamer molecule are given in Fig. 2.8.

(ii) When the molecule is larger, it is possible to predetermine a given con-
formation (e.g. “linear” (Fig. 2.8(a)) or “curled up” (Fig. 2.8(b))) and
force the convergence process to a certain local minimum. This, however,
relies heavily on intuitive insight.

(iii) As the computations are performed in vacuo, there is little room to take
into account external parameters, such temperature, pressure, ambient
conditions. Usually, as in Paper V, the resulting discrepancy between
experiment and theoretical results is lifted by applying a scaling factor.
This scaling factor is determined by fitting the theoretical to the exper-
imental spectra. Besides the fact that this way an agreement between
theory and experiment is forced upon, an assessment of the influence of
external parameters seperately is not evident.

The molecular dynamics technique resolves these issues by a more a complex
sampling of phase space and with the possibility of performing MD in different
ensembles.

The combined experimental and theoretical study led to a peer-reviewed
publication (Paper V ).
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(a) (b)

(c)

Figure 2.8: Some of the lowest energy conformers of tetramer (linear (a) and curled
up (b) configuration), and octamer(c).





3
MD as a tool for studying liquid

structure

In this chapter the MD-methodology is based on quantum-mechanical prin-
ciples for the generation of MD trajectories. A profound study of the liquid
structure makes a combined QM MD approach indispensable. The feasibility
of Density Functional Theory (DFT) methods in MD simulations has nowa-
days been proved in many applications and we will rely on this methodology in
the further course of this work. Although special care needs to be taken into
account for the dispersion interactions.

3.1 Applied QM MD methodology

There is a plethora of electronic structure methods available to calculate the
ab initio forces in an MD simulation. The MD procedure is not tied to any
particular electronic structure approach, and the strength or weakness of a par-
ticular ab initio MD study is intimately connected to the strength or weakness
of the underlying approximate electronic structure method chosen.

General eigenvalue equation. Whatever the choice for a specific elec-
tronic structure method may be, one always ends up with a complicated system
of coupled integro-differential equations comprised in the single-electron eigen-
value equation:

Ĥspψi (r) = εiψi (r) , (3.1)

where Ĥsp is the single-particle hamiltonian, {εi} are the eigenvalues and the
ψi are the single-electron wavefunctions of orbital i. The exact form of the
operator Ĥsp and the interpretation of the orbitals depends on the specific
electronic structure method. E.g. in HF theory the ψi are one-electron (or
single-particle) orbitals, while in DFT they represent singe-particle Kohn-Sham
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orbitals, i.e. they play an indirect role and are introduced only to construct the
ground state density. Whatever the structure of the single particle Hamiltonian,
the same mathematical techniques can be used to solve them. The conceptual
machinery that is practiced for solving Eq. (3.1) is important for this work.

The LCAO ansatz as a solution. To this end, we first introduce the
linear-combination-of-atomic-orbitals (LCAO) ansatz, which is by far the most
practical way to make the iterative self-consistent field procedure for solving Eq.
(3.1) computationally accessible. This expansion of molecular orbitals in atomic
orbitals is originally introduced in the framework of HF theory. The same
LCAO concept is used to solve the DFT Kohn-Sham equations [54] To clarify
the LCAO ansatz, we will make use of the generic term molecular orbitals,
keeping in mind that the interpretation and their terminology is different for
various electronic structure methods.

In the LCAO expansion of the molecular orbitals, a scheme introduced by
Roothaan in 1951 [55], a set of n predefined basis functions {φµ} are introduced
and linearly expanded as

ψi(r) =

n∑

µ=1

cµiφµ(r), (3.2)

where ψi is the ith molecular orbital, cµi are the coefficients of the linear combi-
nation, φµ is the µth atomic orbital, and n is the number of atomic orbitals. In
practice, the molecular orbitals are expressed as linear combination of a finite
set (a basis set) of prescribed basis functions, which are in fact simple analytic
functions. Popular is the primitive Gaussian χGTO, or Gaussian-type orbital
(GTO), which is local in space:

χGTO(r) = (x− x0)nx(y − y0)ny (z − z0)nze−α(r−r0)
2

, (3.3)

where nx, ny, nz are integer numbers and their sum classifies the GTOs as s-,
p-functions, etc., r0 = (x0, y0, z0) represents the nucleus of the atom so that
they are centered at the nuclear positions and α represents the orbital exponent
which determines how compact or diffuse the resulting function is. A major
advantage is that they are easier to handle numerically because the product of
two GTOs located at different atoms is another GTO. A major disadvantage
is that they are associated with a particular atom, which can cause a basis set
superposition error (BSSE) in MD simulations, see Section 3.2. It is exactly this
effect which is studied in Paper III and Paper IV, i.e.: a model is presented and
applied to a series of relevant solvents to correct for BSSE. Quantum-chemical
software uses contracted Gaussian functions (CGF), i.e. linear combinations of
primitive Gaussians are used as basis functions:

φCGF
µ (r) =

l∑

k=1

dkµχ
GTO
k (r), (3.4)



3.2 The BSSE and a correction scheme 33

where l is the length of the contraction, i.e. the number of primitive GTOs.
Such basis functions will have its coefficients and exponents fixed.

Through the LCAO expansion we have translated the non-linear optimiza-
tion problem (Eq. (3.1)), into a linear one with the coefficients {cµi} being the
only variables, which can be expressed in the language of standard linear al-
gebra and can be coded into efficient computer programs. “Solving” Eq. (3.1)
then means that the coefficients cµi need to be found.

DFT and the GPW-method. The MD-runs in Paper III and Paper IV
were done using DFT [56, 57]. DFT formulates the many-electron problem in
terms of the electron density n(r)

n(r) =
∑

i
occ

|ψi (r) |2, (3.5)

to compute the ground-state energy E0. More specific, the Gaussian- and
Plane Waves method [58] (GPW) was used in this work. The GPW-method is
a DFT-technique which uses a hybrid type basis set in the sense that gaussian
basis functions are used as a primary basis set, but an auxiliary plane wave
(PW) basis set is employed additionally. Gaussian basis functions and PWs
each have their own advantages and disadvantages, and the GPW method tries
to combine the best of both worlds. In a PW basis set, the basis functions are
of the form:

φCGF
µ (r) ∼ eik · r. (3.6)

Given their periodicity and infinite extent, these functions are naturally suit-
able for periodic simulations. One advantage of PWs is that several types
of integrals are much easier to evaluate in reciprocal space, and using fast
Fourier-transformation techniques, it is possible to switch easily between a real
and reciprocal representation of certain quantities. Two disadvantages are (i)
they are poor at representing the wavefunction near the atomic nuclei where
the electron density is at its highest, as they are delocalized in space, (ii) the
number of plane waves needed to arrive at an acceptable accuray is usually very
high. Within the GPW-method, a Gaussian type orbitals basis set is used for
the real space representation and the auxiliary PW basis to compute the long-
range periodic electrostatic interactions in the reciprocal space. It is important
to observe that plane waves are not centered at the position of a nucleus, so
that BSSE with PWs does not occur.

3.2 The BSSE and a correction scheme

The Basis Set Superposition Error (BSSE) is a direct consequence of using
incomplete basis sets. The errors are more pronounced for smaller basis sets.
Consider two monomers A and B, whose geometry optimization and binding
energy have been computed in the basis sets a and b respectively, which are both
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Figure 3.1: Schematic overview of the energy levels of monomers A and B, the
uncorrected interaction energy ∆Euncorr

int of the bimolecular complex AB, the CP-
corrected energy ECP

int of AB and the BSSE.

incomplete. An artificial stabilization takes place as monomer A approaches
monomer B since monomer A utilizes the extra basis functions from monomer
B to describe its electron distribution. Applying the following convention for
the binding energy Ebasis set

fragment(geometrybasis set), we easily see that Eab
A (Aa) <

Ea
A(Aa). The energy is lowered by using each other’s basis functions. This

causes an artificial strengthening of the intermolecular interactions and artificial
shortening of intermolecular distances due to the overlap between the basis
functions a and b.

When forming a dimer AB, the uncorrected interaction energy is given by:

∆Euncorr
int = Eab

AB(ABab)− Ea
A(Aa)− Eb

B(Bb). (3.7)

A better approach is the consideration of the energy of the monomer A in the
dimer basis ab (and likewise for monomer B), yielding following expression:

∆ECP
int = Eab

AB(ABab)− Eab
A (Aa)− Eab

B (Bb). (3.8)

The difference between Eq. (3.7) and (3.8) is called the counterpoise (CP) cor-
rection as introduced by Boys and Bernardi [59]. The interaction energy is neg-
ative while ∆ECP

int < ∆Euncorr
int . The BSSE correction thus reduces the oversta-

bilization of the uncorrected interaction energy: BSSE = ∆ECP
int −∆Euncorr

int > 0
(see Fig. 3.1). The counterpoise correction as expressed in Eq. (3.8) can even
be refined if we take into account geometry relaxation effects. The monomer
energies in Eq. (3.8) are computed in the extended basis set ab but based on
geometries optimized in the individual monomer basis functions. However, the
geometries of monomers A and B slightly change as they approach each other



3.3 The radial distribution function and the structure factor 35

and form a bimolecular complex. Instead of Eab
A (Aa) we can rather introduce

Eab
A (Aab) or even Eab

A (ABab), where in the latter the monomer geometry is cut
from the optimized AB dimer structure:

∆ECP'
int = Eab

AB(ABab)− Eab
A (Aab)− Eab

B (Bab). (3.9)

In Eq. (3.9) the BSSE correction is even larger than in Eq. (3.8), since Eab
A (Aab) <

Eab
A (Aa). It has been argued in the literature that in some cases such a pro-

cedure could lead to an overestimation of the BSSE error. [60] In particular,
in smaller basis sets the risk for overcorrecting is much larger. For that reason
we prefer to consider Eq. (3.8) as the CP-corrected interaction energy in the
further applications in this work.

This CP-method will form an important cornerstone in the model that is
proposed in Paper II and Paper III.

3.3 The radial distribution function and the struc-
ture factor

In this section we focus on the structure of liquids and more specifically the
spatial distribution of the liquid molecules in equilibrium. This property is
established by intermolecular radial distribution functions. Experimental in-
formation on liquid structure can be extracted from neutron diffraction mea-
surements. A direct observable is the structure factor S(k).

Definition of the radial distribution function (RDF). The RDF g(r)
of a fluid describes how the liquid density varies as a function of the distance
from a reference molecule. It reflects the correlations in the distribution of the
molecules of the fluid arising from the forces they exert on each other. The
radial distribution function gives the probability of finding a pair of molecules
at a distance r apart, relative to the expected probability for a completely
random distribution at the same density, and is defined as:

g(r) =
dn(r)

dn0(r)
. (3.10)

This way, g(r) represents the number of particle pairs dn(r) in the spheri-
cal shell with radius r and r + dr, with r the interparticle distance (relative
coordinate), relative to the number of particle pairs dn0(r), obtained in an
uncorrelated ideal gas. With ρ0 as the density of particles in the ideal gas case,
dn0(r) may be expressed as ρ04πr2dr. Fig. 3.2 is an academic example of an
RDF, showing the relation to a model two-dimensional liquid (figure adopted
from ref. [61] and ref. [62]).

If there is more than one atom type present in multicomponent materials,
it is useful to split the total pair correlation function g(r) into several terms
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1.0

0 rc r2 r3 r4

g(r)

Figure 3.2: A two-dimensional liquid and its RDF, showing the relation between
the liquid structure and the RDF description. rc is the closest distance of approach of
two particles, r2 is the most probable nearest neighbour separation, r3 is the extent
of the first coordination shell, r4 the end of short range order.
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gαβ(r), one for each pair of atom types. This was first suggested by Faber and
Ziman [63]. The partial atom pair correlation function gαβ(r) then describes
the correlations of a distinct αβ atom pair of two different molecules (inter) or
within the same molecule (intra).

Usefulness of an RDF. The RDF plays a central role in theories of liquids
for several reasons: (i) The form of g(r) provides considerable insight into what
is meant by the structure of a liquid. (ii) Numerical results for g(r) can be
compared with theoretical predictions and thus serve as a criterion to test a
particular theory. [3] (iii) If it assumed that the total potential energy of the N -
body system is pair-wise additive, then all the thermodynamic functions of the
system can be written in terms of integrals g(r). Examples of such derivation
can be found in refs. [4,47,64,65]. (iv) They can be compared with experimental
data, albeit in an indirect manner, as explained in the next paragraph.

The structure factor (SF) and connection with RDF. The RDF and
partial RDFs (between atom types) can not be considered as primary experi-
mental observables [66], as they can not be measured in a direct way, but are
derived from experimental data. X-ray and neutron scattering methods provide
the experimental means to probe the atomic structure of liquids, i.e. experi-
ments do not measure pair interactions in coordinate space directly but rather
measure the sum of all contributing pair interactions in reciprocal space. The
resulting property is the SF S(k) and is expressed in terms of the wavevector k,
which represents the momentum transfer between the incident and scattered
radiation beams. This SF contains then information about the structure of
atoms and molecules relative to each other in k-space. A three-dimensional
Fourier transform then links the scattering pattern S(k) with the distribution
functions gαβ(r) of pairs of atoms α and β of the system. [61], [47], [67]

If gαβ(r) is the partial pair correlation function of atom types α and β, then
the partial SF Sαβ may be expressed as:

Sαβ(k)− 1 = 4πρ

∫ ∞

0

drr2
sin(kr)

kr
(gαβ(r)− 1), (3.11)

i.e. the correlation between the α and the β chemical species in reciprocal
space is related to the correlations between the different chemical species in
the coordinate space. Here, ρ is the average particle number density. The
factor 4π in Eq. (3.11) arises because the average is taken over all possible
angles by integrating out the angle-dependency. Note that Eq. (3.11) is only
valid for an isotropic and homogeneous liquid.

Similarly to the RDF [63], the total structure factor is a weighted sum
of partial SFs. The two most popular experimental techniques for measuring
SFs are the X-ray and neutron scattering methods. [61] If the SF is measured
with the latter technique, the sum of partial SFs is weighted by the varying
interaction potentials of the neutrons with the atoms:

Stot(k) =
∑

α≤β
(2− δαβ)cαbαcβbβ [Sαβ(k)− 1] , (3.12)
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where cα = Nα/N is the atomic fraction of type α atoms, Nα the number of
type α atoms, N the total number of atoms in the system, and bα is the constant
coherent scattering length which characterizes the interaction strength between
the atoms and the incident radiation. Note that the scattering length varies
from isotope to isotope. The Kronecker δαβ avoids double counting of pairs of
atoms of the same type. The total experimental S(k) may be compared with the
SF from the MD simulations by applying Eq. (3.12) on the simulated partial
SFs. The partial SFs are not directly available from experiment. They are
nevertheless derived from the total experimental SF via fitting of Eq. (3.12). For
experimental total SFs obtained by X-ray scattering, the coherent scattering
length in Eq. (3.12) is replaced by the k-dependent form factor fα(k).

MD as a tool to compute RDFs and SFs Structural properties, like an
RDF or SF, do not depend on the time evolution of the system: they are static
equilibrium averages. Such averages can then be obtaind by MD simulations,
or equally well by Monte Carlo simulations.

3.4 The influence of BSSE on the RDF

Having introduced the concepts of BSSE and the RDF, one can ask: what is
the influence of BSSE on the RDF in MD simulations? In order to predict
the RDF as accurate as possible, the theoretical model should be free from
approximations which could influence the theoretical RDF. Within this con-
text, it is not yet established how important BSSE corrections could be in the
reproduction of RDFs.

The effect of BSSE has already been studied extensively on hydrogen-
bonded systems, focusing on binding energies and properties that depend on
energy derivatives: (i) It has been shown that the calculation of the BSSE cor-
rections can change their potential energy curves and surfaces, [68–73] and can
alter the bond distances. [68, 70,71, 74, 75] (ii) It is well known that BSSE can
be a significant fraction of the binding energy of the water dimer, which could
affect liquid simulations. [58] (iii) Simon et al. analyzed the effect of BSSE on
the geometries and vibrational frequencies of 15 hydrogen-bonded systems. It
is shown that the intermolecular H-bond distance increases when correcting for
BSSE, whereas the intermolecular H-bond stretching frequency decreases, and
that the observed changes depend on the level of theory. [76]

The effect of BSSE on structural and dynamical properties of the liquid has
not been investigated previously. In fact, there is little information available
concerning the performance of a Gaussian basis set in the context of ab initio
MD simulations of liquids. So the influence of BSSE on RDFs - and SFs-
remains an open question.

The first intermolecular peak is a signature for the liquid structure. Often,
this peak in the RDF of hydrogen-bonded liquids, e.g. water and methanol
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[77–87], is overestimated in DFT-MD compared to experiment. The search
for plausible explanations of this quasi systematic overestimation forms the
onset of a long debate, but until now it is not yet unraveled and what suits
for one particular case does not suit for another case. It has been found in the
literature that taking into account the dispersion interaction aids in removing
the discrepancy between simulation and experiment.

Dispersion interactions are indispensable to predict correct densities and
RDFs. Dispersion is a long-range van der Waals interaction between electron
clouds arising from instantaneous transition dipoles. These dispersion interac-
tions are a quantum-mechanical electron correlation effect that is completely
absent when considering classical charge distributions. Dispersion is not ac-
counted for in DFT, but many models exist to describe them. Most of them
work with empirical pairwise interatomic potentials of the C6R−6 form with
damping terms, which can differ from model to model. The most popular dis-
perions terms are the D-corrections of Grimme. [88, 89] Most of the published
work on the subject of artefacts that influence the RDF focus on the impact
of dispersion on water RDFs. One should be very careful to extrapolate the
conclusions from these investigations to other cases.

Aim. Having introduced localized basis sets, DFT, BSSE, RDFs, we are
now ready to formulate the aim of Paper II.

In the work of Paper II the RDFs of liquids are studied with the help of
MD simulations, based on DFT. The MD simulations are run in the canonical
ensemble (constant number of paricles N , constant volume V , constant tem-
perature T ). Since it is not yet clear what the net impact really is from each
ingredient on the RDF, it is important to get detailed insight into the various
factors contributing to the overall result of the RDF. The research focuses on
the role of BSSE on the RDFs. The goal of Paper II can be formulated as

establishing the effect of BSSE on RDFs derived from DFT-MD us-
ing localized Gaussian basis sets. An efficient protocol is presented
to compensate for this BSSE in the form of a classical correction
term that can be added in subsequent MD simulations. Since taking
into account dispersion is indispensable in any attempt to reproduce
correctly the RDF of methanol, a combinded study of BSSE and
dispersion is performed.

The correction model is pairwise between certain atoms in different molecules
and is a systematic correction of the BSSE. This parametrized classical force-
field energy term is calibrated by fitting reference BSSE data points computed
with the counterpoise method. Hence the correction term is denoted as the CP-
model. Initially we study a more straightforward case, i.e. methanol, which is
a hydrogen-bonded liquid, in the NVT ensemble. It is expected that the BSSE
contribution will be the most significant in the intermolecular interaction be-
tween the oxygen and the hydroxyl hydrogen. Therefore, the CP-model is
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Figure 3.3: Comparison RDFs methanol before and after the application of the CP
model. We distinguish between the hydroxyl hydrogen (Ht) and the methyl hydrogen
(Hm), as they are situated in different chemical environments.

initially applied on the intermolecular hydrogen bond. Afterwards (Paper III ),
more complex case studies are examined. In principle the BSSE correction
method is generally applicable on any type of interaction where BSSE is sig-
nificant. It is tested to what extension the extra correction term will improve
the RDFs.

3.5 Effect of application of the CP model

The relative importance of BSSE versus the dispersion interaction (DFT-D3)
is thoroughly assessed in Paper II. The dispersion energy is of the same order
of magnitude as the BSSE, but has an opposite sign. Combinations of the two
types of corrections – a correction term for BSSE and dispersion – leads to three
types of DFT MD simulations that are carried out. For the simulations with
and without dispersion, without correction for BSSE, errors on the first peak
height of the RDFs between 12% and 16% are found (Fig. 3.3(a)). A classical
correction model for BSSE is proposed and its parameters were derived from
counterpoise (CP) computations on methanol dimers. This CP model can then
be added to the DFT energy in subsequent MD simulations. We confirmed that
an exponential decaying functional form for the CP model works well. Upon
introduction of the correction, the errors on the heights of the first peak of the
relevant intermolecular RDFs participating in the hydrogen bond are reduced
to 0.4% and 1%, see Fig. 3.3(b). A small shift of the peak position compared
to experiment is still observed, which could be due to the added repulsive
interaction of the CP model and the limitations of the BLYP functional.

We focused on hydrogen bridges in methanol by applying the CP model to
the intermolecular interaction between the oxygen and the hydroxyl hydrogen,
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but the results should be extendable to other types of interaction where BSSE
is important. However, including more interaction terms in the CP model com-
plicates the optimization of the parameters because of the inherent parameter
correlation and ill-conditioning of the set of equations that needs to be solved.
It needs furthermore to be tested in how far the CP model is transferable to
other solvents. In the discussion on SFs, focus is set on THF as total exper-
imental SFs of this solvent are available, and the group of Soper et al. has
performed a lot of work in extracting partial intermolecular RDFs from this
experimental data.

3.6 Extension to NpT, other solvents and anal-
ysis of structure factors

Extension to NpT. Just as one may wish to specifiy the temperature in a
MD simulation, so it may be desired to maintain the system at a constant
pressure. Many experimental measurements are made under conditions of con-
stant temperature and pressure, and so simulations in the isothermal-isobaric
ensemble are most directly relevant to experimental data. Certain structural
rearrangements may be achieved more easily in an isobaric simulation than in a
simulation at constant volume. A macroscopic system maintains constant pres-
sure by changing its volume. A simulation in the isothermal-isobaric ensemble
also maintains constant pressure by changing the volume of the simulation
cell. [65]

Extension to other solvents. The structure of five liquids will be inves-
tigated with DFT-based molecular dynamics simulations: methanol (MeOH),
chloroform (TCM), acetonitrile (MeCN), tetrahydrofuran (THF) and ethanol
(EtOH). The availability of first principles MD simulations on liquids to de-
rive their liquid structure is less abundant in literature. The choice of the
five solvents were based on (i) their importance for the industry, and (ii) their
classification: non-polar (TCM), polar aprotic (MeCN, THF), and polar protic
(MeOH and EtOH). Among these five cases, hydrogen bonding occurs only in
methanol and ethanol. Therefore, we can no longer anticipate that the BSSE
will be dominant for one particular interaction, and the calibration procedure
for the parameters in the CP model necessarily must be generalised.

Extension to analysis of structure factors. An RDF can not be de-
termined directly from experiment, so this property can not be considered as
primary experimental information about the liquid structure. The only prop-
erty that is a direct experimental observable is the total structure factor, which
is related to the RDF through a Fourier transform. All other quantities, includ-
ing the partial RDFs, are not directly available from experiment. Partial RDFs
are obtained after an inverse Fourier transform of the partial SFs. These latter
properties are in turn determined form an iterative protocol combining neutron
scattering experiments with isotopic substitution and MD runs with empirical
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Figure 3.4: Intermolecular partial O-O RDF of THF. The RDF derived from ex-
perimental data is taken from ref. [94]. The cause of the discrepancy between results
from theoretical simulations (blue, green and red curve) and the experimental model
(black curve) is unraveled in Paper III.

interatomic potentials. As such, RDFs derived from experiment are not free
from cumulating inaccuracies generated in the various steps in the procedure,
and the final results are absolutely not free from any bias. [90–93] The most
important extension is the assessment of liquid structure in reciprocal space.
The work on SFs focuses on THF as a case study, as this solvent is particularly
interesting because the RDFs derived from experiment [94] reveal some promi-
nent peaks completely missing in any MD simulation, of which an example
is shown in Fig. 3.4. The interpretation of the experimentally obtained total
structure factor is a difficult task as the measured scattering intensity is the
result of a weighted summation of different pairwise spatial correlation func-
tions formed by all atoms in the system (Eq. (3.12)). Disentangling the various
correlations is from the experimental point of view very tedious. In particular
the separation of the experimental total structure factor into intramolecular
and intermolecular contributions is extremely complex.

Aim. MD modeling has proven to be very effective in helping to guide
assignments of peaks in the experimentally derived RDFs, though these last
quantities are not direct observables and obtained after some error-prone ma-
nipulations. Caution is advised in using them as reference quantities to judge
the quality of the theoretical predictions. The goal of Paper III is twofold,
and can be formulated as

(i) assess the evolution of the density that results from NpT MD
simulations of MeOH, TCM, MeCN, THF and EtOH and generalize
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the calibration procedure as is is suggested in Paper II, (ii) compute
(partial) RDFs and their counterparts, the (partial) SFs, and dis-
entangle the impact of inter- and intramolecular contributions on
the SFs of THF. In addition, we examine the sensitivities of small
perturbations in the SFs on the RDFs.

Disentangling intra- from intermolecular contributions poses experimentally a
lot of problems. Theoretically, a Fourier transform to convert RDFs to SFs,
and vice-versa, requires some mathematical manipulations, but the accuracy of
these computations is better controlled. Moreover, theory can asssist in giving
the correct interpretation of the features that are experimentally observed in
the SFs.

3.7 Study of RDFs and SFs with NpT dynamics

This work comprises the study of the structure of five liquids (MeOH, TCM,
MeCN, THF and EtOH) by means of DFT-based MD simulations in both a
NVT and NpT ensemble.

First the influence of BSSE on the various liquid properties has been inves-
tigated. For this purpose the BSSE correction scheme, as proposed in Paper
II, has been extended to all intermolecular interactions. MD simulations in
a NpT ensemble show that they have a beneficial effect on the reproduction
of the density in all five liquids under study. Only in the case of TCM a se-
rious underestimation of the density is observed. We ascribe this deficiency
to the inappropriate description of the employed DFT functional BLYP-D3 in
describing the intermolecular interactions in the absence of hydrogen bonds, as
confirmed in the literature in NpT dynamics on water. [77]

Second, properties have been computed from the simulations for a struc-
tural determination of the five liquids. In first instance all partial RDFs for
the three methods under consideration (NpT/DFT-D3, NpT/DFT-D3 + CP
and NVT/DFT-D3) have been calculated, and compared with experiment if
available (see Fig. 3.4). BSSE corrections turn out to overstructure the liquid
in NpT simulations, but for the majority of the liquids under study they remain
minor and of no real importance in the further discussion on the overall per-
formance of the RDFs. In the liquids TCM and THF – where hydrogen bonds
are not occurring – the experimental agreement is dramatic. Peaks appear at
short distances, which are completely missing in any MD simulation (Fig. 3.4).
As experimental partial RDFs are not directly measurable, these properties
are not free from cumulating inaccuracies generated in the various steps in the
procedure. The conclusion from this thesis is that a fair assessment can only
be performed in reciprocal space, where the total structure factor, as a direct
experimental observable, can be compared with theory.
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Since we dispose of all theoretical partial RDFs belonging to THF, we are
able to compute all partial structure factors by performing a Fourier trans-
form following Eq. (3.11). A weighted summation of these structure factors, as
given in Eq. (3.12), yields the theoretical prediction of the total structure fac-
tor, which can directly be compared with the experimentally measured Sexp(k)
(labeled as “Bowron”). The curves for the NpT/DFT-D3, NpT/DFT-D3 + CP
and NVT/DFT-D3 simulations are compared with the experiment in Fig. 3.5
for THF. Comparing Fig. 3.5(a) with Fig. 3.5(c), it is observed that the contri-
butions of the intramolecular interactions to the total SF is immense and that
the signal from intermolecular scattering fades out quite fast with increasing
momentum transfer. Our MD simulations succeed in a very satisfactory repro-
duction of Stot in the deuterated counterpart of THF (see Paper III ). On the
contrary the proton sample displays a shoulder at about 2 Å−1 (Fig. 3.5(c)),
which is not present in the MD simulations but which causes a prominent peak
at 0.8 Å in the total pair correlation function f(r) (Fig. 3.5(d)), where this
latter property is computed with the inverse Fourier transform. This is an in-
dication that the shoulder structure in the SF originates from intramolecular
interactions, and the conclusion is that even the first large peak in the spectrum
is composed of both inter- and intramolecular contributions. This implies that
the dominance appears to be complete in the sense that the intramolecular
terms cover the whole momentum range, including the low k region where we
expected that it is mainly controlled by intermolecular contributions. If the
shoulder structure is not filtered out in the derivation of the intermolecular
total structure factor, it affects the partial SFs with undesirable consequences
in the RDFs. These facts suggest that the first and probably the most cru-
cial source for generating errors is the extraction of the intermolecular total
structure factor from the total measured scattered amplitude. Comparing the
absolute values of the total pair correlation function f(r) of the inter and the
inter+intra molecular contributions(Fig. 3.5(b) and Fig. 3.5(d) respectively),
one can observe in a more intuitive way that the intramolecular contributions
are dominant.
Another striking feature of Fig. 3.5 is that the discrepancy between theoreti-
cal and experimental SFs is large, especially in the wave vector part in which
the intermolecular contribution manifests itself. Since the total contribution
of the intermolecular RDF to the SF is small, a small relative error in the
(computed) intramolecular SF will not be distinguishable from a relative large
error in the intermolecular SF. Such small errors on the intramolecular SF are
surely present, which can be noticed in Fig. 3.5(c) from the difference between
theoretical and experimental SF at large k.

Furthermore, we have found that SFs are very insensitive to changes to par-
tial intermolecular RDFs. This is noted in partial SFs where the type of MD
hardly has any affect, while the corresponding RDFs exhibit clear structural
differences. This explicitly shows that the derivation of partial intermolecular
RDFs from a small number of structure factors is ill-conditioned. The exper-
imentally derived partial structure factor in THF also displays large damping
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Figure 3.5: Total SF for THF C4H8O obtained as a weighted sum of the partial SFs
limited to intermolecular contributions (upper left) and to inter- and intramolecular
contributions (bottom left). Also given are the corresponding total pair correlation
functions f(r), computed as an inverse Fourier transform of the total SF (right col-
umn). Units are barn/sr/atom.
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oscillations in the low k region, which are signatures of an insufficient filtering
of the intramolecular contributions, resulting to spurious and prominent peaks
in the RDFs.

Concluding, the theoretical simulations give evidence that the extraction
of intermolecular partial RDFs and even partial SFs from experimental data
should be regarded as error-prone.



4
Conclusions and perspectives

In molecular dynamics simulations, the potential energy surface is sufficiently
sampled to extract statistically averaged macroscopic properties from micro-
scopic information. This thesis explores MD to advance the understanding
of the molecular mechanisms that lead to the formation of zeolites and the
structure of liquids.

In modern day society, there are numerous applications of zeolites. These
nanoporous materials occur in nature, but can also be synthesized in the lab-
oratory. Molecular modeling can assist in the comprehension on how zeolites
nucleate and grow from nanoparticles through zeolite precursors to nanocrys-
tals before the macroscopic crystals are formed.

In this work, focus is set on vibrational spectra which are computed based
on the atomic velocities obtained from MD simulations. In the first part of
the thesis, the velocity projection method has been developed to assign (parts
of) spectral signals in vibrational spectra to particular changes in internal co-
ordinates. The peaks in the full spectrum can then be (partially) decomposed
by a proper selection of internal coordinates (ICs). In principle, one is free to
construct any type of ICs, and initially focus is set on ICs constructed from
stretches between atoms. This approach has been applied for the various ze-
olite building blocks under study, and this way this thesis contributes in the
comprehension of the molecular mechanisms that occur during the first stages
of zeolite synthesis. The velocity projection method is applied on nanoparticles
that are suggested to appear in the formation of the silicalite-1 zeolite. It is
tested to what extent the restriction to the single class of stretches is accurate
enough, and it is found that there is an obvious spectral distinction between
the contribution of the stretch modes to the spectrum and that from other
contributions, like bending or dihedral angles. This confirms that the spectral
region in which we are interested for zeolite synthesis can be almost completely
resolved by considering changes in stretch modes. Extra attention has been
given to the size and the connectivity of the elementary building blocks, and
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how these parameters influence the spectrum. We find that especially the
topology is an important parameter that determines the spectral properties of
zeolites. Concluding, vibrational spectra are very useful in understanding the
process of nanogrowth as the spectral behavior of eigenmodes of ICs can vary
with different molecular systems.

Although this thesis contributes to the understanding in the elementary
steps in silica organization during zeolite nanogrowth, there is still room for
improvement. A possible extension could be the application of the velocity-
projection method to the ZSM-5 material, and later to other zeolite topologies.
It would be interesting to shift the focus of this study from inelastic neutron
scattering (INS) spectra to infrared (IR) spectra, which would require a more
qualitative force field since the charges in force fields have to be very well-
defined in order to obtain reliable spectral amplitudes. Inversely, theoretical
spectra can assist in the development of reliable force-fields. In an attempt to
decompose the spectra of the symmetric ICs further, the circulant matrix is
introduced in this thesis as a model for the Hessian of the considered ring sys-
tems. If we want to extend the applications to systems which are not restricted
to a ring structure, a more general approach is desired. A way to visualize
vibrational modes that correspond to peaks in vibrational spectra would also
be very instructive.

The second part of this thesis deals with liquids; more specific, the structure
of liquids was investigated. The understanding of liquids and their properties is
very important as they are present everywhere in daily life. The organisation of
molecules in a liquid is such that they are not independent from each other (like
ideal gases), nor is there a long-range order (like in solids). This makes liquids
particularly interesting for studying their structure, and MD can attribute a
great amount to the understanding of the molecular organisation in liquids. A
thorough comprehension of structural properties, as a characteristic of liquids,
is important as they form a bridge between the microscopic structure of the
liquid and the macroscopic properties, such as thermodynamic functions.

First, focus is set on methanol. Methanol is the smallest alcohol consist-
ing of an hydroxyl and methyl group, and an intermolecular hydrogen-bond
is formed between the hydroxyl and methyl group of different molecules. At
first instance, the intermolecular partial radial distribution functions (RDFs)
are computed in the NVT-ensemble with MD based on first principles. In
subsequent simulations, the effect of a newly proposed parametrized correction
model for the basis set superpostion error (BSSE) is examined. We find that
the discrepancies in RDFs between simulation and the ones computed with
empirical input, are substantially smaller when using the correction model for
BSSE. Second, as a continuation of this work, the study on the structure of
liquids is extended on four levels: (i) not only methanol is considered, but
also chloroform, acetonitrile, tetrahydrofuran and ethanol, (ii) the MD runs
are performed in the NpT ensemble, (iii) the correction model for BSSE is
generalised, and (iv) the structure factor (SF) is considered as an instrument
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to assess the accuracy of models predicting or extracting information on liquid
structure. This latter extension is the most important one. The study of the
structure factor focused on tetrahydrofuran, for which interesting discrepancies
are observed between theoretical RDFs and RDFs derived from experiment. As
appears from this work, theoretical simulations help in estimating the impact
of inter- and intramolecular contributions on the RDF and SF separately. In-
tramolecular contributions dominate the entire behavior of the total SF, so the
intramolecular contributions should be projected out, as only the intermolec-
ular terms are of physical interest. Through a combined study of RDFs and
SFs, it is explicitely shown that the extraction of partial intermolecular RDFs
from a small number of SFs, as is the case for models that extract partial RDFs
from experimental (total) data, is ill-conditioned. A correct interpretation of
reproduction of structural quantities (RDFs and SFs) is vital, as it has an im-
portant impact on derived properties, e.g. the energy of the molecular system,
the pressure, the chemical potential, the isothermal compressibility.

The work on liquids has provided more insight into the comprehension of
structural behaviour of liquids under different conditions (NVT, NpT). Still,
there are more variables that require attention, e.g. longer NpT simulation
times and performing MD simulations on other liquids. A similar analysis of
the structure factor can be performed on chloroform where also spurious spikes
in the RDFs, derived from experimental data, are noticed. The appearance
of these peaks probably have the same source of error as as in the case of
tetrahydrofuran, so a profound analysis of the structure factors of chloroform
would be highly valuable.

Molecular modeling is a relatively new branch of science. There is much
more to explore in the world of molecular dynamics, and the topics covered in
this thesis are no exception. As the exploration of the field of molecular mod-
eling and simulation continues to grow, together with the ever rising expansion
of computer power, society will benefit more and more from this floroushing
branch of science.
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ABSTRACT: An efficient protocol is presented to identify signals in vibrational spectra of silica oligomers based on theoretical
molecular dynamics (MD) simulations. The method is based on the projection of the atomic velocity vectors on the tangential
directions of the trajectories belonging to a predefined set of internal coordinates. In this way only contributions of atomic motions
along these internal coordinates are taken into consideration. The newmethodology is applied to the spectra of oligomers and rings,
which play an important role in zeolite synthesis. A suitable selection of the relevant internal coordinates makes the protocol very
efficient but relies on intuition and theoretical insight. The simulation data necessary to compute vibrational spectra of relevant silica
species are obtained through MD using proper force fields. The new methodology—the so-called velocity projection method—
makes a detailed analysis of vibrational spectra possible by establishing a one-to-one correspondence between a spectral signal and a
proper internal coordinate. It offers valuable perspectives in understanding the elementary steps in silica organization during zeolite
nanogrowth. The so-called velocity projection method is generally applicable on data obtained from all types of MD and is a highly
valuable alternative to normal-mode analysis which has its limitations due to the presence of many local minima on the potential
energy surface. In this work the method is exclusively applied to inelastic neutron scattering, but extension to the infrared power
spectrum is apparent.

’ INTRODUCTION

Zeolites are microporous inorganic materials, mostly with
aluminosilicate components, which exhibit crystal structures
containing pores and cages large enough to permit the diffusion
of small molecules. Zeolites are indispensable in many industrial
applications, e.g., in heterogeneous catalysis, absorption and
molecular separation, and ion exchange. These applications
and the extension of their application field in many domains
are a motivation for further investigation aiming at an even
deeper insight into the behavior of a zeolite.1-3

Understanding how zeolites nucleate and grow is of funda-
mental scientific and technological importance. Insight into the
molecular mechanisms of structuring of silica can lead to the
development of new hierarchical materials promising high po-
tential for optimization of processes in catalysis and molecular
separation. In addition, controlled zeolite synthesis could open
new fields of application, such as optical electronics,4 bio-
implants,5 etc. A variety of efforts have already been made to
elucidate the early stages of zeolite growth.6-9 The formation of
the siliceous zeolite silicalite with MFI topology is one of the best
studied cases.10-20 Colloidal silicalite-1 is synthesized from
hydrolysis of tetraethylorthosilicate (TEOS) as a monomeric
silica source in aqueous tetrapropylammonium hydroxide
(TPAOH) at room temperature.21-24 In this study we will focus
on these early stages of zeolite formation from a modeling

perspective using vibrational spectroscopy: infrared (IR) and
inelastic neutron scattering (INS) spectroscopy. These are
important identification tools in zeolite synthesis, but the spectra
are sometimes difficult to interpret. In ref 25 it was found that at
the beginning of TEOS hydrolysis, small oligomers are formed
which grow in number and size as the reaction progresses to form
nanoparticles. Comparison between simulated and experimental
IR patterns has illustrated how the silica contained in the
colloidal nanoparticles evolve with time, leading from small
five-ring oligomers toward successively more condensed five-
ring species.22,24,26

Two methods are conventionally used for the calculation of
vibrational spectra linking spectral patterns with atomic motions:
normal-mode analysis (NMA) based on static approaches and a
Fourier-based technique which receives input from molecular
dynamics (MD) simulations. NMA is computationally less
demanding but is restricted to the harmonic approximation
which allows only small deviations from a local or global
minimum on the potential energy surface (PES). The restriction
stems from the fact that NMA is in essence a second-order
approximation of the minima in the PES. As a consequence, only
one minimum can be calculated and just a small part of the

Received: September 20, 2010
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surface is taken into account, which limits the technique when
multiple minima are present.27 Static approaches can go beyond
the harmonic approximation. We refer in particular to the work
of Scribano and Benoit28 where the vibrational self-consistent
field method (VSCF) is combined with the single-to-all (STA)
approach succeeding in the construction of a sparse PES at high
ab initio levels of theory. With the second technique, data from
MD simulations are used to calculate spectra. In the past many
papers have already been published in literature aiming at
identifying signals in the Raman or IR spectrum as signatures
for specific vibrations characterizing the structure of the molec-
ular system under study. It is not the intention to give a complete
survey of all works published in this area, we limit ourselves to
those related with vibrations in silica particles. In particular we
refer to ref 29 as a pioneering work in which vibrational spectra
have been interpreted by means of a normal-mode analysis in
terms of symmetry coordinates predicted by point group theory.
Other papers analyzed the vibrational eigenmodes with the help
of MD to identify signals as signatures of ring structures in
silica.30 Their focus is mainly devoted to the description of
symmetric stretching modes, such as breathing modes in rings,
as these are recognized to be Raman active. The vibrational
eigenmodes are projected onto the coherent breathing modes of
the bridging oxygen atoms. They could in many cases provide an
unambiguous interpretation for the origin of the Raman lines.
Also the group of Smirnov has been very active in this
domain.31-37 Power spectra belonging to a suitably chosen
symmetric internal coordinate describing the breathing vibra-
tion of a specific ring are constructed and were found to be able
to discriminate the various ring structures. To get a better insight
into the participation of atoms of different types in the vibra-
tional spectra, a power spectrum for each kind of atom was
computed by Fourier transformation of the atomic velocity
autocorrelation functions. Some MD techniques (e.g., ab initio
MD) are computationally expensive while others are not (e.g.,
based on force fields). So it depends on the chosen MDmethod
whether or not a large part of the PES can be scanned. The
reliability of such numerical simulation methods to reproduce
experimental results strongly depends on the method to calcu-
late the PES. Accurate potentials are necessary to describe the
atomic and molecular forces of the molecule under study and to
reproduce the structural properties and dynamical data. In order
to obtain a reliable spectrum it is essential to scan a large part of
the PES and thus to simulate during a representative time frame
(∼ns range). In view of this, only force field-based methods are
viable to calculate the PES as quantum mechanically based
methods appear to be too expensive for larger systems
and for longer time scales, although serious progress is made
on this issue by the group of Parrinello38,39 by combining Car-
Parrinello and Born-Oppenheimer MD. Most of the existing
protocols to derive vibrational spectra from the data collected
during MD simulations are applicable regardless of whether
force fields or ab initio MD are used. Despite many attempts to
interpret the vibrational spectra and to define the internal mode
contributing to a certain band in the vibrational spectrum further
model development remains desirable. Very recently Jacob and
Reiher40 developed a model in which the frequencies at which
the bands in the vibrational spectra appear, and the total
intensities of these bands can be interpreted in terms of localized
modes. This method seems to be very appropriate in analyzing
spectra of largemolecules like polypeptides and proteins, but the
protocol is constrained to static quantum chemical calculations.

In this paper we present a completely new methodology for
the interpretation of vibrational spectra but based on molecular
dynamical approaches. In the new model the atomic velo-
cities are projected on properly selected directions fully deter-
mined by the internal mode from which we want to know its
impact on the spectrum. Numerical applications of the new
method are based on classical MD simulations. For the silica
building blocks under investigation in this work, we use a silica-
derived force field based on the gradient curves method41 which
was previously successfully applied to investigate the MFI
fingerprint in zeolites.26

The infrared power spectrum is computed by taking the
Fourier transform of the autocorrelation function of the time
variation of the electric dipole moment. Similarly, the velocity
power spectrum or INS spectrum is determined by the Fourier
transform of the atomic velocities, which is easier to compute
after a MD run as it only needs the instantaneous atomic
velocities at each time step. Compared to NMA, this dyna-
mical approach is more flexible in the treatment of nonhar-
monic problems, although also in static approaches progress is
made in going beyond the harmonic approximation as already
stated.

The first goal of this paper is to identify peaks in vibrational
spectra of zeolite building blocks with specific internal degrees
of freedom. In particular we were interested in how the size of
rings and/or connectivity affects signals in the vibrational
spectrum. For this purpose a new method has been developed
enabling us to link the spectrum with the internal degrees of
freedom of zeolite nanoparticles. This method provides a
suitable tool that predicts which particular modes are influ-
enced by changing size and topology of the silica building
blocks. As such, it constitutes a significant progress in under-
standing the mechanisms during the early stages of the zeolite
growth, and it gives complementary and valuable information
in addition to the usual protocol of spectra analysis where
experimentally measured spectra are compared with fully
theoretical spectra extracted from simulations of the zeolite
frameworks.34-37,42 The basic understandings of zeolite spec-
tra and the lattice dynamics of zeolites are well-known.43-45

But a computational method for an unambiguous validation
and confirmation of peak assignments in smaller silica parti-
cles can still be improved. In addition, it can in turn be helpful
in the development and/or refinements of models to compute
atomic forces, e.g., force fields. If a MD run does not yield the
correct vibrational spectrum with regard to experiment, in the
sense that some peaks are missing or not at the correct
position, the new methodology makes it possible to specify
the internal mode that is poorly described. Relevant terms in
the force field can be adjusted accordingly to remove the
discrepancies.

In ref 26 the MFI topology was studied in terms of shifts of
peaks as MFI-structured nanoparticles grow. As the particles
become bigger in size, the fingerprint band lowers in frequency
from 650 to 550 cm-1. An isolated five-membered ring (5T)
reveals an IR-active vibration around 650 cm-1. By connecting
pentasil rings, slightly larger building blocks are constructed, but
no substantial changes for the peak position have been observed.
The situation changes if a more condensed structure is formed,
such as the silica octamer, referred to as 8T (4 � 5) (see
Figure 1l); a sudden shift by approximately 50 cm-1 is observed.
The red shift becomes even more substantial when the particles
grow larger. This 550 cm-1 band is regarded as the spectroscopic
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signature of MFI-type zeolites and is also a typical feature of
similar structures built from five-membered rings, the so-called
pentasil zeolites.

In this paper we apply a new methodology—the so-called
velocity projection method—to a large variety of building blocks
encountered in zeolite synthesis, including four-, five-, and six-
rings and all types of connections between them (Figure 1). The
analysis presented here should serve as a basic understanding of
which modes and which peaks in the vibrational spectra are
influenced by the particular interconnectivity and topology. The
lack of experimental vibrational spectra of such small silica
particles in the literature strengthens the importance of such a
theoretical investigation. For larger species experimental data are
available.

’COMPUTATIONAL SECTION

The input of the computed spectra is generated from MD
simulations. Interatomic interactions between framework atoms
were represented by an in-house developed force field. It
was especially designed for zeolites and was calibrated at the
post-Hartree-Fock MP2/6-311þg(d,p) level of theory,
with the gradient curves method (GCM).41 This is a novel
technique that facilitates the development of transferable force-
field models. It makes extensive use of regularization tech-
niques46 and of generic energy terms based on series expansions
to obtain an optimal bias-variance trade-off during the fitting
procedure. The force field was previously thoroughly bench-
marked to reproduce the MFI fingerprint and IR-band shifts in
other related small silica nanoparticles. All optimizations and
simulations have been carried out with the CP2K47 program
package.26

All initial geometries were built with the in-house developed
software program package ZEOBUILDER.48 Geometry optimi-
zations were performed on all structures using the conjugate
gradient method. With these optimized coordinates as input, an
initial equilibration MD run of 5 ps was carried out. The actual
production run which provided the data for analysis was an MD
run of 1 ns at a temperature of 300 K with a Nose thermostat in
the NVT statistical ensemble. To process the data, the MD-
TRACKS program49 was used.

From linear response theory, if the dipole moment history is
obtained in an MD calculation, then the infrared spectrum
IIR(ω) can be computed as50-53

IIRðωÞ ¼ lim
t sf ¥

1
t

X
R¼ x, y, z

�����
Z t

0

dμR
dt

expð- iωtÞdt
�����
2

ð1Þ

where ω is the angular frequency, and μR is the Cartesian
components of the dipole moment. This is equivalent to the
Fourier transform of the autocorrelation function of the time
derivative of the dipole moment.53,54 The dipole moment is
defined as

μ ¼ -
Z
ðr- RcÞFðrÞdr þ

XN
i¼ 1

ZiðRi - RcÞ ð2Þ

where F(r) is the electron density, Zi represents the nuclear
charge of atom i,Ri is the position of atom i, andN the total number
of atoms. The reference point Rc is the center of charge for charged
systems and is arbitrary for neutral systems. Inmolecularmechanics,
one preferentially uses an effective chargeQi for each atom, and the
dipole moment is written as

μ ¼
XN
i¼ 1

QiðRi - RcÞ ð3aÞ

dμ
dt

¼
XN
i¼ 1

Qivi ð3bÞ

In this work fixed charges were used. The velocity power
spectrum or inelastic neutron scattering spectrum (INS) can
be obtained in a similar way as the infrared signal using an
autocorrelation function:

IINSðωÞ ¼ lim
t sf ¥

1
t

XN
i¼1

R¼x, y, z

�����
Z t

0

vi,RðtÞ expð- iωtÞdt
�����
2

ð4Þ

Figure 1. Simulated molecular structures of silica particles consisting of combinations between various four-, five-, and six-rings.
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The IR and INS spectra are based on a Fourier transform which
transforms information from the time domain to the frequency
domain. One can easily see that both spectra are directly dependent
on the velocities of the atoms R

·
i,R = vi,R so that the positions of

peaks in IR and INS spectra coincide, but the intensities will vary.
The Fourier transform of the velocity autocorrelation provides

information about the density of vibrational modes as a function
of energy and hence reveals the underlying frequencies of the
molecular system. The IR spectrum shows which internal modes
are infrared active. If some of the IR active modes are localized on
specific functional groups, then the corresponding bands can
then serve as a spectral fingerprint of the groups. However, we
focus in this paper on the INS spectra since charges in force fields
are not (yet) well-defined in order to obtain reliable qualitative
spectral amplitudes. Moreover, cancellation effects frequently
appear in the time-varying dipole moment vector (eq 3a). It
implies that the amplitudes in an IR spectrum are smaller and
faster affected by relative noise. On the contrary, the INS
spectrum contains only a summation of positive contributions
(eq 4), and the relative noise on the spectrum becomes smaller. It
also provides information about all vibrations of the system, i.e.,
all IR and Raman active modes.

’METHOD

Velocity Projection Method. In order to associate peaks in
the full INS spectrum to particular motions of internal coordi-
nates we developed a method where the atomic velocities are
projected to selective directions defined by the specific nature of
the internal coordinate. An outline of this projection method is
sketched below.
We make use of internal coordinates in order to assign a peak

to one particular degree of freedom . An internal coordinate (IC)
defines the location of the atoms in a molecule relative to the
other atoms in the molecule. Some examples of IC’s are bond
distances, bending angles, dihedrals, Urey-Bradley stretches,55 a
linear combination of stretches, etc. Each internal coordinate q
can be expressed as a function of the atomic Cartesian coordi-
nates RiR and depends on time: q = q(RiR(t)). The velocity
projection method then consists of projecting the Cartesian
velocity vector viR = R

·
iR of each atom i on the atomic tangent

vector of the internal coordinate q at each time step. The IC’s
themselves are overcomplete and are, in contrast with NMA, not
orthogonal to each other. In this section, the different classes of
IC’s that were used in this work will be illustrated. If one
considers only one IC, then the definition of the tangent vector
of atom i at each time step is given by

J iR ¼ Dq
DRiR

ð5Þ

whereR runs over the Cartesian x, y, and z components of atom i.
Obviously, i must be one of the atoms that specifies the IC
q(RiR). The velocity vector belonging to atom i can be decom-
posed into its tangential and normal component with respect to
the atomic tangent vector JiR:

viR ¼ ðv^ÞiR þ ðv==ÞiR ð6Þ
Only the tangential component gives a nonvanishing contribu-
tion to the change of the internal coordinate:

δq ¼
X
i

J i 3 δRi

ð7Þ

and with a suitable normalization can be set as

ðv==ÞiR ¼
ðP
jβ
vjβJ jβÞJ iRP
jβ
J2jβ

ð8Þ

while the normal component lets the IC unchanged in first order
(for small time steps):

ðv^ÞiR ¼ viR - ðv==ÞiR ð9Þ

The parallel velocity is the component that should be identi-
fied with this particular internal coordinate. Note that the IC is a
function of time, and we project on a time dependent vector. To
compute the actual spectrum, the Cartesian components of the
velocities of every atom at each time step are plugged into eqs 1
and 4. The fluctuations due to the time dependency of the IC’s
are also computed with the Fourier transformation but should be
small enough to neglect. Accordingly, an autocorrelation func-
tion (eq 4) is computed with the instantaneous (v//)iR velocity
projections. In this way a partial INS spectrum has been
constructed restricted to those vibrations inducing changes of
the IC of interest. A comparison between the full and partial INS
spectra makes a full analysis of the vibrational spectrum possible:
spectral peaks can be linked to IC’s and corresponding (internal)
degrees of freedom. When a peak in the projected spectrum
coincides with its counterpart in the total spectrum, one can
assume that there is no motion along other orthogonal coordi-
nates that contributes to this peak. Such a peak is then completely
resolved.
We note that the normalization of the tangential component

(eq 8) is not unique and that a separate projection of the atomic
velocity to the tangent vector belonging to that atom leads to a
somewhat different normalization factor:

ðv==ÞiR ¼
ðP

β
viβJ iβÞJ iRP
β
J2iβ

ð10Þ

For computational reasons we have given preference to the
normalization in (eq 8) to avoid numerical inaccuracies gener-
ated by tangent vectors Ji of very small amplitude, as would be the
case with the choice of solution 10.
Internal Coordinates. Analysis Using Internal Coordinates.

At this point it is useful to outline the exact workflow. The
standard procedure to obtain a vibrational spectrum from MD
data is to compute the Fourier transform of the Cartesian atomic
velocities (eqs 1 and 4) at each time step. In this work we project
the Cartesian atomic velocities onto IC’s to obtain the velocity
component (v//)iR of each atom alongside the IC (eq 8 and
eq 9). Of these projected velocities, which are by definition equal
to or smaller than the atomic Cartesian velocities, the Fourier
transform is also computed at each time step to obtain the
spectrum of the velocities for each IC separately. It can happen
that, due to symmetry, some classes of IC’s generate almost
identical spectra; then the average was taken over them. In the
next section the different classes of internal coordinates that were
used in this work are discussed.
Classes for Internal Coordinates. The peaks in the full spectra

can be (partially) decomposed by a proper selection of IC’s. This
can be done for the various zeolite building blocks under study in



64 Paper I

1049 dx.doi.org/10.1021/ct100538c |J. Chem. Theory Comput. 2011, 7, 1045–1061

Journal of Chemical Theory and Computation ARTICLE

this work and displayed in Figure 1. The IC’s or linear combina-
tions of them are then classified. Each class has its specific
internal motion and generates a partial INS spectrum for each
building block.
We will follow the following protocol. For all structures we

compute the full vibrational spectrum based on the
(nonprojected) atomic velocities as resulting from the MD
simulation. For each individual IC we then project the atomic
velocities according to the outlined procedure trying to link
spectral peaks to these IC’s. Linear combinations of various IC’s
can be constructed to form new IC’s. With a well-chosen linear
combination, one is able to fully assign a peak to this new specific
internal coordinate. The general workflow for combining IC’s to
further unravel the spectra and to be able to link them with a
spectral peak is shown in Figure 2. In this paper we focus on IC’s
constructed from stretches between two atoms: the stretches
themselves can serve as IC’s or linear combinations of them. The
stretching vibration is one of the most straightforward internal
motions to describe. In an earlier study by van Santen et al.,45 it
was stated that the lattice dynamics of amorphous silica can be
correctly described by ignoring the Si-O-Si bending and solely
focusing on the Si-O stretchings (see Figure 3). It implies that
the wavenumber regime of 500-1200 cm-1 is sufficient for
studying the zeolite nanogrowth. As the studied species are
however much smaller, we will validate in how far only stretches
are applicable for fully resolving the spectrum. The higher the
connectivity, the higher the rigidity and thus preventing the
bending mode. Mixing of the Si-O stretching and Si-O-Si
bending modes in the case of small oligomers may be assumed to
be of minor importance because their modes are spectrally well
separated.
Looking at Figure 3 we can discriminate between two types of

O-Si stretches. The first one is the stretch mode, which occurs
along the O-Si bond, where the oxygen atom is connected with
a terminal hydrogen atom. This will be referred to as the O-Si
terminal stretch. The second type consists of the two O-Si
stretches in the Si-O-Si bridge. Such O-Si stretch is called an
internal O-Si stretch. We make an approximation in the sense
that the interaction between the symmetric and antisymmetric
modes can be neglected, which is quite reasonable in view of the

large difference between the spectral values of these modes and
the magnitude of the coupling constant.45

One can choose a particular Si-O stretch as IC, but in
practice, linear combinations of stretch modes are more appro-
priate choices for IC’s. In this way we separate the 2N ring
stretching Si-O bonds, present in a N-membered ring, into two
classes of IC’s (symmetric and antisymmetric). For one parti-
cular Si-O-Si bridge j:

qss, j ¼
1ffiffiffi
2

p ðr-j þ rþj Þ ð11Þ

and

qas, j ¼
1ffiffiffi
2

p ðr-j - rþj Þ ð12Þ

as visualized in Figure 4 .

Figure 2. Flowscheme to classify different IC’s used to decompose
vibrational zeolite spectra.

Figure 3. Schematic representation of the Si-O stretches present in
the studied zeolite structures.

Figure 4. Ring stretching Si-O bonds defining symmetric and anti-
symmetric IC’s.
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The coordinate transformation between all stretching internal
coordinates and the N symmetric and antisymmetric IC’s is
orthogonal and of dimension 2N � 2N:

qss
qas

" #
¼ Tr ð13Þ

r ¼ ð2N � 1Þ matrix ðSi-O stretchesÞ

T ¼ 2N � 2N matrix and orthogonal

The force constant matrix in {qss,qas} space becomes

U ¼ 1
2
ðqTssqTasÞCq

qss
qas

" #
ð14Þ

with Cq = TCrT
T, which is not block diagonal even with a

diagonal structure of Cr:

Cq ¼ Cqss Cqcoupl

Cqcoupl Cqas

" #
ð15Þ

In the model proposed it is assumed that the coupling between
the symmetric and antisymmetric stretch modes is very weak and
may be omitted: Cqcoupl = 0. This seems to be justified since the
frequency bands of both classes are well separated, as will be
demonstrated later in the discussion section.
It is interesting to examine the symmetric stretch mode in more

detail. The peaks due to the symmetric stretch are not completely
resolved, and they lie in the wavenumber region which is interesting
for obtaining insight into zeolite synthesis (the antisymmetric stretch
peaks are completely resolved and lie in a less interesting area). In
order to gain insight into the normal (symmetric stretch) modes of a
molecular ring system, we consider a simplified model of n identical
and equally spaced masses on a circle. Due to its periodicity, the
normalmodes of such a systemcan be obtained as the eigenvectors of
a so-called circulant matrix C:

Cjk ¼ cðj - kÞmod n ð16Þ
for j, k = 1, ..., n, where the notation (i) mod n implies
integer arithmetic modulo n. Since the Hessian of the model system
is a symmetric matrix (Cjk = Ckj), the coefficients must also obey

cðiÞmod n ¼ cð- iÞmod n ð17Þ
where we used the notation-i = n- i. The circulant matrixC for
an even n then has the form:

The form of C for n being odd is analogous. In the remainder
we drop the explicit “mod n” notation for the c(i) indices, but it is
understood that they should be interpreted in arithmetic modulo
n. The eigenvectors of the circulant matrix can be used to create
new IC’s on which we can project the atomic velocities, based on

the symmetric stretch IC’s qss,k. With the circulant matrix being
the model for the Hessian, we can construct these new internal
coordinates, i.e., linear combinations of symmetric stretches, to
further resolve the spectra of silica rings.
The eigenvalues and the kth component of the normalized

eigenvectors are (see Appendix Section):

λðmÞ ¼
X
k

cðkÞ exp
-2πimk

n

� �

¼
X
k

cðkÞ cos
2πmk
n

� �
¼ λð - mÞ ð19Þ

and

V ðmÞ
k ¼ 1ffiffiffi

n
p exp

2πimk
n

� �
ð20Þ

Looking at the eigenvalue spectrum one can distinguish
between even n (four-, six-ring, etc.) and odd n (five-ring, etc.).
For even n the eigenvalues (eigenvectors) become

λð0ÞðV ð0ÞÞ : nondegenerate
λðmÞðV ðmÞ,V ð - mÞÞ for m ¼ 1 , ...,

n
2
- 1 : two-fold degenerate

λðn=2ÞðV ðn=2ÞÞ : nondegenerate

8>>><
>>>:

For odd n they are

λð0ÞðV ð0ÞÞ : nondegenerate
λðmÞðV ðmÞ,V ð - mÞÞ for m ¼ 1 , ...,

n- 1
2

: two-fold degenerate

8><
>:
It is practical to switch to real eigenvectors for the two-fold
degenerate eigenspaces, by taking linear combinations:

W ðmÞ
k ¼ 1

2
ðV ðmÞ

k þ V ð - mÞ
k Þ ¼ cos

2π
n

mk

� �
ð21aÞ

W ð - mÞ
k ¼ 1

2i
ðV ðmÞ

k - V ð - mÞ
k Þ ¼ sin

2π
n

mk

� �
ð21bÞ

It is now possible to construct a new internal coordinate for
each eigenvector m by making linear combinations of the
symmetric stretches qss,k, where the coefficients are the elements
of the eigenvector. For the circular systems under consideration,
the new internal coordinates become

qc,m ¼
X
k

W ðmÞ
k qss, k ¼

X
k

V ðmÞ
k þ V ð - mÞ

k

2
qss, k

¼
X
k

cos
2π
n

mk

� �
qss, k ð22aÞ

qs,m ¼
X
k

W ð - mÞ
k qss, k ¼

X
k

V ðmÞ
k - V ð - mÞ

k

2i
qss, k

¼
X
k

sin
2π
n

mk

� �
qss, k ð22bÞ
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where n is the number of symmetric stretches in the circular
molecular system and qss,k is short for the k

th symmetric stretch
IC. Since qc,m and qs,m only differ in phase we could not
discriminate between them. Therefore it is useful to consider
the subspace spanned by these vectors. This subspace is referred
to as span(qc,m,qs,m). At each time step of the simulation we
project the atomic velocities on the set of vectors which spans this
subspace. For topologically symmetric systems the INS spectra
of qc,m, qs,m and span(qc,m,qs,m) coincide (e.g., Figure 1b, n, and q
and a, e, and m).
Note that this technique can only be used for single closed ring

systems, and it is not expected to completely resolve spectra in
systems with fused rings. If multiple rings are attached to each
other, then one has to distinguish between them to make use of
the circulant matrix as a model for the Hessian. This is still useful
because the resulting spectra can be directly compared with
spectra from other n-ring structures. In this way the immediate
effect of a different topology on a specific structure can be
studied.

’RESULTS AND DISCUSSION

Figure 1 gives an overview of the three-dimensional (3D)
optimized geometries of the simulated structures. Some of them
are key components of the MFI structure, and others have been
suggested to occur in the early stages of other zeolite structures.26

The initial geometry as input for the MD simulation does not
need to coincide with the global minimum as all possible
structures on the PES will be visited during the MD run. The
most elementary structures are a single four-, five- and six-
membered ring (Figure 1a, e, and m), and their spectra may be
regarded as reference. Larger building blocks can be constructed
by connecting these elementary rings with other n-ring struc-
tures. These new structures yield new (partial) INS spectra which
can be compared with the reference spectra, and such an
investigation provides us information on the influence of the
topology (i.e., how atoms are linked to each other) on the
vibrational spectra. In the synthesis of zeolites withMFI topology
it has been found that the five-membered ring (5T) (Figure 1e),
also called the pentasil ring, is of special importance.56-58 By
connecting these pentasil rings larger building blocks can be
constructed. If three T-atoms are added, then two 8T(2 � 5)
(Figure 1k) and three 11T(3 � 5) (Figure 1h) sideways five-
membered rings arise. If two sides of two different five rings are
shared (sharing three T-atoms), then the 7T five ring is formed,
7T(2 � 5) (Figure 1j). The five ring 8T(4 � 5) (Figure 1l) is a
silica octamer, where the rings form a cagelike structure. The
species where two five rings do not share but are connected with
an oxygen bridge is referred to as 10T(2� 5) (Figure 1g). In this
topology an extra six ring is present. Finally the silica dodecamer
structure forms the 12T(4 � 5) (Figure 1i).26

In aqueous silicate solutions the cubic octamer59,60 often has
been observed experimentally and proposed as a building block.
Therefore we also consider this full cube (6 � 4) (Figure 1q), a
half cube (2 � 4)(Figure 1o), and a three-fourths cube (3 � 4)
(Figure 1p).
Physical Meaning of IC’s. The most basic molecular struc-

tures are the four-, five-, and six-rings (Figure 1a, e, and m,
respectively). Their spectra may serve as a reference for other
topologies where n1-rings are attached to n2-rings. In this way, the
vibrational spectra can be applied as a tool for studying topolo-
gical differences in zeolite structures (e.g., during nanogrowth).

Looking at the diagram of Figure 2, we can distinguish
between two types of IC’s: those that can be identified as single
stretches and those that show a weighted mixture of stretch
modes. For the first type of IC’s it is straightforward to assign a
physical motion to them since they coincide with real stretches.
For the second type of IC’s it is less straightforward, but they also
represent a real physical combined vibration.
Symmetric and antisymmetric ring vibrations have been

defined in eqs 11 and 12. When the atomic velocities are
projected on these IC’s, we gain knowledge on the magnitude
of these combinedmodes relative to the full vibrational spectrum.
The antisymmetric motions represent modes where the O

atom oscillates between two Si atoms. Their spectral lines are
located at frequencies larger than 800 cm-1 and are discussed in
subsection Classes for Internal Coordinates.
The characteristic internal modes of a molecular system are

determined by the eigenvalue equation of the Hessian:

HE ¼ ω2ME ð23Þ
Here H is the Hessian which contains the second derivatives of
the potential energy with respect to the Cartesian coordinates,M
is the mass matrix, ω2 represents the eigenvalues, and E
represents the 3N � 3N matrix which contains the eigenvectors
of the different modes (N = number of atoms). As shown in the
Internal Coordinates Section, we introduced the circulant matrix
as a model for the Hessian corresponding to the symmetric IC’s
and determined its eigenvectors and eigenvalues. The physical
meaning of the combined modes of IC’s qc,m and qs,m is
interesting for further survey. For the four-, five-, and six-ring
we have the following IC’s (see eqs 22a and 22b) (R = 2π/n):

• Four-ring: qc,0, span(qc,1,qs,1), qc2 (R = 90�).
• Five-ring: qc,0, span(qc,1,qs,1), span(qc,2,qs,2) (R = 72�).
• Six-ring: qc,0, span(qc,1,qs,1), span(qc,2,qs,2), qc,3 (R = 60�).
They all can be associated to a real physical mode. Consider,

for example, the four-ring. When projecting on the correspond-
ing IC’s, the resulting spectral peaks agree with the molecular
breathing motions, as depicted in Figure 5, in which an outward
arrow means that the particular bond stretches out, whereas an
inward arrow points to a shrinking motion of the bond. From this
figure it is clear that qc,1 and qs,1 actually represent the same
breathing mode, only shifted in phase by 90�. Thus, whenever a
peak arises when projecting on a particular IC, we know with
which vibrational eigenmode it corresponds. As a special com-
bined mode we define in this work the breathing mode, in which
all the present Si-O stretches are elongated or shrunk simulta-
neously. Here the mode qc,0 represents this breathing mode.
Elementary Building Blocks: Four-, Five-, and Six-Rings.

The spectra of all structures considered in this paper for all IC’s
are taken up in the Supporting Information. In this section some
relevant spectra of the four-, five-, and six-rings are shown and
will be further explained. We will focus on the spectral shifts that
occur when spectra of the four-, five-, and six-rings for the same
type of IC are compared. The conclusions that are drawn from
these elementary structures are transferable to more complex
molecular structures. Also for the sake of completeness INS and
IR spectra for the four-, five-, and six-membered ring systems are
given in the Supporting Information. They can serve as com-
parative material when analyzing velocity power spectra asso-
ciated to specific IC’s.
Terminal O-Si and Antisymmetric IC’s. The spectra of the

terminal O-Si and antisymmetric IC’s are shown in Figure 6 for
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the three elementary structures. For these classes of stretches
multiple IC’s are present. Per category the average spectrum is
taken, as the spectra belonging to each IC of the same class are in
essence not deviating much from each other. Also the standard
deviation (stdev) of this average is given (lower curve). For both
types of IC’s the spectra manifestly show little influence on
the size of the ring (same position, relative amplitudes, and
shape).
Circulant Symmetric IC’s. As outlined in the Method Section,

the symmetric IC’s are analyzed making use of the properties of
the circulant matrix as a model for the Hessian. The spectra of the
velocity projections on the qc,m and qs,m IC’s of the four-, five-,
and six-ring are shown in Figures 7 and 8. From these figures,
some interesting features related to ring size can be derived.
(i) Comparing the first eigenmode, qc,0, of the four, five-, and

six-ring we see that the spectra of this breathing mode
only exhibit a very small spectral shift which is almost
negligible. The spectrum of the four-ring has peaks at 549
and 888 cm-1, and for the five- and six-rings, we get 553
and 887 cm-1 and 562 cm-1 and 888 cm-1, respectively.
A small third peak emerges at about 453 cm-1 when
increasing the size of the ring. It is at this stage not clear
to which motion this third vibrational peak could
be associated. The two peaks in the four-ring spectrum
probably belong to the breathing modes of the ring Si and
O atoms with a growing impact on the stretches. As the
size of the ring increases, a collective nonplanar vibration
could emerge. Although intuitive to some extent, these

explanations remain speculative as so far no visualization
program is available which could remove this ambiguity.

(ii) The peaks of the second mode of the four-ring, span(qc,1,
qs,1), make a shift compared to the same mode of the five-
and six-rings. The two peaks with the four-ring occur at
642 and 869 cm-1, the five- and six-rings show peaks at
617 and 876 cm-1 and 602 and 881 cm-1, respectively.
There is some peak drift, and the interpeak distance grows
with increasing ring size (red shift for the left peak, blue
shift of the right peak). They are still relatively small but
big enough to be measurable and to conclude that there is
a size dependence, which is more pronounced than in the
qc,0 mode.

(iii) The above made conclusions are also valid when the
eigenmode span(qc,2,qs,2) of the five- and six-rings are
compared.

(iv) The interpretation of the spectra for these elementary
building blocks, however, is also valid when combinations
of these structures are made, as can be seen from the
figures taken up in Figure 12 and the Supporting In-
formation, e.g., 7T(4,5), 8T(4,6), and 9T(5,6). There is a
very small topology dependence for the qc,0 mode, and
the influence of the ring size is larger for higher order
modes.

We can discuss now how far the above features agree with what
has been published in literature. The independence of spectra of
the qc,0 breathing coordinate on the ring size contradicts results of
previous modeling studies. These works have demonstrated a

Figure 5. Visualization of the physical breathing modes when projecting atomic velocities on eigenvectors of the circulant matrix as a model for the
Hessian.
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downward shift of the “ring breathing frequencies” with the
increase of ring size. In the paper of Smirnov et al.31 the internal
coordinate measuring the ring pore-opening has been put
equal to

PðtÞ ¼ 1
N=2

XN=2

i¼ 1

RiðtÞ ð24Þ

where Ri(t) stands for the deviation of the i
th ring diameter from

the mean value. The ring diameter is defined as the distance
between oxygen atoms on the opposite sides of the ring. In order
to comment on this issue, we have computed the velocity power
spectrum of this vibrational coordinate P(t) making use of the

MD results. These calculations could reveal the origin of the
apparent discrepancies between the results presented in this
work and those of literature.We also did the same exercise for the
silica, instead of the oxygen atoms. The results are surprising and
are displayed in Figure 9. Some peaks occurring in the P(t)
velocity power spectra for the silica atoms perfectly coincide with
the qc,0 in both four-, five-, and six-ring spectra. More specifically,
four-ring: 550 and 892 cm-1; five-ring: 550 and 883 cm-1; and
six-ring: 558 and 892 cm-1. They do not show any ring size
dependence. On the contrary, the oxygen P(t) velocity power
spectra do not show any resemblance with the qc,0, except
perhaps for the spectral signal at 453 cm-1 appearing in six-
membered rings. The downward shift of the ring breathing

Figure 6. Projection of atomic velocities on the terminal O-Si and antisymmetric stretch IC’s.
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frequencies observed in literature is also reproduced in our P(t)
velocity power spectra for the oxygen atoms: 483, 475, and 458
cm-1 in going from four- to six-rings. They represent the lowest
frequency peak in the spectrum. What can we conclude from this
comparative study? Which peak corresponds really with the
breathing mode where all ring diameter vibrations are supposed
to be in phase? Since the pore-opening vibrational coordinate
P(t) does not take into account the phase of all ring diameter
vibrations, the P(t) velocity power spectra show admixtures of
various ring modes, as shown in Figure 5 in case of a four-ring.
For completeness, we also introduced another internal co-

ordinate being the sum of all O-O distances of neighboring
oxygen bridges as suggested in ref 32. We adapted the velocity

projection method on this internal coordinate, and the resulting
spectra are given in the Supporting Information. These spectra
reveal a striking resemblance with previous P(t) velocity power
spectra both for the oxygen as for the silica atoms.
The presence of identical peaks in the three different types of

power spectra (three different internal coordinates, namely qc,0,
P(t) and

P
RO-O) points manifestly toward a common vibra-

tional mode, which represents probably the “true” breathing
mode. However, to remove any ambiguity, we should be able to
visualize the vibration corresponding to each peak in the power
spectrum. But this is not an easy task and falls outside the scope of
this work. Another aspect concerns the role of the force field used
to perform theMD runs. It should be stressed that the fact that all

Figure 7. Projection of atomic velocities on the circulant symmetric IC’s qc,0 and span(qc,1,qs,1) for the four-, five-, and six-ring.
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peaks observed in the qc,0 spectra are also retrieved in the
standard “non-projected” velocity power spectra correspond-
ing with pore-opening IC’s is a property independent of the
choice of the force field. Use of another force field can
reproduce the spectral lines at somewhat different wavenum-
bers and affects probably too the shift of a peak when increasing
the ring size, but the general features, as sketched above,
remain unaffected.
Projection on Orthogonal Basis of IC’s and the Orthogonal

Complement. In the previous section only one class of internal
coordinates (O-Si stretches and linear combinations of them)
has been investigated. In this section we want to see to what
extent the restriction to this single class of stretches is accurate

enough. In other words what is the impact of the bending and
dihedral motions on the vibrational spectra, or, more precisely,
what is the impact of the remainder on the spectra after
projecting out all tangent vectors belonging to stretches? The
projection technique consists of determining all tangential atom-
ic velocity vectors inducing a change in a particular IC. Modes
induced by the normal components of the velocities are not
considered as far as they do not belong to the entire class of IC’s
(stretches). For that reason we develop a method able to
construct the so-called orthogonal complement of the basis of
a given set of internal coordinates containing all the O-Si
stretches (terminal O-Siþ internal O-Si IC’s). To obtain this
orthogonal complement, the singular value decomposition of the

Figure 8. Projection of atomic velocities on the circulant symmetric IC’s qc,2/span(qc,2,qs,2) and qc,3 for the four-, five-, and six-ring.
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matrixA holding the tangent vectors of all the IC’s is computed at
every time step:

Aki ¼ Dqk
Dxi

ð25Þ

where k = 1, ..., K is an index characterizing the IC’s, and the
subscript i = 1, ..., 3N denotes the Cartesian coordinates. This
procedure decomposes A into three matrices:61

A ¼ UWVT ð26Þ
The matrices U and V are orthogonal, andW has singular values
and is diagonal. The first K columns of V form an orthogonal
basis for the IC’s at each time step, while columns K to 3N
construct the basis for the orthogonal complement at each time
step. In a second step the atomic velocities are projected on both
orthogonal bases. The result for the four-, five-, and six-rings is
shown in Figure 10. The two full INS spectra are clearly well
separated. The green spectrum ranging from 500 to 1200 cm-1

covers all O-Si stretches. The blue spectrum involves all IC
modes belonging to the orthogonal complement, and for the

three-ring structures, all peaks are located below 500 cm-1. This
is a nice result as it demonstrates that our methodology works
quite well in projecting out all bending and dihedral motions.
The conclusion is that the frequency region in question between
500-1200 cm-1 is adequately probed by stretch IC’s and that a
one-to-one comparison with the full spectrum is possible.
Analysis of the lower frequency spectrum should be done with
care. The blue spectrum in Figure 10 grouping all IC’s, excluding
stretches, is a global spectrum. We did not project on the
tangential vector of an individual IC belonging to the class of
bending and dihedral angles. In principle the same procedure
as in the previous subsection could be performed, but in view
of the ultimate goal of this study, such investigation was
expected to give little added value. Nevertheless additional
information was extracted, which could be of interest. To
illustrate with an example, we refer to the peak at around 25
cm-1 which is prominently present in the low-frequency
spectra of the three-ring systems. This peak is probably due
to a collective puckering mode of the ring, but as already
stressed, a full treatment of the velocity projection protocol on

Figure 9. Velocity power spectra P(t) for oxygen atoms as well as for silica and for the four-, five-, and six-rings.
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the tangential vector of this puckering angle will reveal the real
type of this specific mode.
Influence of the Connectivity. So far we studied the ele-

mentary four-, five-, and six-membered rings. We examined the
influence of the sizes by comparing the spectra of them. Now we
look at the connectivity (or the topology) by adding n-rings to
these basic structures and investigate the corresponding funda-
mental changes in the spectra. In this section we will particularly
focus on framework structures that contain five-membered rings
(as in ref 26). Also the famous MFI-framework topology is built
from five-membered rings. More precisely, in this section we will
concentrate on the following 5T ring clusters: 7T(2 � 5); 8T
(2 � 5); 8T(4 � 5); and 11T(3 � 5)(see Figure 1). They all
show two or more connected five-rings except for the reference
five-membered ring. Each mode (qc,0, span(qc,1,qs,1), and span-
(qc,2,qs,2)) is more or less degenerate due to the appearance of
multiple five-rings, hence an average is taken of the correspond-
ing spectra. Spectra belonging to other building blocks are given
in the Supporting Information.
As already observed for the elementary four-, five-, and six-

membered rings, the ring size will not affect the INS spectra (see
Supporting Information) for the terminal O-Si and antisym-
metric IC’s. The changing topology induced by adding n-rings to
elementary rings has no influence at all on the spectra; no peak
shifts occur, and the shapes remain unaltered. This observation
was more or less expected for the terminal O-Si stretches but

rather unexpected and even surprising for the antisymmetric
stretch mode.
On the contrary, significant changes in the vibrational INS

spectra occur for the various symmetric stretches. Spectra of the
projected velocities on the circulant symmetric IC’s of the five-
membered ring systems under study are shown in Figure 11.
All spectra are referred to with respect to the reference spectral

lines observed for the elementary five-membered ring. Two
connected five-rings sharing two atoms (8T(2 � 5),
Figure 1k) cause a splitting of the two main peaks with a slight
blue and red shift for the qc,0 and span(qc,1,qs,1) mode. In
principle two degenerate qc,0 modes should exist. The slight
coupling between these modes (for two rings share two silica
atoms) gives rise to the observed small splitting. A third peak is
manifestly present in the breathing mode qc,0 and could be
resolved by a suitable selection of an additional IC. The other
connected five-ring structures lead to similar features. The
11T(3 � 5) structure with three connected five-rings shows
the same pattern as the 8T(2 � 5), with the difference that now
three five-rings are attached to each other which is reflected in the
projected spectrum. In the 7T(2 � 5) structure the situation
becomes more complex because now three Si atoms are shared.
Since in the 8T(4� 5) structure even more five-rings are shared,
the spectra become more distinct from the reference single five-
ring spectra. For the span(qc,2,qs,2) mode, the spectra show a
remarkable resemblance in all structures. Another issue concerns

Figure 10. INS spectra of the projection of the atomic velocities on the basis of all O-Si IC’s (green curve) and on the orthogonal complement of these
IC’s (blue curve).
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the way spectra are affected by connecting rings of different sizes.
We compare in Figure 12 the INS spectra generated by connect-
ing a five-membered ring with, respectively, a four- and a six-

membered ring. Other spectra belonging to connected rings are
shown in the Supporting Information. A common feature is the
observation that when an n2-ring is attached to a basis n1-ring

Figure 11. INS spectra belonging to atomic velocities projected on the circulant symmetric qss IC’s for connected five-rings. Green curve: standard
deviation.
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(n1 = 4-6), the peaks of the qc,0 and span(qc,1,qs,1) mode of the
basis n1-ring seem to split up. One can distinguish between
symmetrical (n1 = n2, e.g., five-ring attached to five-ring) and
antisymmetrical splitting (n1 6¼ n2, e.g., four-ring attached to five-
ring). These effects are a logical result from the fact that the peaks
of the modes of the n1- and n2-rings occur at the same frequency.
When the two rings are attached, a resonance effect arises which
causes one peak to turn into two floating modes: one peak with a
slightly higher and one peak with a slightly lower wavenumber
around the resonance frequency. When n1 = n2 the peaks show
more or less the same amplitude, when n1 6¼n2 the difference in
amplitude is much larger. Therefore it is useful to introduce the
nomenclature of symmetrical and antisymmetrical splitting. An
example is the 7T(2 � 5): the 553 and 887 cm-1 peaks of the
five-ring split into 539, 602, 876, and 907 cm-1, respectively. Just
as in the case of connecting five-rings, the span(qc,2,qs,2) mode
remains the same.
The qc,0 breathing mode is the most sensitive to connectivity

differences. When more rings are attached to the elementary
n1-rings, it is obvious that more peaks appear, since the ring
systems cannot be regarded as independent systems anymore
and mixing of modes occurs which results in extra peaks. This
coupling gives rise to a splitting of the original peaks or the
emerging of additional peaks. The qc,0 mode is themost collective

mode because the breathing mode is determined by stretches
which are not in an immediate antiphase (see Figure 5), giving
this mode a more global character. The eigenmode of the
span(qc,2,qs,2) IC on the other hand is the most local mode, as
the successive stretches move in antiphase with each other
(Figure 5). The topology dependence here is minimal.
It is important to note that the qc,0 breathing mode is not affected

by the size of the ring (see subsection “Circulant Symmetric IC’s”),
but is affected by the particular way in which it is connected to other
rings.

’CONCLUSION AND PERSPECTIVES

In this paper we have used the velocity projection method to
assign (parts of) spectral peaks in zeolite vibrational spectra to
particular changes in IC’s. The focuswas on essential zeolite building
units, which can be assumed to play important roles during initial
states of zeolite formation and during zeolite growth in general. The
analysis of vibrational spectra can be a very useful tool in under-
standing the process, as the spectral behavior of eigenmodes of IC’s
can vary with different molecular systems. MD can then be used to
simulate various structures which are key components during zeolite
growth. The atomic velocities obtained from these MD runs can
then be projected on a well chosen set of IC’s.

Figure 12. INS spectra belonging to atomic velocities projected on the circulant symmetric qc,0, span(qc,1,qs,1) and span(qc,2,qs,2) IC’s for the five-ring
connected with, respectively, a four-, five-, and six-ring.
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Here, we focused on stretches, linear combinations of them, and
eigenvectors of the circulant matrix as IC’s. The circulant matrix was
proposed as a model for the Hessian of ring molecular structures.

We found that the spectra of the terminal O-Si and the
antisymmetric internal O-Si IC’s were not influenced by the
topology and by the size of the considered rings; the spectra of
the elementary four,five-, and six-ring are the same. In addition,
when other rings are attached to these basic n-rings, the same
conclusions can be drawn.

When the atomic velocities are projected on the symmetric
O-Si IC’s, the resulting spectra differ for the four-,five-, and six-
ring. The spectral shifts of the spectra of IC qc,0 are tiny, while
those corresponding with span(qc,m,qs,m) are rather substantial.
The same trend can be observed in connected ring systems. We
should, however, be very careful in drawing conclusions, as it is
unclear what the role is of the force field in this specific field. It is
recommended to refer to the spectra of the elementary rings
when investigating the effect of connecting multiple n-rings. The
most important conclusions are that the qc,0 IC is the most
sensitive mode to changes in molecular topology. It is the most
global mode. We associate it to the breathing mode as it is
determined by adjacent stretches which are not in antiphase. All
the peaks occurring in the projected velocity qc,0 power spectra
are retrieved in power spectra belonging to other internal
coordinates defining the ring-opening vibration.

About the connectivity we found that the size of the added n-
rings does not play a crucial role; it is rather the way in which
these rings are connected to each other that is the origin of the
observed spectral changes.

When one projects the atomic velocities on the orthogonal
complement of all stretch IC’s present in a molecular structure, we
found that the contribution of the stretch modes to the spectra is
spectrally well separated from other contributions, like bending
and dihedral angles. This confirms that the spectral region inwhich
we are interested for zeolite synthesis can be almost completely
resolved by considering changes in stretch modes.

In an attempt to decompose the spectra of the symmetric IC’s
further we introduced the circulant matrix as a model for the
Hessian of the considered ring systems. If we want to extend the
applications to systems which are not restricted to a ring structure,
another more general approach is desired. A first incentive for this
has already been found by linking the displacement (small motions)
in IC’s with the displacement (small motions) in Cartesian co-
ordinates.We represent the displacement of the IC’s by the 3N� K
matrix Jik (N is the number of atoms, K is number of IC’s) and the
Cartesian displacement by the 3N� 3N matrix Eiλ. The Cartesian
eigenmodes can then be expanded in a redundant set of internal
coordinates (they are not orthogonal) with Rkλ being the matrix
which holds the expansion coefficients:

XK
k¼ 1

JikRkλ ¼ Eiλ ð27Þ

Here λ is a counter for the number of eigenmodes. The
coefficients of the matrix Rkλ can then be used as coefficients
for projecting the atomic velocities on the considered internal
coordinates. The Cartesian eigenmodes Eiλ can only be obtained
if the Hessian of the potential energy function is diagonalized,
thus the mass-weighted normal mode eigenvalue equation has to
be solved. To obtain the Hessian, a specified energy function V
has to be provided. First results of this method were obtained, but
it is still a work in progress.

’APPENDIX

Eigenvalues and the kth component of the normalized
eigenvectors. Wewill show that component k of eigenvectorm
has the following form:

V ðmÞ
k ¼ exp

2πimk
n

� �
ð28Þ

It is easy to see that the set of n orthogonal vectors V(m) with
components of the form of eq 28, are eigenvectors of C. The
product of C with V(m) can be written asX

k

CjkV
ðmÞ
k ¼

X
k

cðj - kÞ exp
2πimk
n

� �

¼
X
k0

cðk0Þ exp
2πimðj- k0Þ

n

� �

¼
X
k0

cðk0Þ exp
-2πimk0

n

� �" #
exp

2πimj
n

� �

¼ λðmÞV ðmÞ
j

ð29Þ
where the dummy summation index kwas changed to k0 = (j- k)
mod n. It is clear that V(m) is indeed eigenvectors of the
symmetric circulant matrix C.
The eigenvalues are real and can straightforwardly be rewritten as

λðmÞ ¼
X
k

cðkÞ exp
-2πimk

n

� �

¼
X
k

1
2
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n
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X
k

cðkÞ
1
2
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k

cðkÞ cos
2πmk
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¼ λð - mÞ ð30Þ
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An efficient protocol is presented to compensate for the basis set superposition error (BSSE) in DFT
molecular dynamics (MD) simulations using localized Gaussian basis sets. We propose a classical
correction term that can be added a posteriori to account for BSSE. It is tested to what extension this
term will improve radial distribution functions (RDFs). The proposed term is pairwise between cer-
tain atoms in different molecules and was calibrated by fitting reference BSSE data points computed
with the counterpoise method. It is verified that the proposed exponential decaying functional form
of the model is valid. This work focuses on hydrogen-bonded liquids, i.e., methanol, and more spe-
cific on the intermolecular hydrogen bond, but in principle the method is generally applicable on any
type of interaction where BSSE is significant. We evaluated the relative importance of the Grimme-
dispersion versus BSSE and found that they are of the same order of magnitude, but with an opposite
sign. Upon introduction of the correction, the relevant RDFs, obtained from MD, have amplitudes
equal to experiment. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4749929]

I. INTRODUCTION

A radial distribution function (RDF) is the elementary
tool used to extract the structural information from computer
simulations of molecular liquids.1 The RDF g(r) of a fluid de-
scribes how the liquid density varies as a function of the dis-
tance from a reference molecule. It reflects the correlations
in the distribution of the molecules of the fluid arising from
the forces they exert on each other. The RDF is a measure for
the probability to find an atom pair separated by a distance
r, relative to the probability one would expect for a uniform
distribution at the same density.

In this work the RDFs of liquids are studied with the
help of molecular dynamics (MD) simulations, based on den-
sity functional theory (DFT).2, 3 We focus on a specific cate-
gory of molecules which interact with each other by means
of weak covalent interactions. A well-known example of
this type of bonding is the hydrogen bond, which occurs
in, e.g., water, methanol or ethanol. In this study, we con-
centrate on methanol in its liquid form. Methanol is widely
used in chemical industry, as a solvent or fuel. It is the
smallest alcohol consisting of a hydrogen-bonding hydroxyl
group and a hydrophobic methyl group. The characteristic al-
cohol group allows methanol to form hydrogen bonds that
dominate the structural and dynamical behavior of the liq-
uid phase. Because of the hydrogen bonding, the O–H bonds
are elongated4, 5 in the liquid phase with respect to the gas
phase.4, 6, 7

The liquid phase of methanol is extensively studied. The
RDFs of methanol have been determined experimentally8–11

and have been computed by means of full ab initio MD,5, 12–15

mixed empirical and ab initio interactions,16, 17 and force-

a)Electronic mail: veronique.vanspeybroeck@ugent.be.

fields.18–26 Often, the first intermolecular peak in the RDF
of methanol as well of water is overestimated compared to
experiment.12, 13, 15–17, 23–25, 27–30 The search for plausible ex-
planations of this quasi-systematic overestimation forms the
onset of a long debate, but until now it is not yet unraveled
and what suits for one particular case does not suit for an-
other case. When computing RDFs from molecular simula-
tions based on first principles (e.g., DFT), several parameters
may affect the final result: system-size effects,13, 29, 31 basis
set superposition error (BSSE), dispersion interaction, differ-
ences in exchange-correlation functional,31–33 differences in
basis sets,31 nuclear quantum effects, etc. Unfortunately, it is
not yet clear what the net impact really is from each ingre-
dient on the RDF, and in most cases the corrections work in
opposite sense. It means that there is some compensation ef-
fect: if we correct the RDF for one missing ingredient, it can
be canceled by another. This implies that one should be very
careful when correcting for one specific item. It can happen
that the final result could be worse and thus it is very impor-
tant to get detailed insight into the various factors contributing
to the overall result of the RDF.

(i) Nuclear quantum effects in liquid water are com-
monly investigated by methods based on Feynman’s
path-integral molecular dynamics simulations to cal-
culate finite-temperature equilibrium properties. It is
well known that quantum effects become more sig-
nificant in the intramolecular region. Quantum statis-
tical mechanical simulations are able to reproduce a
quantitative agreement with experiment for the heights
and broadening of the intramolecular O–H and H–H
peaks in liquid water.34 A general feature is that nuclear
quantum effects make the structure of the liquid wa-
ter softer.35–40 One notices a broadening and lowering

0021-9606/2012/137(10)/104506/11/$30.00 © 2012 American Institute of Physics137, 104506-1
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of the RDF compared to the distribution generated
from classical molecular dynamics simulations.34, 41–43

An alternative is the Car-Parrinello molecular dynamics
method,44 which is based on the description of the in-
termolecular interactions at the density functional level
of theory. The success of CMPD simulations in water
depends how accurate the density based functional de-
scribes the Born-Oppenheimer potential energy surface
for the description of the hydrogen bond.28

(ii) The choice of the exchange-correlation functional does
affect the density of the liquid and the radial distri-
bution function. There is a tendency that BLYP pro-
duces weaker hydrogen bonds (underbinding) than PBE
(overbinding).27 The global performance of a specific
functional cannot be assessed without taking into ac-
count the dispersion interaction. Therefore, a quan-
tification of each effect separately is recommended
to better understand the global atomic and molecular
interactions.

(iii) Dispersion interactions are indispensable to predict cor-
rect densities and RDFs, but many models exist to de-
scribe them and it is not always clear what impact these
differences have on the RDFs. Most models work with
empirical pairwise interatomic potentials of the C 6R−6

form with damping terms, which can differ from model
to model.45–48 In DFT-D3 of Grimme47 the empiricism
of the model has been largely removed by fitting as
much as possible on first principles derived properties.
In addition eight-order terms have been added, as well
as a three-body correction. In general, more and more
molecular dispersion interactions have been proposed
in the literature determined from ab initio electronic
structure calculations and in this way largely reduc-
ing the empirical input.49, 50 Their overall effect is that
they push the density in the correct direction, but—
depending on the individual cases—the RDFs remain
overstructured.

This work focuses on the role of BSSE on the RDFs.
Most of the published work on this item focused on the impact
of dispersion on the radial distribution functions, and as al-
ready reported they represent a significant step toward exper-
imental agreement,27, 28 although some discrepancies remain.
As most of the simulations have been applied to liquid water,
one should be very careful to extrapolate their conclusions to
methanol. A combined study of the RDFs in methanol taking
into account the two main effects influencing the interatomic
potential: BSSE + dispersion, is indispensable in the attempt
to reproduce correctly the RDF of methanol.

The BSSE results from the approximation of using a lim-
ited number of localized basis functions to describe atomic
and molecular orbitals. When two molecules are far apart,
they can only use their own basis functions. But when they
approach each other, they may lower their energy by us-
ing each other’s basis functions. This causes an artificial
strengthening of the intermolecular interactions and artificial
shortening of intermolecular distances due to the overlap be-
tween basis functions. The effect is more pronounced for
smaller basis sets. Note that BSSE does not occur with plane

wave basis sets as they are not associated with any particular
atom.

The BSSE is especially prominent in systems with inter-
molecular hydrogen-bonds,51–57 and is thus expected to in-
fluence the RDF of methanol. It has been shown that the
calculation of the BSSE corrections can change their poten-
tial energy curves and surfaces,58–62 and can alter the bond
distances.58, 60, 61, 63, 64 It is well known that BSSE can be a
significant fraction of the binding energy of the water dimer,
which could affect liquid simulations.31 Simon et al. analyze
the effect of BSSE on the geometries and vibrational frequen-
cies of 15 H-bonded systems at the B3LYP and MP2 levels of
theory, using the 6-31++G(d,p) basis set.53 It is shown that
the intermolecular H-bond distance increases when correct-
ing for BSSE, whereas the intermolecular H-bond stretching
frequency decreases, and that the observed changes depend
on the level of theory. The effect of BSSE on structural and
dynamical properties of the liquid has not been investigated
previously. In fact, there is little information available con-
cerning the performance of a Gaussian basis set in the context
of MD simulations of liquids. So the influence of BSSE on
RDFs remains an open question.

New in the model—presented in this work—is the pro-
posal of a systematic correction of the BSSE with a param-
eterized classical force-field energy term. The parameters are
fitted by calculating the BSSE error for a series of fluid config-
urations. These configurations have been created by ab initio
MD simulations. Finally, MD simulations are performed in-
cluding the BSSE correction and dispersion. The RDFs com-
puted from MD runs are compared with the experiment before
and after the corrections, and it is assessed to what extent the
correspondence with experiment due to these corrections has
improved. This geometrical approach to account for BSSE is
supported by a very recent paper by Kruse65 where a semi-
empirical correction is introduced, constructed from overlap
integrals over Slater functions and which employs computed
measures for the incompleteness of the basis set.

In Sec. II, the technical details of the quantum MD simu-
lations and the computational methodology to calculate the
RDF and BSSE are given. Section III introduces the new
BSSE correction model, i.e., its mathematical form and the
calibration of the parameters. Section IV presents the results,
which are further discussed in Sec. V. In Sec. VI the most
relevant conclusions—in view of future work—are drawn.

II. COMPUTATIONAL DETAILS

A. Ab initio MD

In this work, all molecular dynamics calculations were
performed with the CP2K code.66 For the ab initio MD,
the Quickstep module of CP2K67 was used, employing the
hybrid Gaussian and plane-wave (GPW) density functional
method with a BLYP gradient-corrected functional.68, 69 The
dual GPW basis set consisted of a triple zeta TZVP Gaus-
sian type orbital basis for the real space representation and
an auxiliary plane wave basis expanded to a 400 Ry cut-
off to compute the long-range periodic electrostatic inter-
actions in the reciprocal space.70 The core electron states
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are represented by the norm conserving Goedecker-Teter-
Hutter (GTH) pseudopotential.31, 71, 72 The BLYP functional
was chosen because of its good description of the structure
and dynamics of water32 where hydrogen bonds are, as in liq-
uid methanol, the dominant interactions. Furthermore, it has
been shown that the BLYP functional gives a proper descrip-
tion of solvation of methanol in water.73

For the ab initio MD simulations that include the correc-
tion for the BSSE with the force-field energy terms, we used
term FIST, the molecular mechanics (MM) module of CP2K.
Periodic boundary conditions were employed using the min-
imum image convention. At each timestep the total energy is
computed as the sum of the ab initio energy and the energy
calculated by the classical correction term.

Standard DFT approaches do not account for disper-
sion interactions.74, 75 Dispersion is a long-range van der
Waals interaction between electron clouds arising from in-
stantaneous transition dipoles. These dispersion interactions
are a quantum-mechanical electron correlation effect that is
completely absent when considering classical charge dis-
tributions. To test the effects of dispersion on the fluid
structure of methanol, we also performed MD simulations
with dispersion-corrected DFT using the DFT-D3 scheme of
Grimme for the BLYP functional.45–47, 76 The combination of
the two corrections for the BSSE and dispersion then pro-
vides us four different potential energy surfaces: no correc-
tions (DFT), corrected for BSSE with the counterpoise (CP)
correction (DFT + CP) as explained in Sec. II C, corrected
for dispersion (DFT-D3), corrected for BSSE and dispersion
(DFT-D3 + CP).

Liquid methanol at room temperature was modeled in
a periodic cubic simulation cell containing 129 methanol
molecules. The simulation cell size, 20.58 Å, was chosen to
correspond with the experimental density of 0.787 kg/m3. Af-
ter equilibration, the MD runs lasted 8.4 ps at a temperature
of 300 K with a Nosé thermostat in the canonical (NVT)
ensemble.77 The Verlet integrator was used with an integra-
tion time step of 1 fs.

B. The radial distribution function

The radial distribution function is defined as

g(r) = dn(r)

dn0(r)
(1)

and represents the number of particle pairs dn(r) in the spher-
ical shell with radius r and r + dr, with r the interparticle
distance (relative coordinate), relative to the number of par-
ticle pairs dn0(r), obtained in an uncorrelated ideal gas. With
ρ0 as the density of particles in the ideal gas case, dn0(r) may
be expressed as ρ04πr2dr.

In practice, the space around a given atom is discretized
in concentric spherical shells with width δr. The number of
atoms ni in each shell with finite volume δVshell,i is counted,

δVshell,i = 4

3
π (ri + δr)3 − 4

3
πr3

i � 4πr2
i δr. (2)

A histogram of the ni values is built during the MD run and
g(ri) is approximated as ni/ρ04πr2

i δr .

C. Counterpoise correction

In this section we describe a method to correct for BSSE
in computations with localized basis sets that are centered at
the nuclei. Atom-centered basis sets have a number of advan-
tages. The most important one is that with relatively few basis
functions one is able to describe the molecular orbitals to high
accuracy. Such basis sets cannot be systematically enlarged in
a simple way and the severity of the problem is proportional
to the incompleteness of the basis sets.

From the suggested methods to correct for BSSE,78–83

the most widely used approach is the counterpoise method
of Boys and Bernardi.83 The uncorrected interaction energy
of a complex AB can be defined as

�Eint (AB) = EAB(AB) − EA(A) − EB(B), (3)

where the superscripts denote the basis used and the symbol
in parentheses denotes the chemical system considered. Boys
and Bernardi suggested to correct Eq. (3) by estimating the
amount of artificial stabilization for monomer A as the energy
shift caused by a change of basis A → AB,

EBSSE(A) = EAB(A) − EA(A), (4)

and similarly for monomer B. To evaluate the energy of
monomer A in the AB basis, one places all the basis functions
of monomer B on the atomic centers of monomer B while
omitting the electrons and the nuclear charges of monomer B.
The B-basis in the EAB computation and the A-basis in the
EAB are called ghost atoms. The energy of monomer A in the
AB basis is lower than the energy of monomer A in the A-
basis (EBSSE(A) < 0). The CP-correction is then defined as

�ECP = EA(A) + EB(B) − EAB(A) − EAB(B). (5)

When the estimated errors EBSSE(A) and EBSSE(B) are
subtracted from the uncorrected interaction energy, we obtain
the counterpoise-corrected interaction energy,

�ECP
int (AB) = EAB(AB) − EAB(A) − EAB(B). (6)

In this derivation we have assumed that the geometries
of monomers A and B do not change as they approach each
other and form the bimolecular complex.

The CP-computations are carried out on pairs of
methanol molecules. These pairs are selected from snapshots
created during the MD run. For the CP-computations the same
specifications (CP2K software package, basis set, electronic
structure method, etc.) were used as those of the MD simula-
tions of the methanol fluid. To accelerate convergence in the
CP-computations of the pairs, the box size is decreased from
20.58 Å (in the MD run) to 10.0 Å.

III. DERIVATION OF THE CP FORCE-FIELD
CORRECTION MODEL

A. Model

For the CP force field correction term, we consider a pair-
wise model between certain atoms in two different molecules.
Because the BSSE converges by definition to zero at large dis-
tances, an exponential decaying model is proposed. The elec-
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tron density of a molecule in vacuum exhibits an exponential
decay. BSSE follows the same trend as the overlap of the elec-
tron density of two molecules and also decays exponentially.
The goal of the correction term is to account for the artificial
BSSE-stabilization, which may be responsible for the overes-
timation of the first intermolecular peak of the RDF. There-
fore, the CP-model has to be repulsive.

We consider an intermolecular pairwise CP-correction
model. To reduce the number of parameters, atom types are
introduced. With each pair of atom types t, a unique set of
parameters (At, Bt) is associated,

�Emod
CP =

N−1∑

μ = 1

N∑

ν = μ + 1

∑

i ε Mν

j ε Mμ

At(ij ) exp(−Bt(ij )rij ), (7)

where rij is the distance between the atoms i and j, Mν is a set
of atomic indices of molecule ν, μ and ν are molecule indexes
and N is the total number of molecules. An example of an in-
termolecular pair of atom types t is the pair O–Hm, consisting
of the methyl hydrogen of monomer 1 (methanol molecule 1)
and the oxygen of monomer 2 (methanol molecule 2). For
liquid methanol, Mν = 6 ∀ ν, and N = 129 in our MD
simulations.

The model is not to be confused with the functional form
as it was introduced by Feller84 to extrapolate energies, as
well as properties, to the complete basis set (CBS) limit.85–88

In this work, the parameters of the proposed model (i.e., At(ij)

and Bt(ij)) are fitted to reference data, which will be further ex-
plained below, and validated by comparing calculated RDFs
with experiment.

B. Parameter calibration

To calibrate the parameters of the model (Eq. (7)), refer-
ence data are needed. These training data are obtained from
molecular dynamics simulations. A snapshot of the fluid is se-
lected every 400 steps (=400 fs) of the MD simulation (with
dispersion, without CP-correction), corresponding to a time τ

greater than the velocity auto-correlation time of the centers
of mass (COMs) of the molecules to ensure statistically in-
dependent samples. The correlation time was computed with
the MD-TRACKS program89, 90 and amounted to 86 fs. In this
way, 21 frames of the MD simulation are selected. At each
snapshot, the distances between the COMs of every possible
pair of two methanol molecules are computed. The pairs of
molecules for which this distance is smaller than 4 Å, are se-
lected for the computation of reference data. Following this
procedure, a total number of 3850 pairs are obtained. We
then calculate the CP-correction for each of these pairs with
Eq. (5).

The parameters (At(ij), Bt(ij)) are estimated from the train-
ing data set of CP-computations. Several fitting procedures,
linear and nonlinear, have been considered. After careful con-
sideration, however, only the nonlinear optimized parameters
are retained. For this nonlinear fit, the in-house developed
software package FFit291 is used. FFit2 is a Python library for
the calibration of force-field parameters based on electronic
structure computations. Specifically, we make use of the sub-

FIG. 1. Labels of the methanol atoms (C,O,Hm,Ht) and the most relevant
intermolecular O–H pairs.

module MFit2, which can be used to combine several types of
calibration schemes for valence force fields.

In this work, the parameters are optimized with a nonlin-
ear least-squares fitting procedure based on the Levenberg-
Marquardt algorithm.92, 93 The Levenberg-Marquardt algo-
rithm is an iterative technique for the minimization of a
multivariate function that is expressed as the sum of squares
of nonlinear real-valued functions.

Once calibrated parameters (At(ij), Bt(ij)) are obtained, a
new MD simulation is performed with the Quickstep and
FIST modules of CP2K. The energy in the MD run is com-
puted as the DFT-energy (Quickstep) plus the counterpoise
force-field term (FIST).

IV. RESULTS

In this section, the intermolecular RDFs computed from
MD runs with and without CP-correction are presented. The
relevant RDFs between oxygen and the different types of hy-
drogen as well the intermolecular hydrogen radial distribu-
tions, are discussed in the main paper; all other RDFs are
given in the supplementary material.97

Figure 1 clarifies the atom types of the methanol
molecules as used in this paper. We distinguish between the
hydroxyl hydrogen (Ht) and the methyl hydrogen (Hm), as
they are situated in different chemical environments. We in-
troduce two distances which depend on the intermolecular ge-
ometry: O–Ht

short (the shortest intermolecular O–Ht distance
between two methanol dimers) and O–Ht

long (the longest in-
termolecular O–Ht distance).

A. RDFs without correction

The RDFs are first computed without correcting for
BSSE. Figure 2 shows the results for MD runs with and with-
out dispersion correction. Inspection of Fig. 2 reveals that
(i) the peaks of the O–Ht and the Ht–Ht RDF are too high
compared to experiment, (ii) the first peaks are positioned
at too large distances, and that (iii) the radial distribution is
slightly overstructured. The inclusion of dispersion does not
improve the correspondence with experiment. The absolute
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O-Ht O-Hm

H-Ht t
H -Ht m

FIG. 2. Radial distribution functions for oxygen-hydrogen and hydrogen-hydrogen with BLYP and BLYP-D3. Experimental curves from Yamaguchi et al.8, 9

and relative characteristic differences in RDFs are numeri-
cally reported in Table I.

As can be seen from Fig. 2, the intermolecular peaks of
the RDFs involving the hydroxyl hydrogen Ht are overesti-
mated, while those with the methyl hydrogen Hm are not.
This immediately suggests that a distinction between Ht and
Hm should be made when the parameters (At, Bt) of the CP-
correction model are fitted.

The deficiency encountered in the position of the first
peak, in particular, in the O–Ht RDF, will be discussed later.

B. Energy scan of two methanol monomers

To gain more insight in the pairwise interatomic inter-
action and to disentangle the contributions of dispersion and

TABLE I. Amplitudes of the first peak of the RDFs for O–Ht and Ht–Ht and
the relative error compared to experiment.8, 9

Expt. DFT �DFT (%) DFT-D3 �DFT-D3 (%)

O–Ht 2.50 2.97 15.7 2.85 12.1
Ht–Ht 2.52 2.99 15.8 2.87 12.2
O–Hm 1.29 1.30 0.7 1.27 1.4
Ht–Hm 1.06 1.09 2.9 1.09 2.7

BSSE on the total interaction energy, an energy scan is per-
formed of a complex, consisting of two methanol monomers,
as a function of the intermolecular separation O–Ht

short dis-
tance to construct the potential energy surface (PES). First,
the geometry of the two methanol molecules is optimized in
the gas phase with CP2K, to form a stable dimer at a hydro-
gen bond distance of about 1.9 Å. Next, the O–Ht

short distance
is gradually varied with a constrained geometry optimization
with a step size of 0.1 Å ranging from 0.6 Å to 4.5 Å to ob-
tain the energy scan in Fig. 3. The residual fluctuations that
are visible in the curves are due to the well known egg-box
effect.94–96 The same computational settings are used for the
scan as for the MD runs (Sec. II A) for consistency. This en-
ergy scan has been performed in four cases: with and with-
out dispersion and with and without CP correction. The goal
of this scan is threefold: (i) to study the interaction between
two methanol molecules in more detail, (ii) to validate the
proposed exponential model for the BSSE, (iii) to assess the
relative importance of BSSE versus dispersion interaction. In
Fig. 3 the total energy of the dimer EAB is plotted against the
O–Ht

short distance. All energies are relative with respect to the
DFT binding energy of two isolated methanol monomers.

Inclusion of the D3 dispersion correction causes a slight
shift to a smaller equilibrium distance. In contrast, BSSE, by
means of the CP-correction term, creates the opposite effect
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FIG. 3. Scan of a complex formed by two methanol monomers as a function
of the separation distance O–Ht

short. All calculations are performed in gas
phase with CP2K and with BLYP as functional.

on the equilibrium distance, but makes the potential some
3 kJ/mol less attractive. To get more insight into the relative
importance of the CP correction terms versus the total disper-
sion energy of the dimer, both energy contributions are plot-
ted in Fig. 4. Since the optimized energy for both monomers
is not subtracted, the dispersion curve converges to a value
of 2 × Emon

disp = −7.53 kJ/mol, where Emon
disp is the dispersion

energy of one optimized monomer. The CP-correction curve
converges to zero at a O–Ht

short distance of 7.2 Å.97

Some interesting conclusions can be drawn: (i) the shapes
of the CP-curves support the exponential model for the CP-
correction, (ii) the dispersion correction is of the same order
of magnitude as the BSSE, but with an opposite sign, (iii) in
principle, the exponential trend as observed in Fig. 4 can be
used for fitting the (AO−Hshort

t
, BO−Hshort

t
) parameters in Eq. (7).

However, many plots as in Fig. 4 can be constructed. One

FIG. 4. CP-correction and dispersion energies derived from the EDFT+CP
and EDFT+D3 scans, respectively, in function of the interatomic O–Ht

short

distance.

could easily introduce many other intermolecular distances
(such as O–Ht

long, O–Hm
short, etc.) and construct a potential

energy scan following the same procedure as done in Fig. 4.
Hence, for each pair of atom type t, one could construct a
different set of (At, Bt) parameters. There is no reason why
a particular parameter set is preferable to another. Moreover,
there exist multiple dimer configurations with different spatial
orientations of the methanol molecules and several paths to
separate the two molecules from each other in the constrained
geometry optimization. In the scans, performed in this work,
only one single path is taken into consideration. It is obvi-
ous that this does not lead to a systematic way to derive the
parameters. To remedy these shortcomings of the individual
potential energy scans, it should be better to set up a fitting
procedure that utilizes data from MD, allowing many possi-
ble orientations. This latter procedure provides a more statis-
tically averaged result.

C. CP correction as a function of various
O–H distances

In order to set up a fitting protocol which is based
on MD, we make use of the data set of 3850 pairs of
methanol molecules, obtained as described in Sec. III B.
Figure 5 displays the logarithmic plot of the CP-energies as
a function of the three O–H distances: O–Ht

short, O–Ht
long,

and O–Hm
short as defined in Fig. 1. For each specific pair of

atom types t, we can construct an approximate model for the
CP-correction,

ln (�ECP(μ, ν)) ≈ −Bt(ij )rij + ln At(ij )

∀μ �= ν; i ε Mν, j ε Mμ. (8)

Equation (8) is a special case of the general model expressed
in Eq. (7): only one molecular pair is present and only one
kind of interaction is considered. A straight line can be
fitted to the logarithmic plots in Fig. 5. With each linear
fit, the corresponding Pearson R2-value can be evaluated as
a measure of correlation between the CP-energies and the
oxygen-hydrogen distances. It is also clear that it is worth
to distinguish between the two kinds of O–Ht distances.
The two fits are denoted by FIT/O–Ht

short and FIT/O–Ht
long

and the parameters AO−Ht and BO−Ht are listed in Table II.
On the contrary no linear correlation between ln �ECP and
O–Hm distances could be found (Fig. 5(c)). Therefore, this
specific interaction is left out of the final fitting procedure.
So finally we are going to take two terms into consideration
to determine the parameters for the CP-correction model. It
is emphasized that in Eq. (8) only one atom pair per dimer
is considered to gain insight and cannot be used to correct
MD-data as it would be impossible to run a proper simulation
with a term that includes only one kind of interaction (i.e.,

TABLE II. At,Bt parameters methanol by fitting CP-energies.

Method Interaction At (kJ/mol ) Bt (1/Å) R2

FIT/O–Ht
short O–Ht

short 4.96 0.323 0.857
FIT/O–Ht

long O–Ht
long 11.50 0.450 0.737

Downloaded 08 Oct 2013 to 157.193.118.124. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



84 Paper II

104506-7 Van Houteghem et al. J. Chem. Phys. 137, 104506 (2012)

(a) (b)

(c)

FIG. 5. CP-corrected energies as a function of various O–H distances based on geometries generated from MD: O–Ht
short, O–Ht

long, and O–Hm
short.

O–Ht
short or O–Ht

long). As soon as the two O–H distances for
a given pair interchange (short becomes long and vice versa)
due to fluctuations on the distances, a discontinuity would
appear in the forces. Such events are unphysical and violate
energy conservation. For this reason, the linear fits in Fig. 5
are only indicative for the remainder of the analysis.

D. Final protocol for the determination of the
CP-correction for the O–Ht interaction

In Sec. IV C, different parameter sets were determined
for the pairs O–Ht

short and O–Ht
long, which provided useful

insights in the correlation of these pair distances with the CP
correction. However, the distinction between O–Ht

short and
O–Ht

long is not compatible with Eq. (7) because Ht
short and

Ht
long are not valid atom types. The distinction between long

and short depends on the geometry of the pair, which may in-
terchange during an MD simulation. In order to avoid discon-
tinuities in the inter-molecular forces, the parameters for both
O–Ht

short and O–Ht
long pairs must be identical. In line with

Eq. (7), the CP model energy for a single pair of methanol

molecules μ and ν (only considering the O–Ht terms)
becomes

�Emod
CP (μ, ν) = AO−Ht exp

( − BO−HtrO−Hshort
t

)

+AO−Ht exp
( − BO−HtrO−Hlong

t

)
. (9)

The parameters AO−Ht and BO−Ht are no longer determined
by a linear fitting procedure due to the appearance of a non-
linear term in the expression of ln{Emod

CP (μ, ν)}. We apply
an in-house developed fitting procedure FFit291 (Sec. III B).
The results are shown in Table III and are deduced from the
DFT-D3 MD data set. As initial values for the parameters we
have taken A = 1 kJ/mol and B = 1 Å−1 which are reasonable
initial values.

TABLE III. AO−Ht and BO−Ht parameters methanol determined with FFit2
based on DFT-D3 MD.

Optimized value
Method Interaction

A (kJ/mol ) B (Å−1)

CP/O–Ht O–Ht 4.47 0.453
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FIG. 6. Comparison RDFs methanol: DFT-D3, CP/O–Ht, and experiment.

E. RDFs with correction

Figure 6 presents the CP-corrected RDFs computed from
a MD run following the new CP-protocol and taking into ac-
count DFT-D3 dispersion corrections. The DFT-D3 RDF is
shown as reference. The inclusion of BSSE according to our
CP-model significantly improves the reproduction of the ex-
perimental peak for O–Ht and Ht–Ht. The amplitudes are tab-
ulated in Table IV. As expected, the Ht–Hm and the O–Hm

RDFs are not affected by adding the extra BSSE model term
since the interactions with the Hm atoms were left out of the
calibration procedure.

V. DISCUSSION

A first conclusion from the energy scan of the two
methanol monomers (Figs. 3 and 4) is that the BSSE and dis-

TABLE IV. Amplitudes of the first peak of the RDFs for O–Ht and Ht–Ht

and the relative error compared to experiment.

Expt. DFT-D3 �DFT-D3 (%) CP/O–Ht �CP/O−Ht (%)

O–Ht 2.50 2.85 12.1 2.49 0.4
Ht–Ht 2.52 2.87 12.2 2.54 1.0

persion interaction are almost equal in strength but opposite
in sign. Dispersion is attractive and converges very slowly at
large distances. At an O–Ht distance of 4.5 Å the dispersion
energy still accounts for −11 kJ/mol and the slow increase
of the dispersion curve (Fig. 4) demonstrates manifestly its
long-range behavior. The CP-energy correction is repulsive
and compensates partially the dispersion at short distances.
The strongest effects of BSSE are noticed at distances shorter
then 2.5 Å, and rapidly decays exponentially to about 1 kJ/mol
at intermediate distances (3–3.5 Å), the structure of the RDFs
at intermediate and long-range will be mainly determined by
the dispersion. This is confirmed by the various RDF curves
displayed in Figs. 2 and 6.

The most pronounced effect is the ability of the CP model
to reduce the amplitude of the first peak to values which
are comparable to experimental predictions (Table IV). In
this perspective, it is instructive to compare our results with
similar molecular dynamics simulations in the literature, al-
though the influence of BSSE on RDFs has not been inves-
tigated in all these works. Special attention goes to the work
of Schmidt et al. where DFT MD simulations have been car-
ried out for water in near-ambient conditions with almost the
same specifications as in our work, but within an isobaric-
isothermal ensemble (NPT).27 The authors used two function-
als BLYP and PBE and reported some functional dependence
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in the position of the first peak of the oxygen-oxygen RDF
in water. BLYP overestimates the position by about 0.1 Å to-
ward larger values due to the tendency of BLYP to produce
weaker hydrogen bonds (underbinding) than that predicted
by the PBE functional (overbinding). In turn, the height for
the first oxygen-oxygen peak is significantly larger for PBE.
Inclusion of dispersion following the correction proposed by
Grimme,45 gives a substantial improvement in the RDF but
this is not exactly what we observe in methanol. Different
Grimme corrections are used in both works, which troubles
the comparison. Schmidt et al. makes use of DFT-D (D1 and
D2) corrections described by damped interatomic potentials
of the form C6R−6, while in this work the more recent DFT-
D3 corrections were used. We expect that differences in the
D-correction will affect the height and position of the first
RDF peak. For the convenience of the reader the most rele-
vant interatomic potentials are included in the supplementary
material for the three Grimme parameterizations D1, D2, and
D3. We concentrate on the O–H interatomic potential97 as we
could expect that it affects the O–Ht RDF. Minima of this dis-
persion term are observed around 2.5 Å with an interaction
energy of the order of −0.7 kJ/mol for D1 and D3. These
features are too moderate to have a significant impact on the
RDF. One notices a slight increase of the O–H radial distri-
bution curves—DFT compared with DFT-D3—in the range
around 2.5 Å, which is counterintuitive given the attractive na-
ture of the dispersion potential. In the region of the first peak,
the dispersion correction to the interatomic O–H potential is
small and, as one could expect, its influence on the height
of the first peak would be negligible. Nevertheless, one must
be very careful in oversimplifying the overall mechanism re-
sponsible in the reproduction of the first RDF peak. First, the
total dispersion energy in the region of the first peak is of
the order of −14 kJ/mol (based on the energy scan in Fig. 4),
which contains contributions from multiple pairs. Second, our
comments concern the methanol liquid while Schmidt et al.
deal with water.

The importance of dispersion interactions in predicting
structural and dynamical properties of liquid water is also
demonstrated by Lin et al.28 In this study both dispersion-
corrected atom-centered potentials,48 as well as empirical
DFT-D1 Grimme corrections,45 are used as two pragmatic
ways to describe dispersion interactions in BLYP ab initio
molecular dynamics simulations. They found an improved
agreement of the RDFs with experiment, but significant de-
viations still persist.

Oxygen-oxygen and oxygen-hydrogen radial distribution
functions for liquid water apparently improve when taking
into account dispersion interactions. From our MD-BLYP
calculations, we conclude that the effect of dispersion in a
methanol liquid is less significant. The BSSE corrections turn
out to be much more important for a correct description of
the height of the first peak in the O–Ht and Ht–Ht RDFs. The
deviation with experiment is largely reduced to, respectively,
0.4% and 1% from the experimental value (Table IV). These
very small differences can be resolved by noting that the ex-
perimental RDF is only extracted indirectly from experiment.
It is computed from Monte Carlo simulations according to the
empirical potential model refinement (EPSR) procedure. In

TABLE V. Positions of the first intermolecular RDF peak in Å from numer-
ical simulations and experiment.

RDF Expt. DFT DFT-D3 CP/O–Ht

O–Ht 1.68 1.75 1.75 1.85
Ht–Ht 2.35 2.35 2.35

this iterative technique, a potential energy function is refined
by making use of empirical data as input:98–101 the Fourier
transform of the difference between experimental and simu-
lated structure factors is used solely for ensuring the best pos-
sible agreement between the simulated and measured partial
structure factors.102 The use of an interaction potential, from
which the RDFs are extracted, may generate small discrepan-
cies between this experimentally derived RDF and the “real”
RDF. Yamaguchi et al. illustrate how a different set of param-
eters of a single term of the potential can change the resulting
site-site RDFs.9

The position of the first peak in the O–Ht and Ht–Ht

RDFs is still overestimated with or without BSSE and/or dis-
persion correction (Table V), compared to experiment. Plau-
sible explanations for this discrepancy are twofold. First, the
shift of the peak position towards longer distances is in line
with intuitive expectations since the CP model adds a repul-
sive interaction between the molecules. Second, the differ-
ences with experiment in peak positions could be due to the
choice of the DFT-functional, BLYP, that was used. Schmidt
et al. found that, for water, the position of the peaks shifted
by about 0.1 Å toward larger values for BLYP as compared
to PBE.27 This shift confirms the tendency of the BLYP
functional to produce weaker hydrogen bonds than the PBE
functional.103, 104

One might suspect that the CP correction model may
induce artificial distortions of the monomer geometries. We
have compared the time averages and spreads of the in-
tramolecular O–Ht distance and C–O–Ht angle (data not
shown) between simulations without and with the CP correc-
tion model. No significant distortions have been noticed, in-
dicating that the extra intermolecular forces by the model are
small compared to the intramolecular forces.

The results so far clearly indicate that the CP model im-
proves the O–Ht RDF, however, it also introduces minor de-
viations in the O–O RDF.97 The height of the experimental
peak of the O–O RDF has an amplitude of 2.83, while the
CP-correction lowers the BLYP-D3 peak from 2.89 to 2.48.
This outcome is not surprising since the oxygen atom is co-
valently bonded to the Ht atom, and hence some correlation
exists between the position of the oxygen and the hydroxyl
hydrogen. A simultaneous parametrisation of the O–O and
the O–Ht interaction could improve the agreement. However,
this is a non-trivial task due to the nonlinear character of
Eq. (7) in the fitting-procedure. First, the system of equations
to be solved in the Levenberg-Marquardt algorithm becomes
more ill-conditioned when the parameter space is extended.
Second, the parameters AO−Ht , BO−Ht and AO−O, BO−O are
heavily correlated: the O–O distance and the O–Ht are not
independent variables, causing their parameters to be also
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dependent. These problems render it hard to obtain meaning-
ful parameters for the O–O and O–Ht interaction at the same
time. Furthermore, parameter correlation impairs the physi-
cal meaning of the model parameters in Eq. (7) and reduces
the predictive power of the model. When even more interac-
tion terms are considered, the nonlinear optimization problem
becomes even more difficult.

VI. CONCLUSION AND PERSPECTIVES

The radial distribution function gives the probability of
finding a pair of molecules at a distance r apart, relative to the
expected probability for a completely random distribution at
the same density. In DFT MD, using localized basis sets, the
first intermolecular peak of the RDF of a liquid is often over-
estimated. In this paper it was investigated for liquid methanol
to what extent this error is caused by the BSSE, which fol-
lows from the use of finite basis sets in quantum chemical
calculations.

The relative importance of BSSE versus the dispersion
interaction (DFT-D3) was assessed. The dispersion energy is
of the same order of magnitude as the BSSE, but has an op-
posite sign.

Combinations of the two types of corrections—a correc-
tion term for BSSE and dispersion—leads to three types of
DFT MD simulations that were carried out. For the simu-
lations with and without dispersion, without correction for
BSSE, errors on the first peak height of the RDFs between
12% and 16% were found. A classical correction model for
BSSE is proposed and its parameters were derived from coun-
terpoise computations on methanol dimers. This CP model
can then be added to the DFT energy in subsequent MD simu-
lations. We confirmed that an exponential decaying functional
form for the CP model works well. Because the counterpoise
correction correlates stronger with the O–Ht distance, as com-
pared to the O–Hm distance, the final form of the CP model
is only based on O–Ht distances. Upon introduction of the
correction, the errors on the heights of the first peak of the
relevant O–Ht and Ht–Ht RDFs are reduced to 0.4% and 1%,
respectively. A small shift of the peak position compared to
experiment is still observed, which could be due to the added
repulsive interaction of the CP model and the limitations of
the BLYP functional.

We focused on hydrogen bridges in methanol by apply-
ing the CP model to the intermolecular interaction between
the oxygen and the hydroxyl hydrogen, but the results should
be extendable to other types of interaction where BSSE is im-
portant. However, including more interaction terms in the CP
model complicates the optimization of the parameters because
of the inherent parameter correlation and ill-conditioning of
the set of equations that needs to be solved. It needs further-
more to be tested in how far the CP model is transferable to
other protic solvents.

In this paper we concentrated on the effect of BSSE, and
correcting for it, on a structural quantity. It would be highly
valuable to obtain similar information for other quantities as
well, e.g., dynamical properties such as the diffusion coef-
ficient, or vibrational spectra. This way, it would be possi-
ble to obtain a complete picture of the influence of BSSE on

molecular dynamics simulations that makes use of localized
basis sets.
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Abstract

This work aims at a critical assessment of properties predicting or extracting information on

the density and structure of liquids. State of the art NVT and NpT molecular dynamics simu-

lations have been performed on five liquids: methanol, chloroform, acetonitrile, tetrahydrofuran

and ethanol. These simulations allow the computation of properties based on first principles, in-

cluding the equilibrium density and radial distribution functions (RDFs), characterizing the liquid

structure. Refinements have been incorporated in the MD simulations by taking into account Ba-

sis Set Superposition Errors (BSSE). An extended BSSE model for an instantaneous evaluation

of the BSSE corrections has been proposed, and their impact on the liquid properties has been

assessed. If available, the theoretical RDFs have been compared with the experimentally derived

RDFs. For some liquids significant discrepancies have been observed and a profound but critical

investigation is presented to unravel the origin of these deficiencies. This discussion is focused on

THF where the experiment reveals some prominent peaks completely missing in any MD simula-

tion. Experiments providing information on liquid structure consist mainly of neutron diffraction

measurements offering total structure factors as the primary observables. The splitting of these

factors in reciprocal space into intra- and intermolecular contributions is extensively discussed,

together with their sensitivity in reproducing correct RDFs in coordinate space.

∗veronique.vanspeybroeck@ugent.be
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I. INTRODUCTION

The structure of liquids is a recurring theme in the scientific literature. Liquids do not

have a structure in the sense that crystals have a structure. The forces between liquid

molecules are not as strong as those holding solids together, but they show some attractive

character arising from dipole-dipole interactions such as hydrogen bonding. The intermolec-

ular forces lead to characteristic correlations, which determine the structure of the liquid and

which affect many physical (thermodynamical) properties of the liquid. It is important to

know the microscopic structure of liquids in as much detail as possible because it determines

their macroscopic properties, e.g. thermodynamic functions.

Characteristics of liquid structure are thus mainly governed by intermolecular interac-

tions, of which hydrogen bonding constitutes the main class if present. These special forces

are not as strong as the electrostatic ionic forces, but they have a characteristic that makes

them unique among the repertoire of forces at the disposal of molecules-direction. Water

is by far the most popular among the hydrogen-bonded molecules.[1–8] The liquid phase

of methanol, consisting of a hydrogen-bonding hydroxyl group and a hydrophobic methyl

group, is also extensively studied as it is the smallest alcohol which can be studied to char-

acterize the hydrogen bonding in alcohols.[9–12]

Neutron diffraction measurements with isotopic substitution (NDIS) are one of the most

powerful methods to extract experimental information on liquid structure. The differences in

the experimental scattering patterns by replacing a particular chemical element by their iso-

tope (e.g. hydrogen by deuterium) in the solvent molecule enable the extraction of structure

factors determining the differential cross section of the neutron scattering process. However,

the interpretation of the experimentally obtained structure factors is a difficult task as the

measured scattering intensities are the result of a weighted summation of different pairwise

spatial correlation functions formed by all atoms in the system. Disentangling the various

correlations remains a very difficult and challenging task. In particular the separation of the

experimental total structure factor into intramolecular and intermolecular contributions is

extremely complex even within the NDIS methodology. The total structure factor is com-

posed of partial structure factors reflecting the pairwise spatial correlations between different

atom types with multiplicative prefactors containing concentrations and scattering lengths

of each atom type. In case of a solute and a solvent, e.g. aqueous solution of a polyatomic
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organic molecule, the atomic concentrations in the solution can be handled as an additional

degree of freedom. While the intermolecular contribution varies with concentration, the in-

tramolecular contribution does not change. Exploiting this concentration invariance, NDIS

experiments with different concentrations should in principle be able to extract intermolec-

ular partial structure factors [13]. Undoubtedly this method has its benefits and has large

potential to become a standard procedure, but it can not be applied on liquids composed of

one type of molecules.

In general there are not enough different scattering experiments available to extract all

information needed to completely characterize the liquid. Even with the help of three-

dimensional models of the liquid structure with empirical parameters which can be ad-

justed to reproduce the experimental structure factors, this method is prone to large inac-

curacies/errors. The numerical instabilities become even strengthened when inverting the

structure factors to real space distribution functions, as the inverse Fourier transform is

error-prone and ill-conditioned [14–17]. These are serious deficiencies and the results are

absolutely not free from any bias.

By the group of Soper [18] the incompleteness of the experimental data to extract the

partial structure factors is circumvented by combining the experimental measurements with

additional Monte Carlo simulations based on intermolecular site-site potentials. Structure

refinements are proposed such to reproduce experimental data as best as possible. The

method is pure empirical in the sense that perturbations are induced iteratively to the

various potentials till satisfactory agreement with the experimental data is reached. This

methodology is called Empirical Potential Structure Refinement (EPSR) model and is closely

related to the original reverse Monte Carlo simulation technique (RMC) as originally intro-

duced by McGreevy and Pusztai [16, 19]. RMC is a method of modeling a structure and

only produces a result that is consistent with the experimental data. Both RMC and EPSR

are inverse methods of structural modeling, in which building and refining of the particle

configurations during the course of the simulations form an essential ingredient.

Related methods to reverse MC modeling combined with MD computer simulations based

on interatomic potentials have also been applied by other authors [10, 11] on alcohols and

haloforms.

In the above RMC-EPSR iterative approaches the radial distribution function (RDF)

plays a central role. It is a quantity determined from intermolecular forces and forms a
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bridge between the microscopic structure of the liquid and macroscopic properties such as

(thermodynamic) energy (E), entropy (S) and pressure (p). Appropriate theoretical tools to

compute RDFs are offered by molecular dynamics simulations. They can be performed with

force fields [10, 11, 13, 20] or based on density functional theory [21, 22]. MD modeling has

proven to be very effective in helping to guide assignments of peaks in the experimentally

derived radial distribution functions, though these last quantities are not direct observables

and obtained after some error-prone manipulations, as already mentioned. We need to be

very cautious in using them as reference quantities to judge the quality of the theoretical

predictions. A striking example are the intermolecular partial radial distribution functions

for tetrahydrofuran (THF) [18] showing sharp peaks at short distances, which are completely

missing in all MD simulations published in literature so far. This apparent discrepancy be-

tween theory and the empirical EPSR model requires a profound and thorough investigation

to find out the origin of the appearance of this sharp peak in the experimental RDF of THF,

and why theory does not succeed in reproducing it. This discussion should be extended in

a broader context as similar, however less pronounced, features are also observed in other

liquids. A discussion on this item forms one of the principal focuses of this work.

In order to unravel this apparent mismatch between theory and experiment it is better

to focus on the structure factors and to perform the assessment in reciprocal space instead

of in real coordinate space. A Fourier transform to convert RDFs to SFs requires some

mathematical manipulations but the accuracy of these computations is better controlled. In

this work we will not only compute (partial) RDFs and their counterparts, the (partial) SFs,

but we will also try to investigate the impact of intramolecular contributions on the SFs,

which experimentally poses a lot of complications. Theoretically, separation of the intra-

and intermolecular contributions of the various properties does not cause any problem, and

may assist in finding a correct interpretation of the features observed experimentally in the

structure factors. In addition we will examine the sensitivities of small perturbations in the

structure factors on the radial distributions.

Apart from the above discussion, the structure of five liquids will be investigated with

DFT-based molecular dynamics simulations: methanol (MeOH), chloroform (TCM), ace-

tonitrile (MeCN), tetrahydrofuran (THF) and ethanol (EtOH). The availability of first

principles MD simulation studies on liquids to derive their liquid structure is less abun-

dant in literature. The choice of the five solvents were based on (i) their importance for the

4



94 Paper III

industry, and (ii) their classification : non-polar (TCM), polar aprotic (MeCN, THF), and

polar protic (MeOH and EtOH). The liquid structure of methanol has already been studied

earlier [22] .

In DFT-MD simulations, it has been shown that (i) dispersion and (ii) the basis set

superposition error (BSSE) have a significant effect on the RDFs of water and methanol.

(i) Standard DFT methods do not account for dispersion interactions.[23, 24] Dispersion

is a long-range attractive van der Waals interaction between electron clouds arising

from instantaneous transition dipoles. Schmidt et al.[25] have found that adding the

Grimme dispersion correction[26, 27] improves the predicted densities of water in the

isothermal-isobaric ensemble (NpT), for both BLYP[28, 29] and PBE[30] functionals,

compared to experiment. In addition, the first and second maxima of the oxygen-

oxygen RDF of water using the BLYP-D functional instead of BLYP lead to a much

better agreement with the experimental data, although the RDF for PBE-D still re-

mains overstructured[25].

(ii) The BSSE results from an inconsistent description of the molecular orbitals as a result

of using a limited number of localized basis functions (incomplete basis set). When

two molecules are far apart, they can only “use” their own basis functions. When

the intermolecular distance decreases, they may use each other’s basis, causing an

artificial strengthening of the intermolecular interactions and artificial shortening of

intermolecular distances due to the overlap of basis functions. In ref. [22] a system-

atic correction of the BSSE with an exponentially decaying parameterized pairwise

classical force-field energy term has been proposed by the authors that can be added

in subsequent MD simulations. The model is applied to methanol using MD in a

canonical ensemble (NVT) with the BLYP-D functional. It is found that upon intro-

duction of this correction, the errors on the first peak height of the relevant partial

RDFs of the atoms that participate in hydrogen-bonding are reduced from 12%-16%

to 0.4%-1%, compared to experiment. Another conclusion is that, for methanol, the

Grimme-dispersion correction and the BSSE have the same order of magnitude but

an opposite sign.

This paper extends the work in ref. [22] in the sense that (i) MD simulations in the NpT

ensemble have been performed on the five liquids under consideration, (ii) the BSSE correc-
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tion scheme as proposed in ref. [22] has been extended to all intermolecular interactions.

(i) The isothermal-isobaric ensemble (NpT) is considered to allow density fluctuations

of the liquid. An RDF is directly related to the density of the molecular system, so

it is vital that the density in MD simulations is properly reproduced. In ref. [22] a

canonical NVT ensemble was considered.

(ii) The BSSE-correction model proposed in ref. [22] is an exponentially decaying parametrized

classical energy term for all intermolecular interactions. In ref. [22] one assumed a

dominant BSSE contribution from the intermolecular oxygen-hydrogen interaction in

methanol. This assumption is no longer applicable for the set of liquids under study.

Therefore, in this work all the intermolecular interaction terms are taken into account

in the parametrisation of the correction model for BSSE.

The following section outlines the technical details of the quantum MD simulations and

the computational methodology to calculate the RDF, SF and BSSE. Section III reviews

shortly the BSSE correction model and its extension, i.e. its mathematical form and the

parameter calibration. The BSSE-correction model with calibrated parameters is then ap-

plied to a new series of NpT MD-simulations. Section IV presents the results of the BSSE

computations, MD-runs, RDFs and SFs with the necessary discussion. Where experimental

data is available, comparison with the experiment is made. In the last section the most

relevant conclusions are summarized.

II. COMPUTATIONAL SECTION

A. Ab initio MD

The same computational settings are used as in ref. [22] apart from some convergence

criteria. All simulations are performed with the CP2K code.[31] For the ab initio MD,

the Quickstep module of CP2K[32] is used, employing the hybrid Gaussian and plane-

wave (GPW) density functional method with a BLYP gradient-corrected functional. The

core electron states are represented by the norm conserving Goedecker-Teter-Hutter (GTH)

pseudopotential.[5, 33, 34] The GPW basis set consists of a triple zeta TZVP Gaussian type

orbital basis for the real space representation and an auxiliary plane wave basis to compute
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TABLE I. Experimental densities (at 298 K) and cell parameters for the NVT simulations for all

studied solvents.

solvent ρexp [g/cm3] cell parameter [Å]

MeOH 0.787d 20.583

TCM 1.48b,c 25.865

MeCN 0.777a 22.445

THF 0.881e 20.882

EtOH 0.785d 23.248

aref. [36],bref. [37] cref. [38],dref. [39],eref. [40]

the long-range periodic electrostatic interactions in the reciprocal space.[14] It is known from

the work of McGrath et al. [15] that the convergence of the volume requires a significantly

higher auxiliary basis set cut-off compared to constant-volume simulations.[15, 35]. There-

fore, the NpT and NVT MD runs are performed with the 800 Ry plane wave cut-off. An

exception is the NVT simulation of methanol, where we use the same settings of ref. [22]

with a 400 Ry cut-off (with Grimme-dispersion, without correction for BSSE).

Liquid MeOH, TCM, MeCN, and EtOH are modeled at room temperature in a periodic

cubic simulation cell containing 129 molecules. Periodic boundary conditions are employed

using the minimum image convention. Given the size of THF molecules, the unit cell for this

molecular system contains 67 molecules. The simulation cell sizes for the NVT-simulations

are chosen to correspond with the experimental densities ρexp of the solvents, as summarized

in Table I. The NVT/DFT-D3 MD production runs of MeOH, TCM, MeCN, THF and

EtOH amount to 8.1 ps. The NpT/DFT-D3 and NpT/DFT-D3 + CP production runs are

carried out for at least 12.5 – 15.0 ps and 16.0 – 19.9 ps respectively. The exact lengths

of the MD runs done for this work are given in Table S.1 of the supporting information

(SI). The simulations are carried out at a temperature of 300 K with a Nosé thermostat[41]

with time constant 1 ps. The isobaric-isothermal ensemble is implemented in CP2K making

use of the Martyna-Tuckerman-Tobias-Klein equations algorithm[42, 43], and computing the

stress tensor is implemented as described by Schmidt et al.[25] The external pressure is 1

bar and the time constant of the barostat is 1 ps. The Verlet integrator is used with an

integration time step of 1 fs.
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Once calibrated parameters are obtained for the classical BSSE correction energy term

(see Section III B), a new MD simulation is performed with a combination of the Quickstep

and the molecular mechanics module of CP2K (FIST). The total energy is calculated at

each timestep as the sum of the DFT-energy and the classical force-field energy.

As such we perform three types of MD simulations per solvent:

• NVT/DFT-D3: dispersion-corrected DFT using the DFT-D3 scheme in the NVT-

ensemble

• NpT/DFT-D3: dispersion-corrected DFT using the DFT-D3 scheme in the NpT-

ensemble

• NpT/DFT-D3 + CP: dispersion- and BSSE-corrected DFT using the DFT-D3 scheme

and the counterpoise (CP) correction scheme, as explained in Section II C

To reduce the amount of equilibration time, three measures have been taken: (i) all

initial structures are generated by Packmol[44] (a software package especially developed

for building initial configurations for MD simulations), (ii) all MD runs are preceded by

equilibration NVT-simulations, (iii) the positions at the start of the production runs of the

NpT/DFT-D3 simulations are taken as the starting geometry for the NpT/DFT-D3 + CP

runs.

B. Radial distribution function and structure factor

The RDF is the number of particle pairs dn(r) in the spherical shell with radius r and

r + dr, relative to the number of particle pairs dn0(r) in an uncorrelated ideal gas:

g(r) =
dn(r)

dn0(r)
, (1)

where r is the interparticle distance. In practice, the space around a given atom is discretized

in concentric spherical shells with width δr. The number of atoms ni in each shell is counted

during the MD run, such that a histogram of the ni values can be built.

The RDF and SF are correlated through a three-dimensional Fourier transform[45]. If

gαβ(r) is the partial pair correlation function of atom types α and β, then the partial SF
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Sαβ may be expressed as:

Sαβ(k)− 1 = ρ

∫
exp(ik · r)(gαβ(r)− 1)dr

= 4πρ

∫ ∞

0

drr2 sin(kr)

kr
(gαβ(r)− 1), (2)

Here, ρ is the average particle number density, while in the second equality the angle de-

pendence is integrated out in the understanding that gαβ(r) is isotropic in space. The total

structure factor Stot(k) is a weighted sum of the partial SFs, which for neutron diffraction

reads as:

Stot(k) =
∑

α≤β
(2− δαβ) cαbαcβbβ [Sαβ(k)− 1] . (3)

k gets a physical significance in the sense that it represents the momentum transfer in a

neutron scattering experiment. The weighting factors are composed of the coherent scat-

tering lengths bα which characterize the interaction strength between atoms and incident

radiation and which can vary from isotope to isotope, and the atomic fractions cα = Nα/N

with Nα the number of type α atoms, and N the total number of atoms in the system.

The Kronecker δαβ avoids double counting of pairs of atoms of the same type. Stot(k) is a

direct experimental observable and with the use of Eqs. (2) and (3) directly accessible by

theoretical simulations, in particular molecular dynamics. All other quantities, including

the partial SFs, are not directly available from experiment. In an indirect way, however,

they may be derived from the measured total structure factors obtained by changing the

isotopic composition of the sample [18], but still the procedure is ill-conditioned.

By means of an inverse Fourier transform,

f (r) =
1

ρ

(
1

2π

)3 ∫
exp(−ik · r)Stot(k)dk

=
1

ρ

(
1

2π2

)∫ ∞

0

k2dk
sin(kr)

kr
Stot(k)

=
∑

α≤β
(2− δαβ)cαbαcβbβ(gαβ(r)− 1), (4)

Stot(k) is converted to some total pair correlation function f(r), which has no real physical

significance but whose last expression in Eqs. (4) can serve as a test for the numerical integra-

tions needed for the computation of the various Fourier transforms. Note that lim
r→∞

f(r) = 0

since lim
r→∞

gαβ(r) = 1.
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Experimental total structure factors are not free from contributions arising from intramolec-

ular scattering (neutrons can scatter from atoms belonging to the same molecule). On the

contrary, they even dominate the entire behavior of the measured total SF. From physical

point of view, in unraveling the liquid structure, intramolecular contributions should be pro-

jected out as only intermolecular terms are of physical interest. This is from experimental

viewpoint not an easy task. Theory can help in estimating the impact of intramolecular

parts on the various quantities, and in particular those which are accessible by experiment.

Within this context, we present a schematic model wherein the intramolecular contribution

to the partial pair correlation function gαβ(r) can be modeled as a sum of one or more Dirac

delta functions:

gαβ(r) = ginterαβ (r) +
∑

i

Aαβ,iδ(r −Rαβ,i) (5)

It is not excluded that inside a molecule multiple intramolecular distances are present be-

tween atom types α and β; they are discriminated by means of the index i. Eq. (5) is valid

for rigid liquid molecules, but may be regarded as a realistic approximation in molecules like

THF where one may expect nearly constant intra-atomic distancesRαβ,i in the same molecule

during the simulations. A better approximation is the use of an alternative representation

for the Dirac delta function with some width or standard deviation for the interatomic dis-

tance in the molecule. These “finite width” effects on the structure factors will not differ

much from the limiting case where the distribution goes over to the Dirac delta function.

Summarizing, the intramolecular contributions to the partial structure factors read as:

Sintra
αβ (k) = 4πρ

∑

i

Aαβ,iR
2
αβ,i

sin(kRαβ,i)

kRαβ,i

(6)

Their behavior is determined by the sinc function or a superposition of sinc functions, with a

large central peak at k = 0 and damping oscillation terms with a period of 2π/Rαβ,i. These

aspects will be further discussed in the section IV.

C. Counterpoise correction for BSSE

The hybrid Gaussian and plane-wave DFT method uses localized Gaussian basis sets that

are centered at the nuclei of the atoms, of which relatively few basis functions are required

to describe molecular orbitals. A downside of the method however is the BSSE that arises

due to this limited number of basis functions, and thus incomplete basis sets.

10
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The most widely employed method to correct for BSSE is the counterpoise (CP) method

as introduced by Boys and Bernardi.[46] If a complex AB is considered, they estimated the

artificial stabilization for monomer A as the energy shift ∆EA when the basis for chemical

system A is augmented with basis set functions of monomer B (which are located at the

monomer B position), i.e. if A approaches monomer B close enough so that A can utilize

the basis functions of B, and similarly for ∆EB.[47] These estimated errors are then sub-

tracted from the uncorrected interaction energy ∆Eint(AB) of a complex AB to obtain the

counterpoise-corrected interaction energy:

∆Eint
CP(AB) = ∆Eint(AB)−∆EA −∆EB = ∆Eint(AB) + ∆ECP, (7)

where ∆ECP is the so-called counterpoise correction. The CP-computations are carried out

on pairs of molecules.

III. EXTENDED CORRECTION CP MODEL

In this section, we develop the CP correction model for ∆ECP and the calibration method

for its parameters. The model of ref. [22] is briefly reviewed and extensions, new in this work,

are clarified.

A. CP model

The proposed CP model is an additive pairwise interaction between certain atom types

in two different molecules[22]. With each pair of atom type t, a unique set of parameters

(At, Bt) is associated:

∆Emod
CP =

N−1∑

µ= 1

N∑

ν = µ+ 1

∑

i ε Mν
j ε Mµ

At(ij) exp
(
−Bt(ij)rij

)
, (8)

where rij is the distance between the atoms i and j, Mν is a set of atomic indices of molecule

ν, µ and ν are molecule indices and N is the total number of molecules. The functional

form of each term is an exponential, decaying with the separation distance rij of the atoms

and is necessarily of repulsive nature (At > 0). To reduce the number of parameters, the

At(ij)-parameters in this paper are computed according to the mixing-rule:

At(ij) =
√
At(ii) × At(jj), (9)

11
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(a) MeOH (b) TCM (c) MeCN

(d) THF (e) EtOH

FIG. 1. Atom types for the solvents MeOH, TCM, MeCN, THF, EtOH.

such that only the At(ii) parameters need to be determined (section III B). The parameter

Bt(ij) is here calculated as

Bt(ij) =
1

τ(Ri +Rj)
, (10)

where Ri and Rj are the VdW-radii of the atoms that make up the atom-pair t(ij). We

assume that τ is a general dimensionless factor independent of the atom types. The Ri

values are taken from ref. [48].

Fig. 1 gives the nomenclature of the atoms types of the molecules as used in this work.

Each pair of atom types is denoted following these labels throughout the remainder of the

paper.

B. Parameter calibration

The training data is obtained from CP computations on snapshots from the NpT/DFT-

D3 MD simulations (Section II C), and is used to fit the parameters of the model (Eq. (8)).

The procedure, schematically presented in Fig. 2, consists of the following steps:

(i) A snapshot of the liquid structure is selected every 800 steps (= 800 fs) of the

NpT/DFT-D3 MD simulation, corresponding to a time greater than the velocity auto

12
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FIG. 2. Flowscheme for obtaining training data from MD simulations.

correlation time of the center of mass (COM) of the molecules to ensure statistically

independent samples. The correlation times are computed with the MD-TRACKS

program[49, 50], and are all below 270 fs (see Table S.2 of the SI). In this way a re-

spectable number of frames (15 − 20) of the MD simulation are selected. The exact

number depends on the type of the solvent.

(ii) At each snapshot, the distance dCOM between the COMs of every possible pair of

molecules is computed with the minimum image convention.

(iii) The pairs of molecules for which this distance is smaller than a cut-off distance dcut-off,

are selected for the computation of training data.

(iv) We then calculate the CP-correction ∆Eref
CP with CP2K for each of the selected pairs,

which serves as training data.

The same specifications (basis set, electronic structure method, 800 Ry cut-off, ...) are used

for the CP-computations as those for the MD simulations of the solvents (Section II A). The

box size has been chosen such that there is a margin of minimal 5 Å between the dimer and

the edge of the simulation box. The sizes of the unit cells for the five solvents are given in

Table S.3 of the SI.

We use the COM RDF as a criterium to determine a proper dcut-off for selecting molecule

pairs for the training CP-computations, i.e. dcut-off is chosen as the distance that contains

the whole first peak of the COM RDF determined from the NpT/DFT-D3 simulations.

Using this approach, it is ensured that at least the first layer of intermolecular interactions

is represented in the training set. The COM RDF of methanol is shown in Fig. 3 as an

example. Based on this RDF the dcut-off for methanol is set at 6.2 Å. Following this criterium,

13
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FIG. 3. The COM RDF of methanol derived from the NpT/DFT-D3 MD simulation.

the dcut-off of 4.0 Å chosen in ref. [22] is improved. This latter value for dcut-off resulted in

3850 molecule pairs, while the higher cut-off distance in this paper results in a total number

of 15714 pairs. The dcut-off values and the COM RDFs for the other solvents are given in

the SI (Table S.3 and Fig. S.1, respectively).

The parameters (Ai, τ) in Eq. (8) are estimated from the training data set of CP-

computations (∆Eref
CP) by a non-linear least-squares fit. In this paper, the CMA-evolution

strategy [51] (CMA-ES) is applied to minimize the cost function. CMA is a population-based

stochastic search algorithm for parameter optimization. It neither approximates nor uses

gradients, making it an efficient optimization method for problems where derivative-based

methods may fail due to a rugged search landscape presenting multiple discontinuities, sharp

bends, noise and local optima.

The considered cost function is the root-mean-square deviation (RMSD) between the

natural logarithms of the model ∆Emod
CP and the training ∆Eref

CP corrections, and is further

discussed in the SI.

Once average calibrated parameters (Ai, τ) are obtained, a new MD simulation is per-

formed with the Quickstep and FIST modules of CP2K. The energy in the MD run is

computed as the DFT-energy (Quickstep module) plus the CP model term (Eq. (8)) (FIST

module).
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IV. RESULTS AND DISCUSSION

A. CP-computations on NpT/DFT-D3 MD

From the procedure as outlined in Section III B, 16 – 19 snapshots from the NpT/DFT-

D3 MD simulations are used to select 7982 – 15111 molecule pairs, with values for dcut-off

ranging between 6.2 and 7.9 Å. CP-computations with CP2K on these selected pairs serve

as training data for the five considered liquids. To avoid negative parameters, (lnAi, ln τ)

are varied as parameters in the algorithm and to assess the impact of the stochastic factor

inherent to the CMA-algorithm, the procedure is conducted 200 times for each solvent. This

results in 200 estimates for each of the parameters. For instance, MeOH has 4 parameters

(ln τ , lnAH-H, lnAC-C, lnAO-O) that are varied in the CMA algorithm, and other parameters

(B parameters, other A parameters) are calculated with Eq. (9) and Eq. (10). The final

parameters are then averages over the 200 parameter estimates, and are shown in Table II.

TABLE II: Final Ai, τ and Bi parameters for MeOH, TCM,

MeCN, THF and EtOH.

solvent interaction A [kJ/mol] τ [/] B [Å−1]

MeOH

H-H 3.1689

0.1796

1.3514

C-C 0.0779 0.8416

O-O 7.9499 0.6626

H-C 0.4968 1.0372

H-O 5.0192 1.1116

C-O 0.7869 0.8899

TCM

H-H 0.0491

0.1949

1.2455

C-C 0.3867 0.7757

Cl-Cl 1.6284 0.7802

H-C 0.1377 0.9560

H-Cl 0.2827 0.9594

C-Cl 0.7935 0.7780

MeCN

H-H 0.3212

0.2387

1.0169

Continued on next page
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TABLE II – Continued from previous page

solvent interaction A [kJ/mol] τ [/] B [Å−1]

C-C 0.0084 0.6334

N-N 0.6938 0.6884

H-C 0.0519 0.7805

H-N 0.4720 0.8210

C-N 0.0763 0.6597

THF

H-H 0.8028

0.1927

1.2596

C-C 0.4101 0.7846

O-O 3.9314 0.8801

H-C 0.5737 0.9669

H-O 1.7764 1.0362

C-O 1.2696 0.8296

EtOH

H-H 1.7398

0.1757

1.3816

C-C 0.7422 0.8605

O-O 9.0476 0.9653

H-C 1.1363 1.0606

H-O 3.9674 1.366

C-O 2.5913 0.9099

Fig. 4 shows the correlation between training ∆Eref
CP and model ∆Emod

CP data for methanol.

The CP model-energies are computed with Eq. (8), where the final parameters (average over

200 parameter estimates, Table II) are inserted. The plots for the other four solvents look

similar (Fig. S.2 of the SI).

The condition number of the normalized sampling covariance matrix (see Table S.4 of

the SI) is high for all solvents, implying that the calibrated parameters are not transferable.

One indeed notices no significant trend in the final parameters (Ai,τ ,Bi) in Table II. The

maximum values for the CP-correction energy ∆ECP for the solvents are: MeOH: 4.5 kJ/mol,

TCM: 1.1 kJ/mol, MeCN: 0.4 kJ/mol, THF: 3.0 kJ/mol, EtOH: 4.5 kJ/mol. These results
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FIG. 4. CP-energies computed with CP2K (∆Eref
CP) versus model CP-energies (∆Emod

CP ) in

methanol.

are confirmed by relaxed PES-scans on a complex consisting of two dimers of each considered

solvent. The training CP-corrections for the solvents MeOH , EtOH and THF are relatively

large. Those for TCM and MeCN are small.

B. Molecular dynamics

This work encompasses in total 15 MD simulations (NVT, NpT and NpT + CP for five

solvents). Production run trajectories have been carried out and their duration depends on

the type of the solvent but especially on the type of the dynamics. NpT dynamics require

run times of at least 20 ps or even more. The instantaneous densities of the five considered

solvents found in our NpT MD simulations, including the equilibration run, are presented

in Fig. 5.

It should be stressed that NpT dynamics of molecular liquids within the DFT methodol-

ogy poses much more problems and has a much larger complexity than standard NVT. Their

outcome largely depends on the accuracy of the DFT interaction potentials. It is well-known

that the convergence of the pressure requires a significantly higher basis set cutoff than nor-

mally used for standard NVT MD simulations. Another problem is that the equilibration
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time for NpT dynamics can be significantly larger, as the volume fluctuations are typically

low frequency. A comprehensive DFT study on the performance of two popular gradient-

corrected exchange correlation functionals on the structure and density of liquid water is

presented in [25] in the NpT ensemble. Both PBE and BLYP functionals underestimate the

density by about 25 % and 12 % respectively. Adding Grimme corrections of the type D1

[26] the authors of ref. [25] found a significant improvement of the densities. Our results

are in line with the findings of the previous work on water. The densities computed from

the NpT runs for the five liquids under study show large fluctuations. When plotting the

running average (average over all previous steps) a more fluent behavior is obtained (dotted

line in Figure 5), as in ref. [25]. These curves have a tendency to converge but they mask the

fluctuations which are still present. Even when enlarging the simulation times (> 20 ps) the

fluctuations will not disappear, are even not damping and the standard convergence criteria

will probably never be reached. The results for the five solvents are different. Overall, the

agreement with experiment becomes better when including the BSSE-CP corrections. This

is remarkably the case in methanol and ethanol. In only one case – chloroform – the pre-

dicted density is largely underestimated. In the absence of hydrogen bonds the remaining

intermolecular forces – which are weaker – become now decisive in determining the density of

the liquid. However, they are prone to the interaction potentials, involved in the DFT func-

tionals by construction, and therefore one could expect a large dependence of the predicted

density of liquid chloroform on the employed density functional. Within this context we also

examine the geometry of each separate liquid molecule (the monomer). When averaging the

C-H and C-Cl bond lengths of all chloroform molecules in the snapshots taken during the

NpT simulations, an average bond length of 1.82 Å is found for C-Cl and 1.09 Å for C-H.

A geometry optimization of the monomer in gas phase within the B3LYP/311+g(d,p) level

of theory (LOT), yields 1.79 Å and 1.08 Å respectively. The average “volume” taken by a

single chloroform molecule (pyramidal structure) in the simulation is thus 7.5 % larger than

that in gas phase. It partly explains the underestimation by 20 % for the density measured

in the NpT simulation with BLYP. It also implies that in this specific case of chloroform the

BLYP functional is not adequate enough to predict the right geometry and the remaining

weak intermolecular forces in the absence of hydrogen bond interactions. The interplay of

all these small effects has direct consequences in the reproduction of the correct density.

For the convenience of the reader, the average densities ρav for the five liquids under study
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FIG. 5. Evolution of the density as a function of time for the NpT/DFT-D3 and NpT/DFT-D3 +

CP MD simulations. The production run starts at a time indicated by an arrow. The horizontal

lines give the experimental density, which has been imposed in the NVT/DFT-D3 runs.

(a)MeOH (b)TCM

(c)MeCN (d)THF

(e)EtOH
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TABLE III. Average densities ρav for the NpT/DFT-D3 and NpT/DFT-D3 + CP MD simulations,

compared to experiment (NVT/DFT-D3, see Table I), for the five considered solvents. The values

between brackets show the deviation compared to experiment.

ρav [g/cm3]

solvent exp
NpT/DFT-D3 NpT/DFT-D3 + CP

NVT/DFT-D3

MeOH 0.787 0.872 (0.085) 0.746 (-0.041)

TCM 1.479 1.107 (-0.372) 1.162 (-0.317)

MeCN 0.777 0.845 (0.068) 0.839 (0.062)

THF 0.881 0.909 (0.028) 0.889 (0.008)

EtOH 0.785 0.837 (0.052) 0.795 (0.01)

are tabulated in Table III. These averages are taken over the production runs only, starting

from 5 ps unless otherwise stated (arrow in Fig. 5).

C. Radial distribution functions

A good reproduction of the liquid density does not necessarily lead to a correct description

of the structure of the liquid. This is best illustrated in the case of water[25] where PBE

has the tendency toward overstructuring, whereas the obtained density in NpT dynamics is

closer to the experimental value than with BLYP.

We calculated the intermolecular partial radial distribution functions for all five liquids

from our NpT simulations. We only display a selection of them in Fig. 6; a complete list of

the RDFs is given in the SI (Figure S.3-S.7). The most characteristic features of the RDFs,

determining the structure of the liquid, are given by the height and position of the first

peak. They are tabulated in Table IV. Structure properties found in constant volume NVT

simulations are also taken up, where the density is set to the experimental value. They offer

additional information in the discussion.
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FIG. 6. Radial distribution functions. Experimental data from refs. [52, 53] (MeOH), ref. [54]

(TCM), and ref. [18] (THF).

MeOH

TCM

MeCN

Continued on next page
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FIG. 6 – Continued from previous page

THF

EtOH

(i) NpT simulations clearly give rise to an overstructured methanol liquid. The heights

for the first oxygen-hydrogen (O-Ht) and oxygen-oxygen (O-O) peak are largely

overestimated. In contrast to NVT simulations [22], the BSSE-CP corrections even

strengthen the discrepancy. We have no explanation for it, as the BSSE switches

the density to a slightly underestimated value (0.75), but closer to the experimental

value of 0.79 (see Fig. 5). On the other hand in similar work on water [25], it is

observed that an underestimation of the density is generally accompanied by a locally

overstructured liquid. In many other studies in the literature [7, 8, 22, 55–59] on

water theory systematically overestimates the first intermolecular peak. Experiments

indeed do not measure pair interactions directly, as indicated in the introduction. The
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various manipulations in extracting “experimental” partial RDFs are not free from

inaccuracies what we will discuss in detail in the remainder of this paper. We should

take care in drawing final conclusions.

(ii) Despite the serious underestimation of the density in chloroform, we now observe a

lower first peak than experiment in most of the partial RDFs (see also Fig. S.4 of the

SI). BSSE corrections on the RDFs are small. The experiment reveals a second peak at

around 3.1 Å in the partial RDF of Cl-H, but this peak is in no way reproduced by the

simulations. Similar observations are noticed in other partial RDFs, and in particular

in C-H and H-H. These prominent peaks are completely missing in our simulations and

other MD studies [60–62] are in line with our results. RMC calculations performed

by Pothoczki et al.[54] without additional constraints imposed by diffraction data also

reveal no additional peak in the region 3.5 Å – 4.0 Å.

(iii) No experimental data are available for acetonitrile. All simulations predict the same

RDFs. BSSE corrections are negligible.

(iv) The RDFs of ethanol show large similarities with those of methanol. The first peak

raises enormously in height when switching from NVT to NpT, and BSSE makes it

even stronger.

(v) The situation is dramatic in THF where the experiment predicts sharp prominent

peaks at short distances, and which in no way are reproduced by any theoretical

molecular dynamics simulation, neither in this work nor elsewhere in literature. This

strongly deviant behavior, also noticed in the case of TCM, requires special attention

and a serious in depth discussion to reconcile theory and experiment. As the primary

observable is the total structure factor, the discussion should be held in reciprocal

space. What characteristic in the (partial) structure factor in momentum space can

cause such a prominent peak at short distances in coordinate space? This should be

unraveled in the next subsection.

Table IV shows the amplitude and position of the first peaks of the RDFs from Fig. 6.
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TABLE IV. Amplitudes and positions of the first intermolecular peak of the RDFs shown in Fig.

6. The positions are expressed in Å.

solvent interaction property exp NpT/DFT-D3 NpT/DFT-D3 + CP NVT/DFT-D3

MeOH

O-Ht

amplitude 2.50 3.24 3.60 2.83

position 1.68 1.75 1.75 1.75

O-O
amplitude 2.83 3.18 3.58 2.89

position 2.67 2.75 2.75 2.75

TCM

Cl-H
amplitude 0.93/0.79/1.25 0.79/1.24 0.83/1.24 0.79/1.25

position 2.87/3.80/5.36 2.95/5.75 2.95/5.75 2.85/5.55

C-H
amplitude 1.06/0.90/1.21 0.87/1.23 0.87/1.25 0.87/1.26

position 3.68/4.02/6.15 4.25/6.65 3.95/6.65 4.25/6.35

MeCN

Cm-H
amplitude 1.21 1.22 1.23

position 4.85 4.85 4.95

N-N
amplitude 1.40 1.41 1.38

position 4.05 4.15 4.05

THF

O-O
amplitude 2.16 1.34 1.34 1.21

position 4.62 4.55 4.65 5.15

Cb-Cb

amplitude 1.56 1.45 1.48 1.39

position 5.34 5.35 5.35 5.35

EtOH

O-Ht

amplitude 4.62 4.88 3.23

position 1.75 1.75 1.85

O-O
amplitude 4.56 4.82 3.13

position 2.75 2.75 2.85

D. Structure factors of THF

Intermolecular partial structure factors Sαβ(k) are computed from the partial RDFs by

a Fourier transform as expressed in Eq. (2). This transformation from r-space to k-space

poses no problem as each RDF is theoretically a well-behaved function. In the reciprocal
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space all structure factors show the behavior of a typical spectral function with damped

oscillations at increasing k. They are displayed in Fig. S.8 of the SI. We focus on the

partial SO-O structure factor to explore the possible ingredients lying on the origin of the

strong peak at 4.6 Å in real space. For completeness, the factor ρ representing the average

particle number density 〈N/V 〉 in Eq. (2) is computed over the whole MD production run

and amounts to 0.0987 Å
−3

, 0.0962 Å
−3

, 0.0956 Å
−3

for the NpT/DFT-D3, NpT/DFT-D3 +

CP and NVT/DFT-D3 simulations respectively. The last number naturally coincides with

the experimental estimate. The theoretical prediction of SO-O is displayed in Fig. 7 for the

three models under consideration. Also displayed is the Fourier transform resulting from the

experimental RDF gO-O(r) (with the strong first peak). We realize that this property has

been constructed after a lot of detours, and thus not merit the label “exp” in the strict sense,

but we could not dispose of the experimentally deduced partial SO-O(k) structure factor,

which has been used by Soper et al.[18] to extract the corresponding RDF after applying

an inverse Fourier transform. A first source of errors lies in the sequence of Fourier and

inverse Fourier transforms. Final conclusions cannot be drawn from Fig. 7: the indirectly

derived experimental structure factor shows a quasi-perfect damped harmonic oscillator

behavior, while the theoretical curves are dominated by anharmonicities. In the paper of

Bowron et al.[18] only total structure factors are reported as measured in neutron scattering

experiments, and not partial structure factors. Since we dispose of all theoretical partial

RDFs belonging to THF, we are able to compute all partial structure factors by performing

a Fourier transform following Eq. (2). A weighted summation of these structure factors, as

given in Eq. (3), yields the theoretical prediction of the total structure factor, which can

directly be compared with the experimentally measured Sexp(k). Both curves are compared

in Fig. 8 for THF. The coherent neutron scattering lengths are tabulated in Table V (values

taken from ref. [63]).

A new ingredient enters the discussion: the discrimination between intermolecular and

intramolecular contributions to the total structure factor. Theoretically this poses no prob-

lem, while experimentally separation of the intramolecular contributions is not a trivial task

and requires adapted experimental procedures such like neutron diffraction measurements

with isotopic substitution (NDIS) as applied in ref. [18]. However, for complex systems, with

more than two atom types, it is generally not possible to perform enough isotope variation

experiments to extract all the partial structure factors required to completely characterize
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FIG. 7. Partial SFs SO-O(k) and SCb-Cb
(k) for THF. The dashed-dotted line labeled with “exp” is

not derived directly from experiment, but computed from the empirically derived RDF [18].

(a)SO-O (b)SCb-Cb

TABLE V. Coherent neutron scattering lengths[63].

isotope bα [fm]

C 6.646

O 5.803

H -3.739

D 6.671

the system. Experimentalists introduce a three-dimensional model of the structure of the

disordered liquid and, by means of RMC or EPSR, structures [17, 64] are modeled that are

finally consistent with the available experimental data. In this particular case of THF only

three measured structure factors for C4H8O, C4D8O and the 1:1 mixture [18] are at the

disposal of the experimentalists. It remains an ill-conditioned routine and there are multiple

possibilities of interatomic potentials which are able to generate structures yielding RDFs

and SFs which succeed in reproducing the available total SFs. In addition the separation of

the total SF into inter- and intramolecular contributions remains a challenging and almost

unfeasible task.

To illustrate the difference of the total structure factor between the two samples, we in-

clude a similar figure for the deuterium sample (Fig. 9). There are indeed some fundamental
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FIG. 8. Total structure factor for THF C4H8O obtained as a weighted sum of the partial SFs

limited to intermolecular contributions (upper left) and to inter- and intramolecular contributions

(bottom left). Also given are the corresponding total pair correlation functions f(r) as defined in

Eq. (4) (right column). Units are barn/sr/atom.

(a)inter (b)inter

(c)inter + intra (d)inter + intra

differences between the two liquids. Experimentalists make use of it to split the total Stot

into the partial structure factors. The observed differences are contributed to the negative

scattering length of the proton (Table V). Note, however, that the experimentally mea-

sured total structure factors, displayed in the Figs. 8 and 9, are those as resulting directly

from the diffraction experiments including both intra- en intermolecular contributions. We

don’t dispose of these spectra without intramolecular contributions. The agreement with
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FIG. 9. Total structure factor for C4D8O obtained as a weighted sum of the partial SFs limited to

intermolecular contributions (upper left) and to inter- and intramolecular contributions (bottom

left). Also given are the corresponding total pair correlation functions f(r) as defined in Eq. (4)

(right column). Units are barn/sr/atom.

(a)inter (b)inter

(c)inter + intra (d)inter + intra

the theoretical predictions seems to be better for C4D8O. The peak positions and the min-

ima are correctly reproduced. The amplitude of the first peak in Sexp
tot amounts to 0.65

barn/sr/atom, much higher than the height predicted by the theory. It is interesting to note

that BSSE corrections succeed in slightly increasing the peak height in better agreement

with experiment.

In C4H8O the theoretical simulations predict the first peak at the correct position, but its
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amplitude is barely half the experimental estimate. More important is the appearance of a

shoulder structure at around 2.0 Å
−1

in Sexp
tot which is not present in our MD simulations. It

should be emphasized that the total structure factor including intra- and intermolecular con-

tributions is the only experimental quantity which is measured directly without any model

dependence and thus without any bias, and that the spectra displayed in the bottom left of

Figs. 8 and 9 are the sole cases where theory can be directly compared with experiment. In

principle, an assessment of the theoretical results should be based solely on this comparison.

To estimate the impact of this shoulder structure in Sexp
tot on other derived properties, we

perform the inverse Fourier transform to evaluate the total pair correlation function f(r)

(Eq. 4) which we display in the bottom right of Fig. 8. A prominent peak raises up at a

distance lower than 1 Å. As this peak is completely missing in the deuterated spectra, it

is evident that this “ghost” peak at 1 Å is correlated with the shoulder structure in Sexp
tot .

The key issue arising at present is now whether this shoulder structure arises from pure

intramolecular interactions. The generation of a peak in f(r) at intramolecular distances

fully supports this conclusion.

The influence of subtracting intramolecular contributions from the total structure factor is

immense. The typical diffraction patterns fade out at relatively low values for the scattering

vector (k = 6.0 Å
−1

for C4H8O and k = 3.0 Å
−1

for C4H8O). The major fluctuations at

larger k-values are completely disappeared, and may be fully attributed to intramolecular

contributions. This is conform the schematic model we presented in section II B where the

strong peaks at short distances (≈ 1 Å) in the partial pair correlation functions gαβ(r) (we

refer to Fig. 10 and Fig. S.11 of the SI) give rise to large damping oscillations in the whole

k-region ranging from 1 Å
−1

to more than 20 Å
−1

. We don’t dispose of an experimental

estimate of the total structure factor where the intramolecular contributions have been

subtracted as its behavior has not been taken up in the paper of Bowron et al. [18].

A second observation after inspecting the inter and inter + intra Stot spectra is that the

position of the first peak is maintained at about k = 1.5 Å
−1

and also its strength is mainly

preserved, but this does not imply that intramolecular interactions do not contribute to

this low-k peak. This forms an important and prominent feature with serious consequences,

and is fully supported when comparing Stot for both the cases. These considerations make

clear that from experimental point of view the subtraction of the dominant intramolecular

fluctuations from the total spectrum is not a trivial task to perform with the highest accuracy.
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The experimental data are incomplete to extract a correct separation. The EPSR method,

as developed by Soper[2, 17, 64], assists in disentangling the various partial structure factors

decomposed in inter and intra terms, by means of an iterative refinement procedure of the

used empirical interatomic potentials. However, EPSR explores a broad range of structural

models that are consistent with the available scattering data. The method does not ensure

an error free and unique partial structure factor. In addition the functional form of the

potential can bias the model, and may prevent certain atomic configurations. Another

feature strengthening our statement that the extraction of “experimental” derived properties

is prone to large inaccuracies, is the observation that total SFs are very insensitive to changes

in partial intermolecular RDFs. A small relative error in the computed intramolecular SF

will not be visible from a relative large error in the intermolecular SF. Such small errors

in the intramolecular SF are surely present, which can be noticed in Fig. 8(c) and Fig.

9(c), from the difference between theoretical and experimental SF at large k. This is best

illustrated in Fig. 7 where the partial structure factors SO-O and SCb-Cb
are hardly affected

by the type of the MD simulation, while the corresponding RDFs exhibit clear structural

differences (Fig. 6). This explicitly shows that the derivation of partial intermolecular RDFs

from a small number of structure factors is ill-conditioned: there are multiple possibilities

for the RDF that match a corresponding SF. It is an artefact that is well-known by the

experimentalists doing neutron scattering to reveal the structure of liquids, but which has

not yet been emphasized so strongly as in the case of THF. An inverse Fourier transform

of the the total structure factor leads to the total pair correlation function f(r) (Eq. (4)).

Although this quantity has no real physical significance, it gives an indication how sensitive

the correlation actually is between a function in reciprocal and coordinate space. The peaks

of the intermolecular f(r) are one order of magnitude smaller than those of the combined

intra- and intermolecular pair correlation function (Fig. 8). Also given is the f(r) reported

by Bowron et al.[18], which nicely agree with ours apart from a large peak at 0.8 Å as already

discussed before. Its behavior is completely determined by the fluctuations in the large k-

region of the total structure factor dominated by the intramolecular contributions. It is not

likely that termination effects could alter this conclusion.

The same findings are found when investigating the Fourier transforms of the inter- and

intramolecular partial RDFs, as given in Fig. 10, Fig. S.9 and Fig. S.10 of the SI, and

comparing them with the Fourier transforms of the intermolecular partial RDFs (Fig. 8 and

30



120 Paper III

FIG. 10. Total (intra + inter) partial RDFs gO-Cb
(r) and gCt-Cb

(r) (left column) in THF. Also

given are the corresponding partial structure factors (right column).

(a)gO-Cb
(r) (b)SO-Cb

(r)

(c)gCt-Cb
(r) (d)SCt-Cb

(r)

Fig. S.8). The figures confirm manifestly an intramolecular contribution at the first peak at

small k values. This is not really surprising. The typical high peaks at very short distances

in the RDFs can be easily regarded as Dirac delta peaks generating a behaviour like a sinc

curve (sin(x)/x) as proposed in section II B. In the presence of one single peak the partial

structure factor clearly shows a one-component damped oscillation with a central peak at

about 1 Å
−1

. Concluding, the theoretical simulations give evidence that the extraction

of intermolecular partial RDFs and even partial structure factors from experimental data

should be regarded as extremely error-prone.

A similar profound analysis can be performed on chloroform where visible spurious spikes
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are also observed in the region of short hydrogen-hydrogen distances (below 3.5 Å).[54] This

maximum is reproduced neither by any of our MD simulations nor the RMC study of

Pothoczki.[54] Despite H-H partial structure factors only contain intermolecular terms, the

appearance of the spurious peak is very probably the result of some noise on the measured

total scattering structure factor for CHCl3 and CDCl3, and the smallest perturbation may

give rise to serious changes of the radial distributions in real space, as clearly demonstrated

in the case of THF.

V. CONCLUSIONS

This work comprises the study of the structure of five liquids : methanol, chloroform,

acetonitrile, tetrahydrofuran and ethanol by means of DFT-based molecular dynamics sim-

ulations in both a NVT and NpT ensemble. First the influence of BSSE on the various

liquid properties has been investigated. For this purpose the BSSE correction scheme as

proposed in [22] has been extended to all intermolecular interactions. MD simulations in a

NpT ensemble show that they have a beneficial effect on the reproduction of the density in

all five liquids under study. In only one case – chloroform – a serious underestimation of

the density is observed. We ascribe this deficiency to the inappropriate description of the

employed DFT functional BLYP-D3 in describing the intermolecular interactions in the ab-

sence of hydrogen bonds, as was confirmed by Schmidt et al. [25] in NpT dynamics on water.

Second, properties have been computed from the simulations for a structural determination

of the five liquids. In first instance all partial RDFs for the three methods under consid-

eration (NpT/DFT-D3, NpT/DFT-D3+CP and NVT/DFT-D3) have been calculated, and

compared with experiment if available. BSSE corrections turn out to overstructure the liq-

uid in NpT simulations, but for the majority of the liquids under study they remain minor

and of no real importance in the further discussion on the overall performance of the RDFs.

In the liquids TCM and THF – where hydrogen bonds are not occurring – the experimental

agreement is dramatic. Peaks appear at short distances, which are completely missing in any

MD simulation. As experimental partial RDFs are not directly measurable but derived after

an inverse Fourier transform of the partial structure factors, which in turn are determined

from an iterative protocol combining neutron scattering experiments and MD runs with

empirical interatomic potentials, these properties are not free from cumulating inaccuracies
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generated in the various steps in the procedure. A fair assessment can only be performed in

reciprocal space, where the total structure factor, as a direct experimental observable, can

be compared with theory, as do the empirical RMC and EPSR methods. However, the sep-

aration of the intermolecular contribution from the more pronounced intramolecular terms,

that would allow the characterization of the liquid structure, has proven to be difficult. It

is well known that intramolecular interactions largely dominate the total structure factors.

This is completely confirmed by our theoretical results, but what has not yet been reported

in literature is that this dominance is complete in the sense that the intramolecular terms

cover the whole momentum range, including the low k region where we expected that it is

mainly controlled by intermolecular contributions. Even the first large peak in the spectrum

is composed of both contributions. Another aspect revealing from our computation, is that

the signal from intermolecular scattering fades out quite fast with increasing momentum

transfer. These facts suggest that the first and probably the most crucial source for gen-

erating errors is the extraction of the intermolecular total structure factor from the total

measured scattered amplitude Stot. The isotopic substitution technique is very powerful,

but if the isotopic composition of the sample can only be changed by replacing hydrogens

by deuteriums, the number of diffraction measurements generating independent information

remains still small. To overcome this incompleteness, EPSR-refined models are constructed

determining all the partial structure factors, of which a weighted sum leads to the Sinter
tot .

What we really need is an unbiased model-independent intermolecular total structure factor

without the help of interatomic potentials. The lack of this quantity hinders a fully reliable

comparison with theory. In the work of Bowron et al.[18] no information on Sinter
tot is given.

In the present case we only dispose of an experimental estimate of the total structure factor

including both intra and intermolecular contributions. Our MD simulations succeed in a

very satisfactory reproduction of Stot in the deuterated sample. On the contrary the proton

sample displays a shoulder at about 2 Å
−1

, which is not present in the MD simulations but

which causes a prominent peak at 0.8 Å in the total pair correlation function f(r). This

could be an indication that the shoulder structure in the structure factor originates from

intramolecular interactions. If this structure is not filtered out in the derivation of the in-

termolecular total structure factor, it affects the partial SFs with undesirable consequences

in the RDFs. The experimentally derived partial structure factor SO-O in THF (Fig. 7) also

displays large damping oscillations in the low k region, which are signatures of an insufficient
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filtering of the intramolecular contributions, resulting to spurious and prominent peaks in

the RDFs.
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In this paper, we present MD-TRACKS, an advanced statistical analysis toolkit for Molecular Dynamics
and Monte Carlo simulations. The program is compatible with different molecular simulation codes, and
the analysis results can be loaded into spreadsheet software and plotting tools. The analysis is performed
with commands that operate on a binary trajectory database. These commands process not only plain trajectory
data but also the output of other MD-TRACKS commands, which enables complex analysis work flows
that are easily programmed in shell scripts. The applicability, capabilities, and ease of use of MD-TRACKS
are illustrated by means of examples, that is, the construction of vibrational spectra and radial distribution
functions from a molecular dynamics run is discussed in the case of tetrahydrofuran. These properties are
compared with the experimental data available in the literature. MD-TRACKS is open-source software
distributed at http://molmod.ugent.be/code/.

1. INTRODUCTION

Molecular dynamics (MD) and Monte Carlo (MC) simula-
tions are well-established modeling techniques in diverse
research fields, ranging from catalysis over biochemistry to
solid-state physics.1-5 Historically, most MD/MC simulation
software relied on molecular mechanics models to cope with
the cost of computing the potential energy and the interatomic
forces.6 However, during the past decade, the development
of specialized algorithms and continuously progressing
computer technology have made ab initio molecular
dynamics7-11 a viable and attractive alternative to the
conventional molecular mechanics methods. Despite the ever-
increasing computing power, molecular mechanics remains
relevant for its scalability toward large systems, longer time
scales, and the applications in hybrid QM/MM methods.12

Today, a myriad of MD/MC simulation software is available
(CPMD,7,13 CP2K,8,14 LAMMPS,15,16 DL_POLY,17 CH-
ARMM,18 NAMD,19 GULP,20 GROMACS,21 GROMOS,22

CERIUS2,23...) that enables one to generate a vast amount
of trajectory data by integrating the equations of motion of
the system under study. The trajectory data does not only
contain the time-dependent atomic coordinates, but also many
other quantities as a function of time, for example, atomic
velocities, forces, cell parameters, pressure, temperature,
partial charges, dipole moments, polarizability, different types
of energies, orbitals, and so on. To translate the raw trajectory
data into relevant scientific results, a proper statistical analysis
is indispensable.

Several trajectory analysis solutions are readily available,
for example, Visual Molecular Dynamics24 (VMD), GRO-
MACS,21 PTRAJ,25 SIRIUS,26 and SMILYS.27 They are
certainly of high quality, and some of them offer impressive
visualization functions for molecular dynamics simulations.
Despite the presence of these valuable analysis tools, we felt

the need for a more generic software program that enables
complex analysis that goes beyond the standard functions
present in the current tools. Ideally, a trajectory analysis
program should also be flexible enough to be adapted for
many different applications. In this paper, we present MD-
TRACKS, a versatile, user-friendly, and freely available
toolkit that addresses this challenge. We have tested the
existing analysis software and prototypes of MD-TRACKS
in foregoing studies28-30 which has strongly influenced the
software design. MD-TRACKS has some distinctive char-
acteristics that make it suitable for a wide range of applica-
tions:

(1) MD-TRACKS is compatible with multiple MD/MC
simulation codes. Prior to the actual analysis, the trajectory
data is converted into a simple, manageable, fast, and cross-
platform binary database. The current version of MD-
TRACKS (0.003) has an interface to CP2K,14 CPMD,13

LAMMPS,15,16 DL_POLY,17 and CERIUS2,23 and our
software is easily extended to process trajectory data from
other simulation codes.

(2) An analysis task is solved with a series of consecutive
MD-TRACKS commands in a solution work flow. Each
command loads only the actively used parts of the database
in memory to analyze huge amounts of data without memory
limitations.

(3) MD-TRACKS commands are orthogonal, that is, the
output of each command is written to the database and can
be used as input for any other command. MD-TRACKS has
a built-in plotting function, but it is also possible to convert
the analysis results from the binary database into plain text
format that is supported by most spreadsheet applications
and plotting tools.

(4) An MD-TRACKS programming library is provided
to create custom Python scripts that can access the binary
database. Once parts of the database are loaded in memory,
efficient numerical operations are possible through NumPy.31

If one can perform a very specific analysis task only partially
* To whom correspondence should be addressed. E-mail:

michel.waroquier@ugent.be.
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with the current MD-TRACKS commands, one can easily
implement the remainder of the analysis in a specialized
script using the MD-TRACKS programming library.

This paper describes both the implementation and the
usage of MD-TRACKS. It is assumed that the reader has a
basic knowledge of UNIX systems. The following section
discusses the database format, the structure of a typical MD-
TRACKS command, and an overview of the commands in
the current MD-TRACKS version (0.003). In the third
section, we give an impression of the capabilities of MD-
TRACKS by showing how different types of vibrational
spectra and radial distribution functions are easily computed
from conventional trajectory data. In section four, we
describe how MD-TRACKS can be obtained.

2. IMPLEMENTATION

2.1. MD-TRACKS Database Format. The MD-TRACKS
toolkit stores all trajectory data and analysis output in a
subdirectory tracks of the working directory where the
molecular dynamics or Monte Carlo simulation software has
written its output files. The commands that start with tr-
from- convert the simulation output into binary files in the
tracks directory. For example, tr-from-cpmd-traj
converts a CPMD13 trajectory file into binary data.

Each file in the directory tracks corresponds to a single
time-dependent scalar, for example, tracks/atom.pos.
0000000.y contains the values of the Y coordinate of the
first atom for all iterations of the MD/MC simulation. This
approach has the advantage that the database can be managed
with simple UNIX commands like ls, cp, rm, and mv.

A single file in the database is called a track. Each track
file consists of a fixed length header, followed by a binary
data stream. The header contains a unique fingerprint and a
format description of the binary data stream. The information
in the header makes it possible to interpret the binary stream
correctly on all computer architectures. The binary format
has two major advantages, compared to conventional text
files: (i) binary data is more efficient, both in terms of disk
space and input/output performance, and (ii) binary data
support random access, that is, one can read and write in
track files at arbitrary positions without any overhead, while
text files have to be read or written line by line.

MD-TRACKS follows these database-related conventions
that facilitate the analysis process:

• All values in the MD-TRACKS database are stored in
atomic units. The output files from MD/MC simulations are
converted into atomic units by the tr-from-* scripts. Each
MD-TRACKS command that produces human readable
output, will present numerical data in the units specified by
the user. All unit conversions are based on the CODATA
basic constants and conversion factors.32

• Filenames in the MD-TRACKS database are reserved
for a specific purpose. The most important reserved names
are given below.
o tracks/time: This track contains the time axis, that

is, the time in the simulated molecular system at each
iteration step. In most cases, this is the integration time step
multiplied by the step counter.
o tracks/potential_energy: This track stores the

potential energies felt by the nuclei. It includes all interatomic
interactions, that is, it is not limited to the Coulomb repulsion
between the positively charged nuclei. In a molecular
mechanics simulation, this also includes the valence interac-
tions, Van Der Waals interactions, and so on. In the case of
an ab initio simulation, this file contains the sum of the
nuclei-nuclei, nuclei-electron and electron-electron interac-
tions.
o tracks/kinetic_energy: This track contains the

kinetic energy of the nuclei.
o tracks/atom.pos.${index}.${c}: These tracks

hold the atomic positions, where ${index}identifies the
atom by an integer of seven characters and ${c} is x, y,
or z.
o tracks/atom.vel.${index}.${c}: These tracks

contain the atom velocities, using the same conventions as
in the previous item.

The proposed filename conventions are not strictly im-
posed but are strongly recommended when working with
MD-TRACKS.

2.2. MD-TRACKS Commands. An overview of the MD-
TRACKS commands (in version 0.003) is given in the
Appendix. To execute a command, one enters its name at
the UNIX command line shell, followed by options and
arguments. The names of the commands are chosen to
interact well with the tab-completion function in most popular
UNIX shells. When the command line option --help is
given as an argument to an MD-TRACKS command, the
documentation for that command is printed on screen.

The MD-TRACKS commands are not meant to be entered
manually, unless one explores new types of simulations or
analysis techniques. In all other cases, it is much more
efficient to collect a series of MD-TRACKS commands in a
shell script that can be reused for the analysis of many MD/
MC trajectories. This script-based approach automates the
analysis process, but one still has the possibility to tune all
parameters in this automated procedure.

Each command in the MD-TRACKS toolkit is based on
the MD-TRACKS programming library which is a Python
package that can be reused to write new MD-TRACKS
commands for specialized applications. The most relevant
modules in the MD-TRACKS programming library are listed
in Table 1.

Table 1. Overview of the Most Important Modules in the MD-TRACKS Programming Library

module functionality

tracks.core low-level classes and auxiliary functions that efficiently read from
or write to the binary MD-TRACKS database

tracks.convert routines that convert the output of molecular dynamics and Monte
Carlo programs into the binary format

tracks.parse a set of functions that facilitate the interpretation of command line
arguments

tracks.vector tracks.cell tools for the manipulation of a collection of track files that represent
time-dependent three-dimensional vectors or matrices

MD-TRACKS J. Chem. Inf. Model., Vol. 48, No. 12, 2008 2415
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3. EXAMPLE APPLICATION: VIBRATIONAL AND
STRUCTURAL PROPERTIES OF TETRAHYDROFURAN

In this section, we present a selection of the various
possibilities of MD-TRACKS by demonstrating how the
vibrational and structural properties of tetrahydrofuran (THF)
can be derived from a molecular dynamics simulation. This
gives an idea of the usage pattern and the advantages of the
MD-TRACKS software design. The typical MD-TRACKS
workflow is illustrated in Figure 1. THF was chosen as a
case study in view of its important role as structural unit in
carbohydrates and biological systems and in the context of
a general interest in the conformations and the ring-puckering
of small-membered rings.33,34

A general consensus about the minimum energy structure
of THF has not been achieved yet.35,33 It is not the intention
of this paper to resolve the question of the equilibrium
geometry. Therefore, we will use a recently developed
molecular mechanics force field for linear and cyclic ethers.36

All conformational energies, vibrational frequencies and other
analysis results mentioned below are obtained with this force
field. The potential energy surface of THF in this molecular
mechanics model has two local minima, corresponding to
the twisted and envelope (or bended) conformer,37,38 il-
lustrated in Figure 2. The envelope conformer is 2.5 kJ mol-1

lower in energy. The vibrational frequencies of both con-
formers based on the harmonic oscillator approximation are
listed in Table 2.

3.1. Vibrational Spectra of THF in the Gas Phase. In
this example, we will apply MD-TRACKS to compute the
infrared and inelastic neutron scattering (INS) spectrum of
THF. In addition, we analyze the parts of the spectrum that
are inherent to the pseudorotation motion, which is present
in many puckered cyclic organic molecules.39,40 The concept
of pseudorotation was originally proposed by Kilpatrick et
al. to explain the exceptionally high entropy of cyclopen-
tane.41 The IUPAC definition defines a psueodortation as a
conformational change resulting in a structure that appears
to have been produced by rotation of the entire initial

molecule and is superimposable on the initial one, unless
different positions are distinguished by substitution or
isotopic labeling. No angular momentum is generated by this
motion; this is the reason for the term. In the case of ring
molecules, the conformational changes consist of puckering
modes. The pseudorotation of tetrahydrofuran (THF) has
been extensively investigated during the past decades, both
in experimental and theoretical stud-
ies.33,34,35,37,42,43

We performed an NVE molecular dynamics simulation
of a single THF molecule at an average temperature of 300
Kelvin in the gas phase. The simulation time is 1 ns, and
the integration time step is 1 fs. The simulation has been
carried out with CP2K.14 In the following paragraphs, we
give step-by-step instructions for the analysis of the molec-
ular dynamics simulation. As the analysis progresses, we
unravel the relation between the harmonic frequencies of the
two conformers, the vibrational density of states from the
molecular dynamics simulation and the experimentally
measured infrared spectrum.

The remainder of the text contains a transcript from the
command line terminal and can be used by a potential user
to reproduce this specific example. The output of the
commands is hidden or reduced for reasons of clarity. All
commands are preceded by a “�” sign and are printed in
bold. The screen output generated by the MD-TRACKS
commands is printed using a normal font weight. Long

Figure 1. Workflow of an MD-TRACKS application.

Figure 2. Two stable conformers of the THF molecule. On the
basis of the molecular mechanics model for linear and cyclic ethers
of Vorobyov et al.,36 the twisted conformer is 2.5 kJ mol-1 lower
in energy than the envelope conformer. The pseudorotation phase
(as defined by Cremer and Pople51), is (90° for the twisted and 0°
or 180° for the envelope conformer.

Table 2. Vibrational Frequencies of the two THF Conformers (in
cm-1) Based on the Harmonic Oscillator Approximation Applied to
the Molecular Mechanics Model for Linear and Cyclic Ethers by
Vorobyov et al36

envelope twisted

262 252
573 558
574 585
756 790
827 846
856 860
936 936
950 950
982 971

1052 1049
1067 1080
1120 1135
1166 1163
1193 1183
1287 1286
1321 1319
1334 1331
1350 1354
1451 1450
1465 1472
1472 1489
1487 1514
1580 1571
1595 1606
2851 2850
2851 2851
2885 2884
2888 2887
2897 2897
2903 2905
2920 2923
2931 2932
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commands are split over multiple lines because of the limited
column width, but in practice, they should be entered without
line breaks.

3.1.1. Setup of the MD-TRACKS Database. The output
of the molecular dynamics simulation, as generated by CP2K
(development version of June 27, 2008), is distributed over
several files. The file md-1.ener contains the elementary
energy terms as a function of time. The files md-pos-
1.xyz and md-vel-1.xyz contain the atomic coordinates
and velocities at each integration time step. The file md-
MM_DIPOLE-1.data contains the time derivative of the
dipole moment. The general output file md.out will not be
used in this example. We load the relevant files in the binary
MD-TRACKS database with the commands tr-from-
cp2k-ener, tr-from-xyz, and tr-from-txt. If an
MD-TRACKS database does not yet exist, it is automatically
created. The conversion is done as follows. (The CP2K input
files are not shown.)

� ls
md-1.ener
md-MM_DIPOLE-1.data
md-pos-1.xyz
md-vel-1.xyz
md.out
� tr-from-cp2k-ener md-1.ener
� tr-from-xyz md-pos-1.xyz pos
� tr-from-xyz md-vel-1.xyz vel -u au
� ls
...
tracks/
� ls tracks/
atom.pos.0000000.x
atom.pos.0000000.y
atom.pos.0000000.z
atom.pos.0000001.x
...
atom.pos.0000012.z
atom.vel.0000000.x
...
atom.vel.0000012.z
conserved_quantity
kinetic_energy
potential_energy
time

The command tr-from-xyz has two mandatory argu-
ments: the XYZ trajectory filename and a suffix (e.g., pos
or vel) that is used to generate the filenames in the binary
tracks database. By default tr-from-xyz assumes that the
text based XYZ file contains atom coordinates in angstroms.
When the velocity file is converted, the option -u au is
used to indicate that the XYZ file contains data in atomic
units.

In the remainder of this example, we also need the time
derivative of the dipole moment generated by the THF
molecule. The conversion of the file md-MM_DIPOLE-
1.data demonstrates how the generic tr-from-txt
command converts ASCII data to the binary format when a
specific tr-from-* command is not available. The records
of interest in the file md-MM_DIPOLE-1.data have the
following format (one line):

MM DIPOLE [NON-PERIODIC] DERIVATIVE
(A.U.)| 0.000226 �0.000289 �0.00070

The three numbers correspond to the x-, y-, and z-
components of the time derivative of the dipole moment in
atomic units. The file contains such a record for each time
step. We can use the ubiquitous UNIX tools grep and cut
to filter out the data of interest:

� grep DERIVATIVE md-MM_DIPOLE-1.data |
cut -c 50-

0.000226 -0.000289 -0.000070
0.000226 -0.000289 -0.000070
0.000220 -0.000262 -0.000066
0.000186 -0.000186 -0.000060
0.000135 -0.000079 -0.000053
...

The grep command prints only the records from the file
md-MM_DIPOLE-1.data that contain the word DERIVA-
TIVE. The pipe symbol, |, prevents that the output of grep
is printed on screen. Instead, the filtered records are redirected
as input to the cut command, which discards the first 50
characters from each line. The command tr-from-txt
reads text data formatted in columns from the standard input
and writes this information into the binary database. We can
use a second pipe symbol to redirect the output of the cut
command to tr-from-txt.

� grep DERIVATIVE md-MM_DIPOLE-1.data |
cut -c 50- | tr-from-txt

tracks/dipole.derivt.x
tracks/dipole.derivt.y
tracks/dipole.derivt.z
� ls tracks
...
dipole.derivt.x
dipole.derivt.y
dipole.derivt.z
...

So far, all given MD-TRACKS commands were specific
for CP2K. From now on, the analysis is completely generic.
One can replace the setup of the tracks database by specific
commands for another molecular dynamics program and then
continue with the instructions below to perform a similar
analysis.

3.1.2. Standard Spectral Analysis. The infrared adsorption
spectrum can be derived from a molecular dynamics simula-
tion based on linear response theory. The classical ap-
proximation of the infrared adsorption spectrum is given
by44,45

R(ν) ≈ lim
τf∞

1
τ ∑

j)x,y,z
|∫

0

τ
dt exp(-iνt)

dµj

dt |2 (1)

where ν is the frequency and µj are the Cartesian
components of the dipole moment. This expression
represents the power spectrum of the time derivative of
the dipole moment. The command tr-spectrum is a
generic tool to compute power spectra based on the
numerical FFT algorithm.46 When the time derivative of
the dipole moment is given as input, the infrared spectrum
is generated. When the atomic velocities are given as
input, the inelastic neutron scattering (INS) spectrum or
velocity power spectrum is computed. One could also
compute the power spectrum of the time derivative of the
polarizability, which leads to the Raman spectrum. The
velocity power spectrum can be used as a classical
approximation47-49 of the vibrational density of states.50

MD-TRACKS J. Chem. Inf. Model., Vol. 48, No. 12, 2008 2417



132 Paper IV

Note that formula 1 is entirely equivalent to the Fourier
transform of the autocorrelation function of the time-
derivative of the dipole moment. The following MD-
TRACKS commands compute the infrared adsorption and
the INS spectrum:

� tr-spectrum tracks/dipole.derivt.*
tracks/time tracks/spectrum.ir
--blocks�250

� ls tracks/
...
spectrum.ir.frequencies
spectrum.ir.wavenumbers
spectrum.ir.amplitudes
...
� tr-spectrum tracks/atom.vel.*
tracks/time tracks/spectrum.vib
--blocks�50

� ls tracks/
...
spectrum.vib.frequencies
spectrum.vib.wavenumbers
spectrum.vib.amplitudes
...

In the first command line, the three components of the
time derivative of the dipole moment are given as input. The
time axis is used to create a proper frequency and wave-
number axis. The output is written to files that start with
tracks/spectrum.ir.

The option --blocks�250 instructs the tr-spec-
trum command to divide the input data in 250 blocks of
the same size. The spectrum is computed for each block and
finally the average over all spectra is computed. A higher
number of blocks improves the statistical accuracy of the
final spectrum, but reduces the resolution on the wavenumber
axis. For the infrared spectrum, the resolution on the
wavenumber scale (X-axis) is 8 cm-1, and the relative
statistical error on the infrared adsorption (Y-axis) is 8%.
The INS spectrum is obtained in a similar way. The latter is
obtained with a resolution of 1.5 cm-1 and a relative
statistical error of 9%. The INS spectrum is less sensitive to
statistical noise because it is based on more input data: for
each atom, there are three Cartesian velocity components,
while the dipole moment has only three components in total.

The output files tracks/spectrum.ir.frequen-
cies or tracks/spectrum.ir.wavenumbers can be
used as the X-axis when plotting the spectrum. The corre-
sponding amplitudes of the spectrum are stored in tracks/
spectrum.ir.amplitudes.

In Figure 3, the INS spectrum is compared with the
frequencies obtained within the harmonic oscillator ap-
proximation. A strict one-to-one correspondence between
harmonic frequencies and peaks in the INS spectrum cannot
be made. The main reason is that the molecular dynamics
simulation takes into account finite temperature effects, while
the harmonic oscillator approximation is only valid close to
zero Kelvin. In the remainder of the text, we will show that
at room temperature the THF molecule does not oscillate
very long in one of the local minima of the potential energy
surface. Instead THF continuously alters from the twisted
to the envelope state and visits all intermediate structures. It
is therefore impossible to assign peaks in the vibrational
spectra to one of the conformers. It is clear however that

clusters of harmonic frequencies correlate with clusters of
peaks in the spectrum. The correlation fails visibly in two
cases:

(1) In the region below 150 cm-1, a band in the INS
spectrum appears, which is completely absent in the harmonic
oscillator approximation. This band represents a genuine
vibration of the THF molecule and can not be attributed to
coupling with rotational degrees of freedom. (The angular
momentum is set to zero at the beginning of the molecular
dynamics simulation and remains negligible.)

(2) The peaks around 3000 cm-1 are blue-shifted in the
velocity power spectrum when compared to the harmonic
frequencies. Figure 4 compares the simulated infrared
spectrum with the experimental result. The molecular
mechanics model approximates the experimental peak posi-
tions, but it fails to predict the infrared activity. In the
remainder of this section, we will study the origin of
adsorption band below 150 cm-1.

3.1.3. Transitions between the THF Conformers. The
distinct conformers of the THF molecule are well character-
ized by the ring puckering coordinates that can be computed

Figure 3. Vibrational frequencies in the THF molecule. The
harmonic frequencies of the envelope (purple) and twisted (red)
conformer are plotted as vertical lines. The vibrational density of
states based on the molecular dynamics simulation is plotted in
blue.

Figure 4. Infrared spectrum. The blue line represents the simulated
spectrum. The green58 and red34 curves are experimental spectra
from the literature.
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with tr-ic-puckering. Our implementation relies on
the general definition of puckering coordinates by Cremer
and Pople.51 In the case of a five-membered ring structure,
there are two puckering coordinates: the puckering amplitude,
q, which expresses the deviation from the planar ring
structure and the pseudorotation phase, φ, which discrimi-
nates between all possible envelope and twisted geometries
(see Figure 5a).

The time evolution of the ring puckering coordinates are
computed with the following command:

� tr-ic-puckering 5
tracks/atom.pos.0000000
tracks/atom.pos.0000001
tracks/atom.pos.0000002
tracks/atom.pos.0000003
tracks/atom.pos.0000004 tracks/puck.pos
� ls tracks/
...
puck.pos.amplitude.0000002
puck.pos.phase.0000002
...

The first argument (5) stands for the number of atoms in
the ring structure. The following five arguments are file
prefixes that correspond to the five ring atoms (in consecutive
order). The last argument is a filename prefix for the output
files. The number of ring puckering coordinates is N-3 where
N is the number of atoms in the ring. Conventionally, these
coordinates are labeled with an integer index that starts from
two.51 For an eight-membered ring, one would obtain the
following output files:

� ls tracks/
...
puck.pos.amplitude.0000002
puck.pos.amplitude.0000003
puck.pos.amplitude.0000004
puck.pos.phase.0000002
puck.pos.phase.0000003
...

During the molecular dynamics simulation, the THF
molecule passes through all possible envelope and twisted
conformers. This is demonstrated in Figure 5b where the
time-dependent puckering coordinates during the first 10 ps
are plotted as a solid line. The coordinates of the stable
conformers are drawn as crosses. From this picture, it is clear

the ring puckering motion can not be considered as a
harmonic oscillation around a minimum on the potential
energy surface. This suggests that the vibrational spectra from
the MD simulation will exhibit features that are not present
in the frequencies from the harmonic oscillator approxima-
tion. In other words, the band below 150 cm-1 is most likely
related with the pseudorotation of the THF molecule. In the
next part of this example application, this correspondence
is unambiguously demonstrated.

3.1.4. Peak Assignment in Simulated Vibrational
Spectra. For a proper understanding of the relation between
the pseudorotation phase and the vibrational spectra, we
should compute the contribution of the pseudorotation to the
spectrum. A straightforward power spectrum of the time
derivative of the pseudorotation phase can be misleading.
The unit of the amplitude of this spectrum differs from the
original INS spectrum, which disturbs a strict comparison.
Alternatively, one can project the Cartesian velocity vector
on the tangent of the internal coordinate of interest at each
time step. The spectrum of these projected velocities only
includes contributions of the motion along the selected
internal coordinate and has the same unit as the original INS
spectrum. The projected velocities are always smaller than
or equal to the original velocities. The total spectrum will
therefore be an (approximate) upper limit for the spectrum
of the original velocities. When a peak in the projected
spectrum coincides with its counterpart in the total spectrum,
one can assume that there is no motion along other
(orthogonal) coordinates that contributes to this peak. Such
a peak is then completely resolved.

The following command will compute the ring puckering
coordinates of the THF molecule, their time derivatives, and
the projection of the Cartesian velocity vector on the tangent
of each puckering coordinate:

� tr-ic-puckering 5
tracks/atom.pos.0000000
tracks/atom.pos.0000001
tracks/atom.pos.0000002
tracks/atom.pos.0000003
tracks/atom.pos.0000004
tracks/atom.vel.0000000
tracks/atom.vel.0000001
tracks/atom.vel.0000002
tracks/atom.vel.0000003

Figure 5. (a) Illustration of the pseudorotation phase, based on Figure 3 in the work of Altona and Sundaralingam.59 (b) A polar plot of
the puckering coordinates during the first 10 ps of the MD simulation. The radius is the puckering amplitude; the angle corresponds to the
pseudorotation phase. The coordinates of the stable THF conformers are indicated with crosses.
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tracks/atom.vel.0000004
tracks/puck.pos tracks/puck.vel --project

� ls tracks/

...

atom.vel.0000000.x.proj.puck.vel.amplitude.0000002

atom.vel.0000000.x.proj.puck.vel.phase. 0000002

atom.vel.0000000.y.proj.puck.vel. amplitude.0000002

...

atom.vel.0000004.y.proj.puck.vel.amplitude.0000002

atom.vel.0000004.z.proj.puck.vel.amplitude.0000002

atom.vel.0000004.z.proj.puck.vel.phase.0000002

...

puck.pos.amplitude.0000002

puck.pos.phase.0000002

puck.vel.amplitude.0000002

puck.vel.phase.0000002...

Then we compute the power spectra of the projected
velocities.

�tr-spectrum

tracks/atom.vel.*.proj.puck.vel.amplitude.0000002 tracks/time

tracks/spectrum.puck.amplitude

--blocks�250 � tr-spectrum

tracks/atom.vel.*.proj.puck.vel.phase.0000002

tracks/time tracks/spectrum.puck.phase --blocks�250

� ls tracks/

...spectrum.puck.amplitude.amplitudes

spectrum.puck.amplitude.wavenumbers

spectrum.puck.phase.amplitudes

spectrum.puck.phase.wavenumbers

...

Figure 6 gives an overview of the results. The black
curve represents the total velocity power spectrum of the
five ring atoms. The blue curve is the spectrum of the
velocity vector projected on the tangent of the puckering
amplitude coordinate, and the green curve corresponds to
the pseudorotation phase. The contribution of the hydrogen
atoms is not included in this figure because the ring
puckering coordinates are not influenced by the hydrogen

positions. The plot clearly reveals the origin of the lowest
frequency band (from 20 to 150 cm-1). It is entirely the
result of the pseudorotation motion. The second-lowest
band (from 150 to 280 cm-1) is mainly caused by the
puckering amplitude vibration. Apparently the projected
velocities also correlate with bond stretch and bending
angle modes at higher frequencies, mainly, because the
tangents of the bond stretch, bending angle, and puckering
coordinates are not orthogonal.

3.1.5. Final Remarks. This example stresses an important
technical advantage of MD-TRACKS. The orthogonal design
of the MD-TRACKS commands does not impose a pre-
defined work flow during the analysis. In this case, the output
of the command tr-ic-puckering is used as input for
the command tr-spectrum. The puckering coordinates
could have been used as an input for other commands, such
as tr-hist or tr-blav. As demonstrated above, tr-
spectrum also processes the output of many commands,
for example, tr-from-xyz, tr-from-txt, tr-ic-*,
etc. More advanced analysis tasks are carried out by a whole
series of MD-TRACKS commands, grouped in a shell script.
Each line in such a script processes the results from the
previous commands. The final analysis results are converted
to ASCII format with tr-to-txt, or they can be directly
plotted with tr-plot.

3.2. Structural Properties of Liquid THF. In this
section, we study radial distribution functions (RDF’s) or
pair distribution functions52 of THF in the liquid phase. We
consider both the center-of-mass RDF and the atom-atom
RDF, which can be compared to neutron diffraction experi-
ments.53 The comparison between an experimental and a
simulated RDF is a stringent test for the validity of the
nonbonding interactions in the molecular dynamics simula-
tion.

All radial distribution functions below are derived from
an NVT molecular dynamics simulations of 64 THF mol-
ecules in a cubic box of 20.5 Å, using periodic boundary
conditions. A Nosé-Hoover thermostat54 with a relaxation
time of 0.1 ps was applied to control the temperature of the
system. The integration time step is 1 fs, and the total
simulation time is 1 ns. The simulation has been carried out
with CP2K.14 The following subsections are organized in
the same style as in the previous example.

3.2.1. Setup of the MD-TRACKS Database. This part is
very similar to the previous example. We extract the time
dependent atom positions with the following commands:

� ls
init.psf
md-1.ener
md-MM_DIPOLE-1.data
md-pos-1.xyz
md-vel-1.xyz
md.out
� tr-from-xyz md-pos-1.xyz pos
--slice�::1000
� ls tracks/
atom.pos.0000000.x
atom.pos.0000000.y
atom.pos.0000000.z
atom.pos.0000001.x
...
atom.pos.0000831.z

Figure 6. Analysis of the low-frequency bands in the velocity
power spectrum of THF. The black line is the total velocity po-
wer spectrum of the five ring atoms. The blue curve represents
the power spectrum of the velocity vector projected on the
tangent of the puckering amplitude coordinate. The green curve
is a similar spectrum that corresponds to the pseudorotation
phase.
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The option --slice�::1000 instructs the script tr-
from-xyz to read a frame from the trajectory file md-
pos-1.xyz every 1000 time steps. The file init.psf
is a CHARMM18 topology file that will be used below to
determine which atoms belong to the same molecule or to
identify the chemical environment of an atom.

3.2.2. Center-of-Mass Radial Distribution Function. A
center-of-mass RDF expresses the probability of finding two
THF molecules at a certain distance apart in the liquid,
relative to the probability of finding a pair of molecules that
are homogeneously distributed at the same density. We will
first derive the centers of mass of each molecule:

� tr-split-com tracks/atoms.pos pos
init.psf
� ls tracks/
...
com.pos.0000000.x
com.pos.0000000.y
...
com.pos.0000063.z
...

The arguments of tr-split-com are interpreted as
follows: (i) the prefix for the track files that contain the atom
coordinates, (ii) a tag for the output files, and (iii) the
CHARMM topology file to identify the individual molecules.
Consequently, we run the command that computes the radial
distribution function based on these centers of mass:

� all_mol_prefixes�$(tr-select init.psf mol
True --prefix�tracks/com.pos)

� echo $all_mol_prefixes
tracks/com.pos.0000000
tracks/com.pos.0000001...
� tr-rdf $all_mol_prefixes 20.5*A, 15*A 100
tracks/com.rdf
� ls
...
tracks/com.rdf.bins
tracks/com.rdf.hist
...

The first command tr-select lists molecules or atoms
based on a filter expression. The first argument is the
CHARMM topology file for the system under study. The
second argument can be at or mol to indicate which objects
one would like to select (atoms or molecules). The last
argument is a filter expression that must evaluate to true for
the atoms or molecules of interest. When True is literally
given as filter expression, all atoms, or in this case molecules,
are listed. The option --prefix�tracks/com.pos de-
termines the format in which the list is printed. The
construction all_mol_prefixes�$(...) assigns the
output of the command tr-select to the variable all-
_mol_prefixes. The command echo $all_mol_pre-
fixes prints the contents of this variable on screen. The
command tr-rdf computes the actual radial distribution
function for a list of time-dependent Cartesian coordinates.
In this example, the centers of mass are used to compute
the radial distribution function. The second argument speci-
fies the box dimension so that the periodicity is properly
taken into account when computing pair distances. The third
argument is the maximum distance for which the RDF is
computed. The fourth argument defines the number of bins

in the histogram and the last argument is a prefix used for
the output files. In this example, the file tracks/com-
.rdf.hist contains the y-values of the radial distribution
function.

The results are depicted in Figure 7, together with the
experimental center-of-mass RDF by Bowron et al.53 The
overall correspondence is satisfactory, except for the maxi-
mum of the first peak, which is slightly overestimated in
the simulated distribution. The area under the first peak of
the simulated pair distribution reveals that (on average) there
are 12.9 ( 0.5 molecules in the first shell that surrounds a
given THF molecule. This compares very well to the
experimental value of 12.6 ( 0.3.53

3.2.3. Atom-Atom Radial Distribution Functions. A more
fine-grained picture of the relative position and orientation
of THF molecules in the liquid phase is given by the
atom-atom RDF, which expresses the probability of finding
an atom of type A and B at a certain distance in the liquid,
relative to the probability of finding these atoms at the same
distance when they are homogeneously distributed. Analo-
gously to the center-of-mass RDF, we first select the atoms
for which we want to compute the RDF. In a second step,
the actual RDF’s are computed:

� O_prefixes�$(tr-select init.psf at
’a.symbol���O�’ --prefix�tracks/atom.pos)
� C1_prefixes�$(tr-select init.psf at
’a.symbol���C� and a.nsymbols��O,C,H_2�
--prefix�tracks/atom.pos)
� C2_prefixes�$(tr-select init.psf at
’a.symbol���C� and a.nsymbols��C_2,H_2�
--prefix�tracks/atom.pos)
� echo
tracks/atom.pos.0000001
tracks/atom.pos.0000004...
� tr-rdf $O_prefixes 25*A, 15*A 100
tracks/O.rdf
� tr-rdf $O_prefixes - $C1_prefixes 25*A,
15*A 100 tracks/OC1.rdf
� tr-rdf $O_prefixes - $C2_prefixes 25*A,

Figure 7. Center-of-mass radial distribution function of liquid THF
at room temperature. The solid line represents the histogram derived
from the molecular dynamics simulation. The dashed line is the
experimentally observed radial distribution function by Bowron
et al.53
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15*A 100 tracks/OC2.rdf
� ls tracks/
...
O.rdf.bins
O.rdf.hist
OC1.rdf.bins
OC1.rdf.hist
OC2.rdf.bins
OC2.rdf.hist
...

In the first three lines in the transcript above, three groups
of atoms are defined with the command tr-select: the
oxygen atoms (O), the carbon atoms that are directly bonded
to an oxygen atom (group C1), and the carbons atoms that
are not directly bonded to an oxygen atom (group C2). For
a detailed description of the filter expressions, we refer to
the documentation of tr-select, which can by consulted
with the command tr-select --help. Consequently,
the RDF’s are computed with tr-rdf. The first example
is based on distances between atoms in a single set, in this
example, the set of oxygen atoms. The latter two RDF’s
consider the distances between the atoms in set A and B but
not the distances within each set A or B. In this case, A is
the set of oxygen atoms, and B is the set of C1 or C2 atoms.

The three radial distribution functions are plotted in Figure
8. The simulated distributions do not match perfectly with
the experimental data. Mainly at short distances, the experi-
mental RDF’s show sharp peaks that are not present in their
simulated counterparts. The experimental data suggest that
our simulations underestimate the liguid structure in terms
of relative orientation of neighboring THF molecules.

4. PROGRAM AVAILABILITY

The MD-TRACKS toolkit is distributed as open source
software under the conditions of the GNU General Public
License, version 3. The software can be downloaded from
the Code Web site of the Center for Molecular Modeling:
http://molmod.ugent.be/code/. Documentation, installation
instructions, and technical support are also available on this
web site. In addition, there is a web-interface to the revision
control systems that logs all changes in the source code. MD-
TRACKS is released together with ZEOBUILDER,55 which
is a highly suitable GUI toolkit for the construction of initial
molecular geometries for molecular dynamics simulations.

5. CONCLUSIONS

MD-TRACKS is a powerful and free molecular trajectory
analysis toolkit. The MD-TRACKS toolkit consists of many
commands that operate on an efficient and cross-platform
binary trajectory database. There are three levels at which
the MD-TRACKS toolkit can be used: one enters the
individual MD-TRACKS commands at a UNIX command
line shell, or one collects these commands in specialized shell
scripts that automate the analysis work, or one creates new
MD-TRACKS commands based on the MD-TRACKS
programming library. Currently, the MD-TRACKS program
has an interface CP2K,14 CPMD13 LAMMPS,15,16

DL_POLY,17 and Cerius2.23

The analysis of a molecular dynamics simulation of
tetrahydrofuran with MD-TRACKS gives nontrivial insights
in the vibrational and structural properties of this solvent.

The transition of THF between the two (symmetric) twisted
conformers is an anharmonic oscillation. It results in a broad
band in the vibrational spectra between 20 and 150 cm-1.
The molecular mechanics model of Vorobyov et al.36 leads
in general to analysis results that correlate well with
experimental observations. It should be clear that these
examples merely cover a small part of the functionality of
the MD-TRACKS toolkit. Even a full listing of the current
MD-TRACKS commands does not reflect the continuous
development of new features and improvements.
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APPENDIX

The algorithms implemented in the commands below are
discussed in standard text books on molecular dynamics and
Monte Carlo simulations.52,56

Figure 8. Atom-atom radial distribution functions for the pairs
O-O, O-C1, and O-C2. C1 is the set of carbon atoms directly
bonded to oxygen, and the C2 set contains to the remaining carbon
atoms. The simulated RDF is plotted as a solid line, while the
experimental curves are plotted as dashed lines.
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• tr-ac: Computes the autocorrelation function.
• tr-ac-error: Computes the error on an autocorre-

lation function.
• tr-angular-momentum: Determines the angular

momenta of one or more molecules.
• tr-blav: Applies the block-average method.
• tr-calc: Evaluates arbitrary mathematical functions

on the data in track files
• tr-corr: Computes correlation coefficients
• tr-cwt: Computes the continuous wavelet transform.
• tr-derive: Numerically differentiates a function.
• tr-fit-peaks: Fits peaks in a spectrum.
• tr-fluct: Computes fluctuations.
• tr-from-atrj: Converts Cerius2 trajectory files (into

the binary track files).
• tr-from-cp2k-cell: Converts CP2K unit cell data.
• tr-from-cp2k-ener: Converts CP2K energy files.
• tr-from-cp2k-stress: Converts CP2K stress ten-

sor files.
• tr-from-cpmd-ener: Converts CPMD energy files.
• tr-from-cpmd-traj: Converts CPMD atom trajec-

tory files.
• tr-from-dlpoly hist: Converts DL_POLY his-

tory files.
• tr-from-dlpoly output: Converts DL_POLY

output files.
• tr-from-lammps-dump: Converts LAMMPS dump

files.
• tr-from-txt: Reads data from a column-based plain

text file and writes the data to binary track files.
• tr-from-xyz: Converts XYZ trajectory files.
• tr-hist: Computes histograms.
• tr-ic-bend: Computes a (time-dependent) bending

angle.
• tr-ic-dihed: Computes a dihedral angle.
• tr-ic-dist: Computes an interatomic distance.
• tr-ic-dtl: Computes a distance to a line.
• tr-ic-oop: Computes an out-of-plane distance.
• tr-ic-psf: Enumerates and computes (a subset of)

the internal coordinates based on the molecular topology.
• tr-ic-puckering: Computes the generalized puck-

ering coordinates for an n-membered ring.
• tr-integrate: Numerically integrates a function.
• tr-irfft: Computes the inverse real Fourier transform.
• tr-length: Prints the length of a track file.
• tr-mean-std: Computes the (time-dependent) mean

and the standard deviation.
• tr-msd: Derives the mean square displacement of a

set of coordinates as a function of the time interval.
• tr-msd-fit: Derives the diffusion coefficient from the

data obtained with tr-msd.
• tr-norm: Computes the time-dependent norm of a

vector.
• tr-pca: Applies the principal component analysis

method.
• tr-plot: Generates charts directly from data in the

binary MD-TRACKS database.
• tr-qh-entropy: Computes the vibrational entropy,

using the quasi-harmonic approximation.
• tr-rdf: Computes different types of radial distribution

functions:
• tr-reduce: Reduces a data set with block averages.

• tr-rfft: Computes the forward real Fourier transform.
• tr-select: Prints atom or molecule indexes that

fulfill a given filter expression.
• tr-select-rings: Prints atom indexes that belong

to n-membered strong rings.57

• tr-shortest-distance: Computes the (time-de-
pendent) shortest distance between two sets of atoms.

• tr-slice: Reduces a data set with subsampling.
• tr-spectrum: Computes various types vibrational

spectra.
• tr-split-com: Computes the time dependent centers

of mass of the molecules in the trajectory.
• tr-to-txt: Reads data from the binary database and

convert it into plain text format.
• tr-to-xyz: Converts the trajectory data in the data-

base to the XYZ format.
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’ INTRODUCTION

Silica sol�gel chemistry refers to the hydrolysis and conden-
sation of a monomeric silicon alkoxide source in the presence of
solvent and homogeneous catalyst into sol and gel. Many
industrial manufacturing schemes of specialty silica materials
including fibers, coatings, films, gels, glasses, and ceramics are
based on silica sol�gel chemistry.1�7 In sol�gel processes the
properties of the final silica material are largely dependent on the
nature of the silicate polymer and, especially, the formation of
linear versus branched chains and ring structures. Crucial param-
eters of the silica sol�gel processes are the water:alkoxide
molar hydrolysis ratio designated as the r value, the pH, the
nature of the alkoxide, and the addition of organic solvent.8�23 In
general terms, high pH, and high r values favor the formation of
highly branched silicate networks suited for manufacturing of
colloidal silica or silica gel.24�30 The use of a homogeneous acid
catalyst leads to more linear polymer chains and is recommended
whenmaterials with low fractal dimension such as films and fibers
are desired.12

Recent studies have shown that this traditional vision on the
impact of the catalyst selection on branched versus linear polymer
growth may be too simplistic. Insight into vibrational fingerprints
revealed with UV-Raman spectroscopy of silicate oligomers is
steadily growing.31�46 Using 29Si NMR and small angle X-ray

scattering, Brinker and Assink observed significantly branched
silicate chains obtained under acidic conditions.47 Further evidence
for the presence of branched oligomers was provided by 29Si NMR
and Raman spectroscopy.12,17,48�51 In support of these observa-
tions, occurrence of cyclization reactions in acid catalyzed silica
sol�gel processes has been detected.12,17,48,49,52�59

In an earlier publication we reported a similar investigation of
acid catalyzed silica polymerization starting from tetraethylortho-
silicate (TEOS) using 29Si NMR, UV-Raman, and molecular
modeling.60 The identity of oligomers formed at r values of 2
and lower could be identified and the reaction scheme projected.
In the polymerization process departing from TEOS, linear chains
no longer than hexamer are formed next to rings composed of
three to six silicate units and branched specimen. The main
reaction pathways in acid catalyzed silica oligomerization depart-
ing from TEOS are chain extension through monomer addition,
formation of rings via cyclo-dimerization, and branchings through
attachment of dimer and trimer.

Previously we noticed significant differences in the properties
of silica gel obtained from TMOS and TEOS under almost

Received: January 19, 2011
Revised: May 5, 2011

ABSTRACT: Tetramethylorthosilicate (TMOS) was hydrolyzed and polymerized under
strongly acidic conditions in the presence of substoichiometric quantities of water. The
polymerization reaction was monitored during 64 h using 29Si NMR and UV-Raman
spectroscopy. The nature of the oligomers and the condensation reaction pathways were
unraveled using this combination of experimental techniques together with molecular model-
ing. 29Si NMR andUV-Raman signals which previously were not documented in literature could
be assigned. TMOS rapidly was converted into short straight methoxylated silicate chains.
Subsequently the growth of oligomers proceeded by condensations between a hydrolyzed
middle group of a chain with an end-group of another chain. Larger oligomers were attached to
each other via condensations between middle groups generating multiply branched structures. Rings were formed late in the
reaction scheme through internal condensations of sizable silicate molecules. Oligomers that were characteristic of the different
stages of the polymerization process were proposed. Oligomerization pathways starting from tetramethylorthosilicate and
tetraethylorthosilicate (TEOS) are significantly different. While with TMOS rings are formed only late in the oligomerization
scheme, with TEOS rings are formed at early stages through cyclo-dimerization. This insight into the different nature of the
oligomers obtained from TMOS and TEOS will assist the design of new silica sol�gel materials.
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identical reaction conditions.61,62 While the use of TEOS led to
the formation of microporous silica gel, its substitution with
TMOS led to the formation of mesoporous material.61 A
standing question was how the choice of alkoxide affected the
oligomerization reaction scheme. In this work we unraveled the
molecular aspects and underlying mechanism of the silica
oligomerization process departing from TMOS. We applied
the same methodology of combined UV-Raman and 29Si
NMR, successfully applied on the TEOS sol�gel chemistry.60

Raman frequencies and 29Si NMR chemical shifts have been
computed for the different species using ab initio molecular
modeling techniques. Significant differences in silicate speciation
were observed, increasing the insight into the nature of the final
silica gel materials that are obtained from TMOS versus TEOS.

’EXPERIMENTAL SECTION

In a typical sample preparation TMOS (Acros, 99%) and
methanol (VWR, absolute grade, 99.9%) weremixed. Concentrated
H2SO4 (Fisher, 98%) and optional water were added dropwise in
this order under continuous stirring. The molar ratio of TMOS:
MeOH:H2SO4 was 1:3.07:0.35. Water was added to reach a molar
H2O:TMOS ratio of 0.5 or 1.0 initially. After preparation in open
recipients the samples were either sealed in polypropylene bottles
(20 mL) for sample aging or transferred into NMR sample tubes,
sealed, and introduced in the 29Si NMR instrument. The samples
were hygroscopic and rapidly absorbed some water from ambient
air. The actual r value was determined based on the hydrolysis and
condensation state of the Si atoms determined by 29Si NMR
sequences following amethod explained in a previous publication.60

In short, the r value was calculated from the number of hydrolyzed
groups, assuming quantitative reaction of all water present. The
r value for the samples with initial molar H2O:TMOS ratio of 0.5
and 1.0 increased to 0.9 and 1.3, respectively. Specifically for theUV-
Raman investigation a third sample with minimum water content
was prepared (R-0.1). The chemical compositions of the samples
R-0.1, R-0.9, and R-1.3 are given in Table 1.

Raman spectra were recorded using a Raman instrument com-
bining of a Coherent Innova 300C MotoFred laser, a Roper
Scientific Trivista TR557 A&S triple-stage spectrometer, and a
CCD camera (Princeton Instruments). The spectrometer stages
were equipped with 900�900�3600 grooves/mm grating combi-
nation. An excitation beamline at 244 nmwavelengthwith an output
power of 10 mW was used. The silicate samples were analyzed in
open shallow cylindrical vessels rotating horizontally. To minimize
local heating, a short exposure time to the laser beam of 80 s was
applied. Each spectrum was an average accumulation of three
recordings, each on a fresh sample. Possible instrumental frequency
shifts were corrected using PTFE as a shift reference. Spectra were
normalized for intensity based on the 1455 cm�1 vibration, assigned
to the asymmetrical C�H bending of methoxide groups of both
TMOS and MeOH. A Savitzky�Golay algorithm with a filter
coefficient of 5 was applied to smooth the spectra.

29Si NMR spectra of samples R-0.9 and R-1.3 were recorded
on a Bruker Avance IIþ 600 spectrometer (14.1 T). Samples

(3 mL) were loaded in 10 mm quartz tubes. The spinning
frequency was 16 Hz. Experimental conditions comprised a
recycle delay of 80 s and pulse lengths of 12.0 ms (R-0.9) or
10.0 ms (R-1.3). These pulse lengths correspond to a tip angle of
90�. Recordings of samples R-0.9 and R-1.3 contained 65536 and
16384 time domain data points (td), respectively. Tetramethyl-
silane served as external chemical shift reference. Measurements
were performed without lock, under isothermal conditions at
298 K. Shimming was performed on a solution of TMS-salt
(trimethylsilylpropane sulfonic acid, Merck) in 3 mL of D2O.
Each acquisition in the time sequence represented an accumula-
tion of 28 scans.

’THEORETICAL SECTION

All theoretical predictions for Raman vibrational frequencies
Raman63 and 29Si NMR chemical shifts64 were derived from
static quantum chemical methods using the Gaussian03
program.65 Ab initio molecular dynamics simulations are the
most natural way to reproduce IR and Raman spectra, but for
larger oligomers they require a high computational cost as long
simulation times are needed. Alternatively, classical molecular
dynamics methods make calculations feasible but require ade-
quate force fields. For Raman spectra the Fourier transform of
the autocorrelation function of the time variation of the electric
polarizability matrix should be evaluated from the trajectories.
This is very sensitive to the applied force field, and for the specific
purpose of this paper we have preferred the static approach.66 All
chain structures from monomer up to octamer and some
cyclosilicates (three- and four-rings) were optimized in vacuo
at the B3LYP/6-31þg(d) level of theory.67 This level of theory
has been recognized as one of the best performing functionals for
geometry optimizations and has already been used in previous
studies on silica oligomerization.29,60 DFT based harmonic
vibrational frequencies are normally scaled to compare with
experimental values. The scale factor is uniform for a given level
of theory68 and has been determined via an optimal correlation
between theoretical and experimental values for all structures
ranging from monomer up to pentamer (see Supporting In-
formation). This scale factor amounts to 1.0335 for Raman
frequencies and is in good agreement with theoretically deter-
mined scale factors proposed by Radom et al.68 for low frequen-
cies. The model assumes all species fully saturated with
methoxide groups, justified at low molar hydrolysis ratio. The
configurational dependency of the spectra was verified by con-
sidering different conformers for each species. For all species a
large number of conformers was investigated ranging from linear
to curled up conformers and various internal rotations were
applied to scan for a large variety of structures. From these
structures we have selected the most stable ones differing in
binding energy by no more than 5 kJ mol�1. The coordinates of
all selected conformers are given in the Supporting Information.
Vibrational frequencies for all conformers have been computed,
yielding mean values and widths. Maximal variation between
conformers appeared to be ∼20 cm�1.

Table 1. Overview of Samples

sample code r value TMOS (mL) MeOH (mL) H2SO4 (mL) H2O (mL) TMOS:H2O:MeOH:H2SO4 molar ratio

R-0.1 ∼0.1 10.442 8.783 0.673 0.103 1:0.1:3.07:0.35

R-0.9 0.9 10.183 8.565 0.656 0.597 1:0.9:3.07:0.35

R-1.3 1.3 9.876 8.307 0.636 1.180 1:1.3:3.07:0.35
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For 29SiNMR, chemical shifts were calculated for all silicon atoms
of the structuresmentioned above and averaged out overQ0,Q1,Q2,
and Q3 sites. A distinction was made between Q2 species in chains
andQ2 species in rings. Single-point calculations with a triple-ζ basis
set 6-311þþg(d,p) were performed on B3LYP/6-31þg(d) opti-
mized geometries for the 29Si NMR signals.69 Solvent effects on
NMR shifts are well-known and have been investigated to some
extent on nitrogen shielding constants.70 Most of the previous ab
initio calculations of chemical shifts on small silica species have
ignored the effect of the molecular environment.71 Recently some
studies included these effects either by using an implicit solvent
model72 or by adding some discrete solvent molecules to the silica
clusters.73 The silica clusters under consideration in this paper are
relatively large, ranging from 20 to about 120 atoms. Explicitly
solvating these clusters with solvent molecules is not feasible as it
would require a lot of explicit solvent molecules.74 Moreover, the
position of each of these solvent species would have to be
equilibrated by means of molecular dynamics simulations.75 To
account for the solvent environment, we used a scale factor for the
NMR shifts by determining an optimal correlation between theore-
tical and experimental values for the Q0, Q1, Q2, and Q3 sites (See
Supporting Information). The scale factorwas determined as 0.9596.

’RESULTS AND DISCUSSION

Identification of Silicate Oligomers Using 29Si NMR, UV-
Raman, and Molecular Modeling.Our samples prepared from
TMOS at low r values in strongly acidic conditions were
homogeneous and suitable for 29Si NMR spectroscopy. The
R-0.9 sample was prepared and loaded into the NMR apparatus.
About 70 29Si NMR spectra were taken in the period from 0.5 to

64 h. Chemical shifts of specific signals were determined in the 70
spectra and averaged. For the majority of signals the accuracy of
the chemical shift was within 0.01 ppm. Examples of spectra
recorded 0.5, 2, 26, 31, and 64 h after preparing the sample are
shown in Figure 1. The spectra comprised signals of Q0, Q1, Q2,
and Q3 silicate connectivities, the subscript in the Q symbol
referring to the number of siloxane bonds of the Si atom. The
evolution of the distribution of Qn environments in R-0.9 sample
according to 29Si NMR is presented in Figure 2. The Q0 signal
was constant and represented less than 10% of all silicon atoms.
End groups (Q1) were dominant in the first hours (Figure 2). A
formation of dimers and short chains can account for such high
content of end groups. The Q1 concentration decreased from
over 50% initially to a final level of ca. 30% of the Si atoms. Si
atoms in chains linked to two Si atoms via siloxane bridges (Q2)
were present all the time. Their concentration reached a max-
imum after ca. 6 h. The content of branchings (Q3) originally was
very low but steadily increased all along the investigated 64 h
period. The concentration of fully condensed Si atoms (Q4)
remained below the detection limit. At this lowwater content and
high acidity the network cannot reach a high level of connectivity
within the monitored time frame.
Details of the 29Si NMR spectra of Figure 1 in the Q1 and Q2

regions are provided in Figure 3. One signal was observed in the Q0

range, assigned to TMOS (Q0, δ = �78.14 ppm, Figure 1). The
Q1 region showed threewell-resolved signals (Figure 3).Next to the
Q1 signal assigned to dimer (Q1

Q1, δ =�85.50 ppm),48�51,54 two
additional Q1 signals were observed at δ = �85.69 and �85.91
ppm. Si atoms terminating chains of trimers and longer chains

Figure 1. 29Si NMR spectra of the polycondensation process of R-0.9
sample.

Figure 2. Qn distribution in R-0.9 sample according to 29Si NMR
against time.

Figure 3. Detail of Q1 (left) and Q2 (right) range of 29Si NMR spectra
of Figure 1.

Figure 4. Distribution of Q1 29Si NMR signals in R-0.9 sample against
aging time. Lines are meant to guide the eye.
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typically show a resonance around�85.7 ppm,48,54,76 leading to the
assignment of the signal at �85.69 ppm to Q1 end groups
connected to a Q2 and denoted Q1

Q2. The third Q1 signal at
δ =�85.91 ppm has hardly been discussed in the literature.48 From
the evolution of the internal distribution of Q1 signals (Figure 4) it
appeared that the species associated with the �85.91 ppm signal
were formed later than dimer and chains. The δ = �85.91
ppm signal grew in parallel with the signals in the Q3 range. This
led to a tentative assignment of the �85.91 ppm resonance to Q1

end groups connected to aQ3 silicon, denotedQ1
Q3.On the basis of

their chemical shift all Q1 groups were methoxylated.
The 29Si NMR spectra in the Q2 range showed eight resolved

peaks (Figure 3). The assignment of the signals at�93.40,�93.61,
and�93.80 ppm toQ2 Si atoms of linear fully methoxylated trimer,
tetramer and pentamer was based on the literature.48�51,54,76 These
three signals dominated the Q2 range after 0.5 and 2 h. After 26 h
and later two additional upfield signals gained intensity with
maximum intensity around �94.01 and �94.26 ppm, respectively
(Figure 3). These signals have not been documented before. Their
position and gain in intensity at later stages of the experiment led to a
tentative assignment to Q2 middle atoms of chains containing more
than five Si atoms, i.e., chains of six Si (�94.01 ppm) and seven Si
units (�94.26 ppm), respectively. The presence of a shoulder

upfield of the �94.26 ppm signal hints at the formation of even
longer chains.
The five already discussed Q2 signals were assigned to fully

methoxylated molecules. In the Q2 range the first two 29Si NMR
spectra (0.5 and 2 h) showed additional signals downfield of the
signals of fully methoxylated molecules at δ = �92.72, �92.96,
and�93.2 ppm, respectively (Figure 3). Due to the low intensity
the last signal will not be quantitatively interpreted. Signals in this
chemical shift region have been assigned in literature either to Q2

signals of cyclosilicates or to chains containing one hydrolyzed Q2

silicon.48�50,54,76 Brunet et al.48 observed 29Si NMR signals at
chemical shifts similar to those presently observed and assigned
them to Q2 silicons of branched 4-rings. Kelts and Armstrong
observed similar spectra in an acid catalyzed TMOS oligomeriza-
tion and originally assigned them to hydrolyzed linear groups.50 In
a later study in which TMOS and TEOS hydrolysis and condensa-
tion were compared, those authorsmodified their interpretation of
the discussed signals in favor of cyclosilicates.49 In the present
study the intensity of the signals at δ = �92.72 and �92.96
decreased strongly in the period from 2 to 26 h (Figure 3).
Provided the assignments to cylcosilicates were correct, these Q2

silicons either would have been converted to Q3 via the formation
of branchings or else to Q2 and Q1 groups of chains via a break-up
of these rings. According to Brunet et al.48 the Q3 signature of ring
Si atoms carrying a branching are to be found atδ∼�101 ppm. In
our experiment, Q3 signals in the region around�101 ppm were
weak in early NMR spectra and decreased rather than increased in
intensity when the discussed Q2 signals weakened. Only weak
signals assigned to Q3 environments were observed in the region
�100 to�103 ppm (Figure 1) indicating the existence of silicate
rings early in the synthesis was unlikely.
An alternative interpretation of the Q2 signals at δ = �92.72,

�92.96, and �93.2 ppm was assumption of the presence of a
hydrolyzed group on Q2 Si atoms in chains. The presence of a
hydrolyzed group in a chain has been reported to cause a downfield
shift of ca. 0.9 ppm50 or ca. 1.3 ppm48,54,76 compared to the
nonhydrolyzed oligomer. Compared with the chemical shifts of the
Q2 signals of fully methoxy terminated tetramer (δ =�93.61 ppm),
pentamer (δ=�93.80ppm), andhexamer (Q2,δ=�94.01) eachof

Figure 5. Content of hydrolyzed Q2
h groups in chains with 4Si, 5Si, and

6 or more Si atoms (6Siþ) according to 29Si NMR against time during
the polycondensation of sample R-0.9. Lines are meant to guide the eye.

Table 2. Experimental and Theoretical 29Si-NMR Chemical Shifts

experimental 29Si NMR signal (ppm)

Qi region species R-0.9a R-1.3 theoretical region (ppm)b

Q0 monomer �78.14 �74.97; �77.16

Q1 �82.78; �88.36

Q1
Q1 dimer �85.50 �85.5

Q1
Q2 end-group of Q2 �85.69 �85.7

Q1
Q3 end-group of Q3 �85.91 �85.9

Q2 �90.96; �99.65

3Si �93.40 �93.4

4Si �93.61 �93.6

5Si �93.80 �93.8

6Siþ �94.01; �94.26 �94.0; �94.3

Q2 hydr. �92.72; �92.96; �93.2 �92.4; �92.7; �93; �93.2

Q3 branches [�100; �103] [�99.5; �103.5] �92.84; �105.38
aChemical shifts of specific signals have been determined and averaged over about 70 29Si NMR spectra. The error margin on the experimental 29Si
NMR signal (ppm) for R-0.9 was 0.01 for all fully methoxide terminated species and 0.03 for the hydrolyzed specimen. bTheoretical values were scaled
with a factor of 0.9596, determined by the optimal correlation between the theoretical and experimental values for the Q0, Q1, Q2, and Q3 environments
(see Supporting Information).
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the signals at δ = �92.72, �92.96, and �93.20 ppm Q2 exactly
present this downfield shift by ∼0.9 ppm. According to this assign-
ment, in the 29Si NMR spectra after 0.5 and 2 h, Q2 groups in
tetramers were most abundant (signals at�92.72 ppm for tetramer
with hydrolyzed group and�93.61 ppm for unhydrolyzed tetramer,
respectively). The content of hydrolyzed Q2 groups in chains with
four and five Si atoms was plotted against time in Figure 5. In the first
hours, the content of hydrolyzed Q2 groups in 4Si chains rapidly
decreased, while later hydrolyzed groups in chains with 5Si atoms
dominated among the hydrolyzed Q2 groups.
Linear trimer hydrolyzed at Q2 was expected to cause a Q2 29Si

NMR signal around �92.50 ppm considering a downfield
shifting by 0.9 ppm of the �93.40 ppm signal assigned to fully
methoxylated trimer. However, at the expected chemical shift no
peak was observed (Figure 3). Similarly, in the Q0 and Q1 range
the 29Si NMR spectra did not show any signal that could be
assigned to hydrolyzed species (Figure 1). The concentration of
hydrolyzed monomer, dimer, trimer, and of end groups of chains
was low in this TMOS system. These groups apparently were
short-lived and their concentration was therefore below the
detection limit during the first 29Si NMR recording. Apparently,
hydrolyzed groups persisted only on Q2 silicons in chains with
four and more Si atoms.
In the time sequence of 29NMRspectra (Figure 1) relativelyweak

Q3 signals were observed. Systematic investigation of the 70
collected spectra revealed intensity maxima occurred at δ =
�100.9, �101.15, �101.45, and �101.8 ppm at early times. With
time, Q3 signals at more negative chemical shifts of �102.08,
�102.35, and �102.6 ppm were detected. A listing of 29Si NMR
signals and their assignment in the R-0.9 sample is provided in
Table 2.
Raman spectra of sample R-0.9 during its evolution are presented

in Figure 6. The TMOS monomer was responsible for a Raman
signal at ∼640 cm�1. Raman signals of dimer and end groups of
chains coincided around 575 cm�1.16,17,51,60,77 Molecular model-
ing confirmed these assignments (Table 3). The representative
silica structures are shown in Figure 7. The Raman active band at
575 cm�1 corresponds to a global stretching vibration. The
frequency of the maximum of the band depended on the relative
concentration of the dimer versus end groups. In UV-Raman
spectra of sample R-0.9 the signal at∼575 cm�1 was in the lower
range of the wavenumbers reported for this signal in literature
pointing at dominating dimers. In the time series of Raman
spectra, the ∼575 cm�1 band decreased in intensity in favor of

signals at ∼555 and ∼510 cm�1. The latter two vibrations could
not be readily assigned. From 29Si NMR spectra (Figure 3) it was
known that linear trimers, tetramers, and pentamers were domi-
nant. Literature reports the vibrations of linear trimer and tetramer
at wavenumbers of 525 and 484 cm�1, respectively.16,51 Absorp-
tions at such wavenumbers were absent in the Raman spectra of
the R-0.9 sample. According to ab initio modeling, trimer, tetra-
mer, and pentamer vibrations were to be expected in the regions of
543�553, 522�542, and 515�535 cm�1, respectively. On the
basis of these models, the experimentally observed Raman band
around 510 cm�1 was attributed to pentamer. The assignment of
the Raman band at 550�555 cm�1 was less obvious and required

Table 3. Experimental and Theoretical Raman Shifts

species

experimental

shift (cm�1)

theoretical

shift

region (cm�1)

monomer 640 [ 639�649 ]

dimer (þend groups) 575 [ 568�578 ]

3Si 555 [ 543�553 ]

4Si ∼ 540 [ 522�542 ]

5Si 510 [ 515�535 ]

6Si [ 515�535]

7Si [ 515�535 ]

Figure 6. UV-Raman spectra of the condensation process of R-0.9
sample.

Figure 7. Some of the lowest energy conformers of monomer (a),
dimer (b), tetramer (open (c) and closed (d) configuration), and
octamer (e).
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further investigation. A sample with very low r value (R-0.1) was
prepared in order to further limit the extent of oligomerization. In
this sample the Raman signatures of monomer (∼640 cm�1) and
dimer (∼575 cm�1) were prominent (Figure 8). A shoulder was
present on the peak at∼575 cm�1 which developed into a distinct
vibration at ∼555 cm�1. The band at ∼510 cm�1 observed in
the R-0.9 sample was absent. On the basis of these spectra and
the molecular modeling locating trimer vibrations to the 543�
553 cm�1 range, the ∼555 cm�1 vibration was assigned to
linear trimers. The Raman spectra of sample R-0.9 (Figure 6)
revealed a gradual transformation of dimer (∼575 cm�1) and
linear trimer (∼ 555 cm�1) into linear pentamer (∼510 cm�1) in
agreement with NMR. The Raman signal of linear tetramers
according to NMR also present in this sample presumably was
contained in the envelope of ∼510 and ∼555 cm�1 peaks
(Figure 6). According to ab initio modeling, tetramers indeed were
to be expected in the region of 522�542 cm�1. A closer inspection
revealed the maximum of the peak at ∼555 cm�1 shifted to
550 cm�1 hinting tetramer contribution increased with time.
Tetramer vibration has tentatively been assigned to be located
around ∼540 cm�1. 29Si NMR of R-0.9 sample revealed the
formation of 6Si and longer chains. According to our theoretical
calculations, discrimination between Raman signatures of penta-
mers and longer linear chains was expected to be difficult (Table 3).
The Raman bands of linear chains containing more than five Si
atoms were expected in the region of 515�535 cm�1, identical to
the region of pentamers (Table 3). Thus Raman spectroscopy was
less convenient for discriminating between longer chains. Hence,
the broad band observed at ∼510 cm�1 was assumed to contain
contributions from pentamers as well as from longer chains.
The Raman signals at ∼810 and ∼835 cm�1 comprised the

asymmetrical Si�Ostretch (810 cm�1) and theCH3-rockingmode
(835 cm�1).17,78 Raman bands at∼250,∼ 295, and∼430 cm�1 in
TMOS oligomerization hardly have been addressed in literature.
The presence of these bands has been found to be highly dependent
on the type of mineral acid, and they were estimated to be less
relevant to the present analysis of oligomerization pathways. Vibra-
tions at∼665,∼710,∼730, and∼770 cm�1 observed in the R-0.9
sample occurred in a region usually assigned to hydrolyzed
species.13,16,17,24,51 Hydrolysis of methoxy groups lowers the mo-
lecularmass and was expected to cause the vibrations to shift toward
higher wavenumbers. However, the R-0.1 sample with minimum
water content displayed similar signals (Figure 8) making assign-
ment of the vibrations at ∼665, ∼710, ∼730, and ∼770 cm�1 to

hydrolyzed species unlikely. Most probably is the vibration at
∼770 cm�1 associatedwith�OCH3 and the evolution of a network
with increasing connectivity. This is supported by the absence of this
vibration in TEOS systems60 and the strength of the signal observed
in a fresh gel of the R-1.3 sample (vide infra) which contains still a
large amount of Q2 and Q3 (see Supporting Information). Assign-
ment of this signal to monomeric silica appears highly unlikely as
29SiNMRclearly indicates no such species are present.However the
assignment of the vibrations at∼665,∼710,∼730, and∼770 cm�1

remains elusive.
Further confirmation of the assignments of 29Si NMR and

Raman signals in the R-0.9 sample was obtained by comparison
to a sample with slightly higher molar hydrolysis ratio. 29Si NMR
spectra of the R-1.3 sample are shown in Figure 9 with details in
Figure 10. These 29Si NMR spectra were less resolved compared
to the R-0.9 sample due to a lower number of data points in the
time domain (cf. Experimental Section). Furthermore, in this
sample with more advanced hydrolysis a distribution of chemical
shifts has to be expected which also contributed to the observed
line broadening. In this sample no 29Si NMR signal in the Q0

range was discernible, revealing all TMOS had reacted. The 29Si
NMR spectra recorded in the period 0.5�20 h indicated
dominance of Q2 and Q3 environments (Figure 11). The Q3

content steadily increased at the expense of Q2. The number of
Q1 species remained almost constant.
The spectral features in the Q1 and Q2 range observed in the

R-0.9 sample were also encountered in R-1.3. In the Q1 range an

Figure 8. UV-Raman spectra of the condensation process of R-0.1
sample.

Figure 9. 29Si NMR spectra of the condensation process of R-1.3
sample.

Figure 10. Detail of Q1 range (left) and Q2 range (right) of the 29Si
NMR spectra of Figure 9.
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unresolved signal covered the signals of dimer (�85.5 ppm) and
end groups of chains with more than 2Si atoms (�85.7 and
�85.9 ppm). In the Q2 range the 29Si NMR spectrum comprised
signals of Si atoms of linear chains with one hydrolyzed group
and fully methoxylated chains. Signals that could be ascribed to
cyclosilicates were absent. In the Q2 range the homologous series
of methoxylated chains containing 3Si (�93.4 ppm), 4Si (�93.6
ppm), 5Si (�93.8 ppm), 6Si (�94.0 ppm), and even more Si
(a signal assigned to�94.3 ppm) was observed. The Q2 signal of
5Si (�93.8 ppm) dominated after 0.5 h, while after 20 h, themost
intense Q2 signal was assigned to 6Si (�94.0 ppm). Thus, the
linear oligomers grew on average about one silicate unit longer
than in R-0.9, where the pentamer signal (�93,8 ppm) domi-
nated in the spectra after 26, 31, and 64 h (Figure 3). As before,
chains with hydrolyzed methoxy groups at Q2 positions were
present in R-1.3 sample. The signals around �92.7 and �93.0
ppm were assigned to hydrolyzed tetramer and pentamer,
respectively. In the R-1.3 sample the signal of pentamer, hydro-
lyzed at Q2, dominated the signals of hydrolyzed species after
0.5 h (Figure 10), while in the R-0.9 sample the tetramer was
dominant (Figure 3). The signal at �92.4 ppm was assigned to
hydrolyzed Q2 in trimer. Whereas this signal was absent in R-0.9,
in the R-1.3 sample with slightly higher water content the trimer
was partially hydrolyzed at Q2. Similar to R-0.9 the 29Si NMR
spectra of R-1.3 indicated no hydrolysis of end groups. The most
significant difference between R-0.9 and R-1.3 samples was the
higher relative intensity of Q3 signals (region δ = �99.5 to
�103.5 ppm) in R-1.3 (Figure 1 compared to Figure 9). A listing
of 29Si NMR signals in R-1.3, their assignment, and a comparison
with R-0.9 are provided in Table 2.
In the UV-Raman spectra of sample R-1.3 the most prominent

signal relevant to silicate speciation was at ∼510 cm�1

(Figure 12) confirming the abundant presence of pentamers
and longer chains, in agreement with 29Si NMR. Increasing cross-
linking and network formation causes a change in Si�O�Si
bond length and angle. These alterationsmay lead to a shift of the
vibrational frequency. The maximum of the band at∼510 cm�1

gradually shifted after 0.5 h to ∼500 cm�1 after 3 h and to
490 cm�1 after 20 h. In the R-1.3 sample the dimer signal
(∼575 cm�1) and the trimer and tetramer signals (∼550 cm�1)
were rather weak.
Reaction Pathways of Acid Catalyzed TMOS Polymeriza-

tion at Low r Value. The detailed assignment of the silicate
species obtained in acid catalyzed silica polymerization at low r
value presented in the previous section allowed a detailed
description of the reaction pathways. The first 29Si NMR
spectrum was recorded 30 min after preparing the R-0.9 sample.

Less than 10% of all the added TMOS remained after 30 min.
Apparently, in the first minutes, which for practical reasons could
not be investigated, the reactions went rapidly. Hydrolysis is an
acid catalyzed reaction. In acid catalyzed silica oligomerization
departing from TMOS with substoichiometric quantities of
water is a nucleophilic substitution reaction with a hydrolyzed
Si�OH group acting as nucleophile and methoxy as a leaving
group

Si�OHþCH3�O�Si f Si�O�SiþMeOH

Under the described conditions the methoxy group will be
protonated, facilitating elimination. The r value of 0.9 estimated
from the content of siloxane and hydrolyzed groups (Figure 2
and Figure 5) was in agreement with a conversion level of TMOS
of around 90%. This consistency meant that very few water
molecules were left unreacted in the sample.
With the recorded 29Si NMR spectra Q2 environments in

differently sized chains were separately detected and quantified
(Figure 10 and Table 2). Dimers could be quantified based on
their Q1 signal. With this information, the evolution of the
distribution of differently sized silicate chains was calculated
and is shown in Figure 13. The figure with experimental data
points is given in the Supporting Information. Note that in this
estimation the contribution of Q3 silicons to chains was neglected.
Information on the distribution of Q3 silicons over differently
sized chains could not be unambiguously separated.
In the first hours, the content of dimers (2Si) in R-0.9

decreased rapidly from ca. 30 mol % after 30 min to ca. 12%
after 20 h. Initially present 3Si and 4Si chains disappeared in favor

Figure 11. Evolution of Q distribution according to 29Si NMR in R-1.3
sample.

Figure 12. UV-Raman spectra of the condensation process of R-1.3.

Figure 13. Evolution of the molar distribution (%) of silicate chain
lengths in R-0.9 sample. Experimental data points were left out for
clarity.
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of chains with five and more Si atoms. The content of 5Si chains
reached a maximum around 10 h. Later, chains with six and more
Si atoms became dominant. Chain growth was not fed by
monomer, since the monomer concentration remained constant.
Although end-on condensation of short chains could account for
part of the growth, the steady increase of the Q3 content
(Figure 2) revealed the importance of another type of growth
proceeding via condensation reactions between Q1 and Q2

groups.
According to NMR, after 30 min reaction, hydrolyzed groups

at Q2 in silicon chains with four or more Si atoms were available
for condensation reactions (Figure 3 and Figure 5). The majority
of hydrolyzed groups at Q1 silicons must have beenmore reactive
and converted before the recording of the first 29Si NMR
spectrum.
Two examples of condensation reactions involving Q1 and Q2

are visualized in Figure 14. Addition of a dimer to the central Si
atom of a trimer leads to the formation of a branched Si5
molecule with a main chain composed of 4Si atoms
(Figure 14). The condensation of a pentamer via a Q2 group
with a tetramer via a Q1 group leads to a Si9 oligomer with a main
chain composed of 7Si atoms and a 2Si side chain. Such processes
can explain the observed chain extension (Figure 13) in parallel
with an increase of branchiness (Figure 2). An important
consequence of this interpretation is that the chain lengths to
which the 29Si NMR and UV-Raman signals were assigned
(Table 2 and Table 3) represent linear chains as well as main
chains of branched oligomers.
The quantification of Si groups composing oligomers based on

29Si NMR led us to propose representative oligomers at different
stages of the aging of sample R-0.9 (Table 4 and Figure 16). A
plot of experimental Q1

Q3 versus Q
3 concentration (Figure 15)

was a convenient guide for construction of these representative
species. For instance, in the 29Si NMR spectrum of R-0.9 sample
recorded after 30min, the Q1

Q3/Q
3 ratio equaled 2. The smallest

branched oligomer that can be formed involves the condensation
between a dimer and the central Si atom of a trimer (molecule
A in Figure 16, Table 4). This pentamer has two Q1

Q3 groups
and one Q3. The 3D structure of this species is shown in
Figure 17.
In the period between 0.5 and 20 h, hydrolyzed silicon atoms

were observed at central positions of 4Si and 5Si chains
(Figure 5). This period was characterized by the decrease of
the content of dimer and trimer (Figure 13). Molecules B1 and
B2 (Figure 16) are the result of condensation reactions between
the end groups of trimer and the middle groups of tetramer and
pentamer, respectively. In B1 and B2, the longest silica chain
count six and seven Si atoms, respectively, explaining the
experimental observation of an increasing number of such
molecules (Figure 13). Similarly, reactions of end groups of
dimers with middle groups of tetramers and pentamers will also
lead to a branched specimen. A dominance of B typemolecules in
combination with some linear molecules can account for the Qn

distribution observed at 6 h in R-0.9, viz., Q1
Q3:Q

1
Q2:Q

2: Q3 of
1:2.3:4:1 (Table 4). Molecules of type B presenting 1 branching
have experimental Q1

Q3 to Q
3 ratios of 1 (Figure 16), in excellent

agreement with experimental observation (Figure 15 and
Figure 13).
After 6 h, the content of dimer and trimer did not change any

more (Figure 13). The content of 4Si and 5Si chains with a
hydrolyzed Q2 group continuously decreased in the period up to
20 h. Condensation reactions between these tetramers and
pentamers and Q1

Q2 and Q1
Q3 groups of abundantly present

molecules of type B led to type C molecules represented by
molecules C1 and C2, respectively (Figure 16). The formation of
molecules C presenting two branchings readily explained the
observed decrease of the content of 4Si and 5Si chains in favor of
6Si and longer (6Siþ) chains (Figure 13).
After 20 h, almost no hydrolyzed Q2 groups remained. 29Si

NMR revealed a further gradual decrease of the content of Q1

and Q2 silicons in favor of Q3 (Figure 2). These changes could be
interpreted as a result of condensation reactions between type C
molecules leading to heavier, even more branched structures D,
examples of which are shown in Figure 16 (molecules D1 and
D2). At the end of the experiment of R-0.9 (∼57 h), most of the
silicon was incorporated into structures of type D, whereof the
Q1

Q3:Q
1
Q2:Q

2:Q3 ratio matches the experimental ratio of
0.4:0.7:1.7:1 (Table 4). Molecules of D are characterized by a
Q1

Q3 to Q
3 ratio of 0.5 (Figure 15). Model molecules A, B, and D

represented key stages of the silica polycondensation obtained
around 0.5, 6, and 57 h, respectively. In the plot of experimental

Figure 14. Examples of chain extension via condensation reactions
between Q1 and Q2 groups. In reaction 1, dimer reacts with trimer into
branched Si5 oligomer; in reaction 2 tetramer and pentamer react
together into branched Si9 oligomer.

Table 4. Representative Silicate Oligomers of Acid Catalyzed
TMOS Polycondensation

Q ratioa

sample time (h) Q1
Q3 Q1

Q2 Q2 Q3 representative structureb

R-0.9 0.5 2 6.4 6.8 1 model A

6 1 2.3 4 1 model B

57 0.4 0.7 1.7 1 model D

R-1.3 0.5 0.24c 1.26 1 model E

20 0.13c 0.7 1 model F
aQ1

Q2 and Q1
Q3 represent Q

1 signals next to Q2 and Q3, respectively.
b Presented in Figure 16. cQ1

Q2 þ Q1
Q3.

Figure 15. Q1
Q3 vs Q

3 content of R-0.9 sample during its evolution.
The figures next to the data points refer to the time (h). Q1

Q3/Q
3 ratio’s

characteristic of model structures A�D shown in Figure 16 and Table 4
are represented with lines.
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Q1
Q3 versus Q

3 content (Figure 15) the actual data points clearly
highlighted the gradual transition from molecules A to D.
In the periods 0.5 and 6 h the Q1

Q3/Q
3 ratio shifted from 2,

characteristic of molecules of A, to 1, characteristic of molecules
of B. Between 6 and 23 h, the experimental Q1

Q3/Q
3 ratios

corresponded to a silica speciation containing B andC. An almost
pure C population was reached around 13 h, and around 23 h
NMR indicated sole presence of species D. According to the
Q1

Q3/Q
3 ratio, little evolution in the molecular structure was

observed later, between 23 and 64 h.
On the basis of this insight into the development of silicate

network reached in the R-0.9 sample, the evolution of R-1.3
sample could also be understood. According to the Qn distribu-
tion sample R-1.3 was already at a further stage after 30 min
compared to R-0.9 sample after 57 h (Table 4). With respect to
Q3 silicons, the content of Q1 and Q2 was already significantly
lower, viz., 0.24 instead of 1.1 for Q1 and 1.26 instead of 1.7 for
Q2 (Table 4). The Qn ratio of the R-1.3 sample could be
simulated by subjecting molecules D to inter- and intramolecular
reactions and generation of molecules of type E (Figure 16)
having a Q1:Q2:Q3 ratio of 0.3:1.2:1 in excellent agreement with
the ratios (Table 4). The evolution of the Qn distribution of this
sample (Figure 11) revealed that the evolution of the polymer
involved mainly a transformation of Q2 into Q3 silicons. In-
tramolecular condensation of two Q2 silicons of molecule E leads
to molecule F, having Q1:Q2:Q3 ratio of 0.2:0.6:1 matching with
an experimental distribution observed at the final stage of this
sample (Table 4).
These molecular models provided further insight into the

Raman spectra. The Raman signal observed in R-1.3 sample

around 550 cm�1, a region originally assigned to isolated
tetramers and trimers, originates from side chains of the polymer
network represented in molecules E and F.

Figure 16. Condensation reactions (dotted lines) leading to the formation of representative molecules of the oligomerization process starting from
TMOS under acid conditions and under stoichiometric water content (cf. Table 4).

Figure 17. The lowest energy conformers of molecules A and B
presented in Figure 16: A1 (a), A2 (b), B1 (c), and B2 (d).
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Another intriguing aspect of this TMOSbased sol�gel chemistry
is the low tendency for formation of rings. According to the
presented molecular structures A�F rings with four to six Si atoms
are formed very late in the reaction network upon condensation of
Q2 silicons. The absence of Q2 signals characteristic of cyclosilicates
in the detailed NMR spectra of sample R-0.9 precluded the
formation of rings in molecules A�D. Most likely, rings are formed
with increasing number of intramolecular condensation reactions
exemplified in molecules E and F. Note that these structures do not
contain Q2 silicon in their four-, five- and six-rings. In this model
rings are almost entirely composed of Q3 silicon.
The investigated samples did not evolve to the gel stage.Molecule

E can already be thought of as a representative of the approached gel
network. The presumed nature of the final gel network should then
consist of a highly branched polymer, containing a limited amount
of branched four-, five-, and six-rings. On the basis of our advanced
analysis of the polymerization process, the here proposed final gel
network shows striking similarities to the gel network proposed by
Kelts and Armstrong for TMOS polymer grown at low pH.49 The
main difference between this work and that of Kelts and Armstrong
is the absence of cylcosilicates as precursor units (Scheme 1).
According to the presented observations, attachment of side chains
is the main reaction pathway in TMOS based silica oligomerization.
Surprisingly, this mechanism is significantly different from the
reaction pathways observed in TEOS based silica oligomerization,
where ring formation through cyclo-dimerization was recognized as
important reaction pathway.60 Steric and electronic factors most
probably are at the origin of these differences.
The differences in polymerization pathways using TMOS and

TEOS are expected to have an effect on the properties of the
obtained silica gel. Departing from TMOS the gel network is
characterized by a much higher branching degree and lower
content of rings. The formation of microporous versus mesopor-
ous silica gel depending on the use of TEOS versus TMOS61

likely is due to these differences, but further research is needed to
elucidate the details.

’CONCLUSIONS

A detailed analysis of NMR spectra and interpretation of silica
speciation supported by UV-Raman spectroscopy and molecular
modeling enabled us to propose a detailed reaction scheme
(Scheme 1) of the conversion of TMOS into silica gel network
under conditions of acid catalysis and low molar hydrolysis ratio.
At an r value of 0.9 TMOS readily hydrolyzed and oligomerized
into short chains with three up to five Si atoms. Once most of the
water was consumed, the condensations went slower. Residual
hydrolyzed silicate groups were present almost exclusively at
central positions of four and five Si chains. Characteristic stages
of the building of the silica gel network could be identified and
characteristic molecular structures were proposed (Figure 16).
The condensations corresponded to an attachment of dimer and
trimer to middle sections of short chains (molecules A and B,
Figure 16). At the next stage tetramer and pentamer were attached
via hydrolyzed middle groups to end groups (molecules C) until
they were depleted. Intermolecular condensations via end and
middle groups led to still larger structures D characterized by the
absence of rings. A sample with r value of 1.3 evolved much more
rapidly and reached a further developed polymer structure already
after 30 min. This sample had a highly branched silicate network
lacking fully condensed silicon atoms and containing only a limited
amount of four-, five-, and six-membered rings.

This paper adds to the assignment of both 29Si NMR and
Raman signals. 29Si NMR signals at δ =�92.4,�92.72,�92.96,
and�93.2 ppm were assigned to hydrolyzed Q2 groups in chains
of three, four, five, and six or more Si atoms, respectively. Signals
at �93.61, �93.80, �94.01, and �94.26 ppm were assigned to
fully methoxylated chains of four, five, and six or more Si atoms
either isolated or part of a larger network. Distinction between
29Si NMR signals of Q1 end groups next to Q2 and Q3 is revealed
in NMR signatures at δ = �85.69 and �85.91, respectively.
Raman signatures at∼555,∼540, and∼510 cm�1 were assigned
to chains of three, four, five, and more Si atoms.

Scheme 1. Acid Catalyzed Silica Oligomerization Scheme Departing from TMOSa

a Fully methoxide terminated and hydrolyzed silicon atoms are presented by solid (b) and open (O) dots, respectively.
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