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ABSTRACT

Structural properties of bioinorganic composites are of current interest in the areas of drug
delivery, bone repair and biomimetics. In such composite systems, structural analysis is enhanced
when we combine methods of spectroscopy and simulation. Depending on size and shape,
structural discontinuities of inorganic matter may modulate the optical response of a bound
molecule. Using Density Functional Theory we explore the effects of a local field next to the
surface of a silica cluster on frequencies of methyl stretching modes of associated methanols.
Computation results predict that the electrostatic potential modulated by structural discontinuities
of silica should not contribute to any systematic frequency shifts for normal modes of a guest
molecule. Regardless of position, the methyl stretching modes of methanol demonstrate sensitivity
only to the local chemistry of bonding with silanols, which may lead either to a low or to high
frequency shift for vibrations. In support, experimental studies of deuterated methanol at impurity

levels in water show uniform broadening of resonances of Carbon—Deuterium stretching modes in
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the presence of both crystalline and amorphous silica nanoparticles. The significance of these
findings is that the spectral responses of guest molecules on such surfaces should not be subject to

bias introduced by edge effects.

INTRODUCTION

The mass of Earth’s crust is 59 percent silica.! It exists in many crystalline forms as well as an
amorphous mineral,? and the latter form, due to its role in engineering®* and in the pharmaceutical
industry,® is one of the best-studied amorphous materials.®” However, because engineering of
inorganic interfaces is at the center of many technological advances where both miniaturization
and accuracy in control of chemical composition play key roles in achieving major breakthroughs,®
the structural and electronic properties of silica remain a focus of contemporary research.’
Achieving new and enhanced properties for novel materials is based on our capacity to predict
how size may affect the physicochemical responses of the designed engineered nanomaterials. The
challenge is to bridge between experiment and theory when engineered matter is on the size scale
of a micron or below. For clusters of small sizes, the role of the surface increases, and the constraint
of crystalline periodicity may become relaxed. In this respect, confirming structural and electronic
properties as observed in experiment become an important task for theory to predict beyond what
1s known and to offer novel opportunities.

Contemporary inorganic synthesis and engineering require accurate prediction of the
properties of matter where the number of atoms is relatively large.!° In this respect, we can either
conceptualize a relatively small subset of structural moieties to explore using tools of quantum
chemistry or we have to think how to anticipate possible inadequacies of theoretical predictions

from classical simulations of large systems with many degrees of freedom. Both approaches find



active development in contemporary research in application to silica and silica related materials.’

For example, using ab initio molecular dynamics simulations with plane waves under periodic
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boundary conditions and gaussian wave-functions with Density Functional Theory (DFT
a recent series of publications addresses the electronic properties of silica and absorption of water
and formic acid to its surface in dependence on chemical defects, disorder and structural variance
at the quantum level. Furthermore, being transparent to visible light and relatively inert in bio- and
photo-physical processes, amorphous silica is a valuable substrate in the pharmaceutical industry
to assist transport of associated molecules. This behavior stimulates structural studies of guest
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molecules next to silica interfaces. For instance, association of pyridine derivatives
adsorption of neutral glycine!® to silica interfaces has been explored by DFT simulations of
structural composites of these molecules with hydroxylated silica SiH;OH and/or H2SiOSiH2(OH)
structural motifs. In recent studies, the role of water in interaction of aspirin'® and ibuprofen with
an amorphous silica surface?® has been explored by means of DFT simulations using pseudo-
atomic orbitals and a specifically attuned composite approach, respectively. Furthermore,
employing structural hierarchy, recently, protective encapsulation of a fluorophore in silica has
been predicted and described using the TD-B3LYP/NO7D level of theory within the
ONIOM(QM:MM) scheme?!' along with research on fluorophores,> where a fluorophore was
manually docked onto the surface in such a way that the two oxygen atoms of the carboxylate
group strongly interact with one isolated silanol group of a 15A thick slab (S1600134H2s) extracted
form an amorphous silica bulk.?

As we have mentioned, classical molecular dynamics (MD) simulation is the theoretical

alternative when we wish to address properties of very large molecular systems and bio-inorganic

composites. This is particularly valuable in our studies when we target characterization of binding



to silica of relatively large polypeptides.'®**> Often, structural characterizations in such relatively
large, heterogeneous and disordered systems may critically depend on interpretations of Infrared
and Raman responses. To accomplish this with some degree of rigour, one would have to bring
from MD simulation a relevant structural extract into the quantum environment to perform a higher
quality optimization and normal mode analysis. In this respect, it is important to ask the question
— if extraction of a truncation of a silicon oxide segment with a guest molecule next to it would
create spurious fields at the edges that would systematically affect normal modes of the guest
molecule when it is on the side of the extracted inorganic matter compared to the case, when it is
far from the edges of the silica construct. Also, since we deal with a large configurational space
for silica, it may be questioned if geometry of relatively large extracts of this inorganic matter may
contribute to systematic electronic correlations at sharp edges to modulate frequencies of a guest
molecule. In other words, even though silicon oxide is a wide gap semiconductor, should we be
aware of phenomena that are weak but analogous to those contributing to surface enhanced
Raman??® If weak but present, such phenomena would bias structural analysis. These questions
become particularly critical since a recent publication on properties of silicon oxide,?’ using
methods of quantum mechanics/molecular mechanics,”® anticipates variation of force in
dependence on distance from the silica surface (to account effects of contact between regions by
classical and quantum mechanics) under finite and full periodic considerations applied for bulk
S10; and an OH terminated Si0: slab.

The purpose of this contribution is to address the question of possible influences of sites at
silica interfaces on normal modes of a guest molecule. The guest molecules and their vibration
normal modes (to use as spectral markers) were chosen to fulfil the following criteria: to serve as

spectral markers to address the task, the normal modes should be relatively localized; that upon



optimization of a guest molecule next to the surface the moieties involved in the vibration of
interest would be located at an intermediate distance range above the surface, from 1.5 to 3 A; that
the vibrations of interest would not admix with the vibrations of the moieties specific to the
inorganic interface; that it would be possible to conduct experimental studies to compare to
theoretical predictions. To fulfil the criteria, we chose methanol as a small representative guest
molecule positioned (in a model composite) next to the same type of silanol® and under comparable
geometries but at different locations — either next to an edge or in the middle of a flat region. We
positioned methanols next to a double layer cluster extracted from a cristobalite system engineered
in our previous MD simulation study.?’ Next, we conducted DFT to explore the normal modes
specific to the methyl moieties of the methanols and the electronic properties of silica. In our
normal mode analysis we explore several schemes of isotope substitutions. This was necessary to
understand how to learn and avoid possible admixing of the hydrogen bonded modes specific to
the silica interface into the vibrations of the methanol molecules. Since the frequency difference
attenuates cubic anharmonicity,*® detuning from the spectral region of OH vibrations attenuates
contributions due to possible anharmonic interactions of the moieties involved in hydrogen bonded
networks specific to the surface. To test the results of theoretical studies, we conducted FTIR
experiment on the CD stretching modes of deuterated methanol when present as an impurity in
water and in the presence of amorphous SiO; nanoparticles. Additionally, we repeated such
measurements after these particles were converted to crystalline cristobalite. The results reported
here allow one to approach spectral predictions for molecular systems next to silica nanostructures
and interfaces with a tested degree of rigor. Specifically, the reported results support our structural

analysis of large polypeptides next to silicon oxide in large composite systems. Additionally, the



methodological approach we employ here may be used to probe electronic properties and effects

on vibrational properties of guest molecules in more challenging nanostructures.

MATERIALS AND METHODS

For the optical studies, we use 15 nm diameter amorphous silica nanoparticles synthesized by a
modified Stober method,*! and rehydrated cristobalite particles generated after thermal treatment
for 4 hours at 1200 °C using a Furnace (RHF16/8 Carbolite Gero Ltd., Hope, UK). The size of the
particles was measured by Dynamic Light Scattering (Malvern NanoS) and has been reported
previously.’ The transformation to cristobalite was confirmed using a PANalytical X Pert PRO,
X-ray powder diffractometer with Cu Ka radiation with wavelength 1.54056 A. Samples were
scanned from 3° to 50° of 20, accelerating voltage 45 kV, filament current 40 mA and scanning
speed 0.02° s, X Pert HighScore Plus (Version 2.0a) was used for pattern manipulation (baseline
correcting and smoothing) and analysis. Figures 1a and 1b demonstrate X-ray diffraction scattering
from a dry powder of silicon oxide amorphous nanoparticles and after high temperature conversion
to cristobalite (includes peaks identified at 21.980, 31.459 and 36.078 20 (01-077-8627). FTIR
studies were conducted with a Nicolet 6700 FTIR spectrometer, at a resolution of 1 cm™'. The ratio
of CD30D deuterated methanol (Sigma Aldrich 441384) to water was 1:30 by volume. Silica was
added to give a dense but transparent paste. All samples were placed between two 2 mm thick
calcium fluoride windows using a Teflon spacer of 100 microns.

For quantum mechanical studies we extracted a double layer of silicon oxide cluster, which
contains 49 atoms of Silicon, from a slab of a-cristobalite built and optimized in Molecular

Dynamics simulation studies as reported earlier.”” The extracted cluster is 17.5 A x 21 A in width



and length, and about 3.2 A thick taking account of the distance between Si atoms in the two layers.
The selected structure and dimensions allowed us to model two sites at the centers of each side to
position two methanol guest molecules. In this contribution, we call these positions Centre-1 and
Centre-2 as shown in Figure 2. At these positions the guest methanol molecule would experience
an environment comparable to that when next to a crystalline silicon oxide interface: as the radius
of a Methyl group is 1.1A, the distance from the methyl group to the edges of the cluster would
vary from 6.6 to 10 A. To explore the effect of edges, we placed another two methanol molecules
at the opposite sides of the cluster (we name these positions as Edge-1 and Edge-2), as shown in
Figure 2. Special care was taken that the distance between the methanol molecules would be
sufficient to avoid formation of hydrogen bonds between the methanol molecules. The methanol
molecule at Centre-1 was positioned so that its OH moiety bridges two isolated OH groups at the
silica interface. Comparatively, the OH group of the methanol at Edge-1 bridges a geminal and an
isolated OH group at the silica interface.” The Oxygen of the methanol at Edge-2 coordinates one
geminal and one isolated OH group of silica. Comparatively, the Oxygen of the methanol at
Centre-2 coordinates two isolated OH groups at the silica interface.

We conducted quantum studies using Density Functional Theory (DFT) with the restricted
B3LYP functional**** Comparing to performances of Hartree-Fock, Meller-Plesset, and local spin
density approximation functionals, generalized gradient approximation calculations (GGAC) yield
the best results to reproduce experimental bond lengths, angles, hydrogen bond interaction
energies, heats of formation and ionization potentials.>* Among hybrid GGAC functionals, the
relatively fast B3LYP is the most accurate for calculation of vibration frequencies.>** Since the
molecular system under investigation in this contribution does not involve transition metals, for

which B3LYP shows weak performance,® the reported efficiency of the B3LYP hybrid functional



was a major determining factor in our choice of functional for this study. We performed structural
optimizations and normal mode calculations using the 6-31g* basis set within the Gaussian 09
program package.®’ Structural optimization was conducted without any structural constraint —
methanol molecules were free to optimize their relative position in the locality of their initial
placement. The basis set 6-31g* is the smallest we could use to receive optimal structure of the
silica cluster with methanol molecules (system of 249 atoms) on a reasonable time scale (several
months). However, we also conducted single point population analysis using the 6-31G(2d,p) basis
set to confirm that estimated electronic properties of the system would not suffer due to the level
of theory: the data is provided in the Supporting Information. We employed the default setting of
Gaussian 09 for the convergence criteria. Specifically, the convergence threshold for self
consistent field integral accuracy was reached at 2.8x10” Hartree, the threshold for maximum
force was 4.5x10* Hartree/Bohr, for force root mean square was 3x10* Hartree/Bohr, for
maximum displacement was 1.8x107 Bohr, and for displacement root mean square was 1.2x1073
Bohr. To explore the effects of position on the nature of the normal modes we calculated
frequencies of methyl vibrations for methanol with Tritium, Deuterium and Hydrogen, or with

three Deuterium atoms. The latter case being necessary to discuss the experimental results.

RESULTS AND DISCUSSION

A representative FTIR spectrum of the C-D stretching modes of deuterated methanol at impurity
levels in water is shown in Figure 1c. The infrared absorption at 2079.9 cm™ is specific to the
mode when all three Deuterium atoms of the methyl moiety stretch together either towards the

central Carbon atom or away. In the spectral region from 2120 to 2200 cm there is a relatively



weak Infrared absorption at about 2140 cm™. Variances of such transitions have been considered
to arise from overtones and combinations of methyl deformations.®® We conducted additional DFT
anharmonic analysis on a small methanol cluster, see Supporting Information, and assigned such
activities to combinations of C-O stretchings (at about 1013 cm™) and normal modes, where
symmetric C-D umbrella bendings of a methyl group is mixed with C-O stretching (at about 1164
cm™). Also, in this spectral region, one may expect contributions of overtones of D-C-D bendings,
the fundamentals of which are at about 1110 cm™.

Next, the resonance at 2233 cm’! is of the mode where two Deuterium atoms orthogonal to
the plane of the C-O-D backbone, stretch antisymmetrically and the Deuterium atom, which is in
the plane of the C-O-D backbone is not moving. The vibration, where the two Deuterium atoms,
that are orthogonal to the plane of the C-O-D backbone, stretch out symmetrically, while the
Deuterium atom, which is in the plane of the C-O-D backbone, moves toward the Carbon atom,
shows a resonance at 2253 cm’'. We may compare the observed responses in our studies with the
spectral properties reported for nearly isolated deuterated methanol molecules in a solid argon
matrix at 9 K,* and for vibrations of C-D moieties of chemisorbed CD3OH at the surface of silica
at room temperature.®® In the former case, the corresponding resonances (Full Width at Half
Maximum of 2 cm™) have been observed and assigned as: 2078.3 cm for vCD3(A’) CDs
symmetric stretch, 2219.3 ¢cm™! for vCD3(A’") CDs asymmetric stretch, and 2255.2 cm™ for
vCD3(A") CDs; asymmetric stretch. In the latter case, the spectral responses of chemisorbed
CDsOH were complicated with additional spectral components at 2218, 2273 c¢m’, and
background broadenings, which were due to the complexity of the normal modes and their
combinations, which are expected to be present in various complex structural arrangements of

deuterated methanols while under different geometries at binding sites at the silica interface.*’ In



our experiment, the responses are less complicated as we sample from solitary moieties, mainly.
In Figures 1d and 1e we show the difference spectra (in the presence of silica minus without). The
results indicate that the effect of Silica particles on the C-D stretching modes of deuterated
methanol results in a small but uniform (towards both lower and higher frequency directions)
broadening.

To understand the experimental results better and gain a deeper insight into the physics
and chemistry at the interface of silicon oxide we compared the experimental results to the spectral
dispersions for methanol molecules modelled at different sites of the silica cluster prepared and
optimized, as described in the materials and methods. Accordingly, in Figure 3a we present the
spectra of the methyl modes when all three atoms next to each central Carbon are either Hydrogens,
or Deuteriums, or Tritiums; a spectral signature of each of the four considered locations (sites) is
shown in a color as assigned in Figure 2. Furthermore, for comparison in Figure 3b we show
spectral signatures of hydrated methanol molecules in vacuum, where the three atoms next to each
central Carbon are either Hydrogens, or Deuteriums, or Tritiums, also. The spectral simulations
suggest that different locations of methanols next to silica do contribute to the anticipated spectral
inhomogeneity. Of course, inhomogeneity is also expected when single methanol molecules or
dimers would partition into various cavities of hydrogen bonded dynamic networks in an aqueous
environment. However, comparing broadenings in different continuous environments is not the
focus of this study. What is of a practical interest to us is to understand if there is a systematic
trend in frequency shifts for the methanol C-D normal modes, when the molecule would be either
next to an edge of the silicon oxide cluster or in the middle of a flat surface. From this perspective,
first, it is helpful to check if the normal modes of the molecules at edges would demonstrate either

a systematic blue shift or a systematic red shift. The theoretical anticipation for such (see red and
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orange lines in Figure 3a) indicates that the normal modes for methanols with Deuterium and
Tritium atoms, while they are at different edges of the SiO; cluster, demonstrate spectral responses
of their normal modes that are shifted in opposite directions. The spectral properties at the edges
suggest that there is not a systematic bias effect on the frequencies of the normal modes of the
molecules at such sites. At the same time, it is important to stress here that the normal modes of
the methanols in the centres of the flat regions of the cluster demonstrate weaker spectral
dispersions.

To provide a deeper insight, in Figure 2 we present the Electrostatic Potential (the main
contribution to generalized force?’ at the interface) mapped on the Electron Densities visualized
as the surface shown from inside, while taking views from the opposite sides of the cluster. We
see that the character of electronic modulation at the surface is the same according to the spacing
between Oxygens and Hydrogens of silanol groups, regardless of whether a site of interest is at
the edge or in the middle of a relatively flat area. We do not observe any signatures of accumulated
long range electronegative nor electropositive components toward the edges or anywhere else.
There are no signatures of any long range electronic correlations to compete with local effects.
This would change, for example, upon an inclusion of a noble metal cluster but this is beyond the
scope of the current study. Even though there is a lack of systematic electron correlations, still, the
calculated weaker dispersions of the normal modes of the methanol molecules in the centres of the
flat regions suggest that material discontinuity of silica has only a weak effect on the normal modes
of methanols.

Visualization of location and character of the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) provides further helpful diagnostics

on the electronic properties in dependence on shape. In this respect, it is interesting to note that the
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HOMO of the system is localized mainly on the m-electrons of the Oxygens of the OH group of
methanol and partially on the m-electrons of the Oxygens of the silanol group, to which the
methanol is coordinated, see Figure 2. At the same time, the LUMO is associated with s states of
silica on the other side of the cluster. These computational results also support the statement that
the very local physics (within the radius of one Si-O bond), according to geometry and electron
hybridization, is likely to influence the nature of the normal modes and their frequencies.

It is important to notice that even if we calculate the normal modes for methanol where the
methyl moiety includes naturally abundant Hydrogens, we do not rely on experimental results for
such a system in the comparative discussion. The calculated spectra in Figure 3a provide the reason
for us to use completely deuterated methanol at impurity levels in our experimental measurements.
Specifically, exploring the spectral response of the vCH3(A'") CH3 symmetric stretches of the
methanol at Centre-1 we observe two responses (instead of the one expected), and both are 15
times scaled down. The complexity arises due to the fact that when using native methanol we
should expect that via their OH groups the molecules would become involved in vibrations specific
to the hydrogen bonded networks of silanol moieties and to the aqueous states next to the interface
of the cluster. Since the frequencies of the CH3 group are close to the frequencies of the OH
moieties at the interface, CH vibrations may couple to OH stretchings of the interface more
effectively. As aresult of slight admixing with the surface state, CH vibrations can gain in intensity
(due to delocalizations) and may split into a subset of vibrations with different participations of
the surface specific OH modes. To avoid this, in our experiment and in comparison with theoretical
prediction we rely on the results for the systems where methanols carried Deuterium substitutions

that provide a larger frequency separation from OH stretching and bending modes.
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It is also important to address the noticed effect of the harmonic coupling, which determines
the expression of the described collective symmetric and antisymmetric vibrations. Of course, if
complex in character and delocalized, the spectral signature of normal modes, which belong to the
same subspace (like Amide I or C-H stretching modes), may hinder perception of possible
tendencies due to the variances of physics if present at different sites at the surface. To address
this we expressed the normal modes of the guest methanols (at different sites on the silica cluster)
while reserving labelling with Tritium, Hydrogen and Deuterium for the methyl bonds oriented
the most towards, away and intermediately toward the inorganic matter. We represent the results
in Figure 3c. For comparison, in Figure 3d we express the normal modes of a single hydrated
methanol while its three bonds are labelled with the three different isotopes while varying their
relative positions. The results represented in Figure 3¢ show even more clearly (than using Figure
3a) that there are no systematic effects of positioning of a guest molecule either at the edges or in
the flat regions of a cristobalite silicon oxide cluster of intermediate dimensions. We observe a
uniform smearing in both, higher and lower frequency directions according to very local diversities

and this is in general agreement with the experimental observations.

CONCLUSIONS

Silicon oxide plays a significant role in contemporary bioengineering. However, most practical
initiatives are still somewhat intuitive.’” This is unfortunate because besides making research more
effective we should note that some forms of silica are toxic and cancerogenic.*! The main difficulty
in rigorous structural and functional predictions is in the fact that hybrid bio-inorganic composites

(with silica) are large, heterogeneous and under different degrees of order and disorder. If using
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optical spectroscopy, structural analysis relies on calculations of normal modes. Attempting this
in large composite systems requires bridging between classic and quantum simulations, when a
small atomic set (of specific interest) is extracted from a classic simulation for further analysis
using tools of quantum chemistry. To address this, in the article we explore (experimentally and
theoretically) the possible spurious or systematic field effects of sharp edges (discontinuities) of
silicon oxide on the normal modes of methanol molecules (as a proxy for more complicated
molecules) associated with silica interfaces. When next to silicon oxide (either amorphous or
cristobalite), we observe no systematic shifts in frequencies but a uniform broadening of calculated
and detected optical transitions. Such broadening, however, is slightly narrower for molecules
associated with flat regions compared to when the same molecules are next to edges. The results
of the studies remove possible concerns about the effect of structural discontinuities of the

inorganic matter as long as the chemical variances, such as deprotonated =Si - O- groups and/or

proximal ions are accounted for explicitly. Indeed, classic simulation can provide information on
such chemical variances.!®?° The adopted approach may be extended to more complex metallic or

metallized (by doping) oxide systems of reduced dimensions and complex geometry.
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FIGURE CAPTIONS

Figure 1. X-Ray diffraction from a dry powder of amorphous silicon oxide nanoparticles as
synthesized (a) and after high temperature conversion to cristobalite (b). FTIR spectrum of a
sample, where CD30D methanol is dissolved in water at a ratio 1:30 v/v (c). For the same
deuterated methanol to water ratio we prepared samples in the presence of amorphous silica and
cristobalite particles and we measured two FTIR spectra for such sample. (d) and (e): spectrum in
the presence of silica minus the spectrum without silica (as in (c)) for amorphous and cristobalite

cases, respectively.

Figure 2. Left: graphic representations for DFT optimized silica cristobalite cluster with associated
methanol molecules at the two central and the two edge sites, as indicated. Top and bottom panels
represent the views of the cluster from its side and when its lower front edge (as in the top image)
is slightly uplifted. The labelling colours correspond to the colours of calculated spectra, as shown
in Figures 3(a) and 3(c). The provided labelling for isotope substitution corresponds to the
calculated spectra, as shown in Figure 3(c). Middle: graphic representation of HOMO and LUMO.
Right: Electrostatic Potential mapped on the Electron Densities visualized as surfaces from inside

of the system using opposite points of view.

Figure 3. (a): black and grey, red and orange lines show calculated spectra for four methanol
molecules placed at two central sites and two sites at the edges of a SiO cluster (graphical
presentation is given in Figure 2), respectively, while the methyl moieties are isotopically labelled
either with three Tritiums, or with three Deuteriums, or with Hydrogens. The colour of the lines
reflects the location of the sites. The panel compares detected FTIR with the calculated spectra for

HO-CDs. Figure 3. (b): black, blue and magenta lines show calculated spectra for hydrated
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methanol in vacuum when its methyl is isotopically labelled either with three Tritiums, or three
Deuteriums, or three Hydrogens. (c): black and grey lines represent calculated spectra for two
methyl molecules placed at two central sites, and red and orange lines show the calculated spectra
for two molecules at the edges of the SiO> cluster, while each methyl would have a Tritium, a
Deuterium and a Hydrogen. In each case, the isotopes were placed such that a Tritium and a
Hydrogen would point toward and away from the surface of the silica cluster, respectively. (d):
calculated spectra for hydrated methanol in vacuum when its methyl is isotopically labelled with
a Tritium, a Deuterium and a Hydrogen atom. We use different colours for spectra here to show
that under different placements of isotopes there is no significant variance in calculated

frequencies. The frequency scaling factor is 0.955.
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