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Abstract

This study presents experimental and theoretical evidence for distorted =Ti-OH groups supported
on amorphous SiO2 and examines the influence of distortion on the strength of adsorption of
polar molecules. For the theoretical part of this effort, we developed a model for isolated =Si-OH
or =Ti-OH groups on the surface amorphous silica. The =M-OH group is represented by a T8-10
cluster surrounded by a T747 cluster representing the surrounding amorphous silica. The
properties of the small cluster are described by high-level density functional theory (DFT) (i.e. the
guantum mechanical (QM) region), whereas the large surroundings is represented by molecular
mechanics (MM). The QM/MM model was validated by demonstrating that the predicted
enthalpy of adsorption for a number of polar molecules on =Si-OH groups agrees satisfactorily
with experimentally measured values determined by microcalorimetry. We also found that
enthalpies of adsorption on isolated =Si-OH groups determined from isotherms obtained by IR
spectroscopy agree very well with the microcalorimetric values. IR spectroscopy was then used
to measure isotherms for pyridine adsorption to Lewis acidic Ti isolated =Ti-OH groups grafted to
amorphous silica. The isosteric enthalpy of adsorption determined by this means was found to
decrease in magnitude with increasing pyridine coverages up to a coverage of 15% and to then
be relatively constant for higher coverages. QM/MM calculations made with our model revealed
that the enthalpy of adsorption is proportional to the area of the triangular O-Ti-O facets of the
=Ti-OH group to which pyridine is bound. =Ti-OH sites exhibiting facet areas consistent with those
deduced from X-Ray Absorption Spectroscopy (XAS/EXAFS) measurements bind pyridine with
enthalpies of adsorption consistent with the observed plateau for pyridine coverage above 15%.
Larger tetrahedral facet areas are required to explain the coverage-dependent enthalpies of
adsorption below 15% coverage, evidencing distorted =Ti-OH structures. Distorted =Ti-OH sites
are also qualitatively consistent with reduced-intensity pre-edge X-Ray Absorption Near Edge
Structure (XANES) measurements reported in this study. Energy decomposition analysis (EDA)
calculations were carried out to understand the underlying physical phenomenon governing the
change in the enthalpies of adsorption pyridine as a function of tetrahedral facet area.
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Introduction

Silica-supported metal cations (SSMCs), such as Ti, Cr, W, Mo, Zr, V, and Nb are widely used as
catalysts to promote industrially relevant chemical reactions, such as alkene epoxidation, alkene
polymerization, and alkene metathesis.'™ At low metal loadings, metal cations are present as
isolated species (e.g., =M-OH, =M(0),) grafted to the surface of silica through covalent M-0-Si
bonds (where M =Ti, Cr, W, etc.). Recent experimental and computational studies suggest that
the distribution of O-Si-O bond angles amorphous silica can distort the structure of the supported
=M-OH and =M(0), species, thereby affecting their adsorptive and catalytic properties.!01!
Although the catalytic relevance of distortion of these species has been reported for over a
decade, many recent computational studies have assumed relatively symmetrical metal sites to
compute the enthalpy landscape on which reactions occur.>®12715 Furthermore, these models
typically assume the structure of a corner-substituted silsesquioxane. While such a model is
computationally efficient, it neglects non-local interactions between the adsorbate and the
surrounding silica support. Therefore, it is not known whether silsesquioxane-based models of
silica are accurate when used to compute adsorption enthalpies. This is an important question
given the extensive theoretical work on microporous-silica and zeolites, which have concluded
that small cluster models are generally insufficient because they neglect long-range electrostatic
and short-range van der Waals (VDW) interactions between the surrounding silica of the
micropore and the adsorbate.'®!” Thus, the successful application of theory to the investigation
of supported =M-OH and =M(0), species requires the identification of a physically meaningful
representation for SSMCs that can then be used to determine what effects geometrical
distortions of their structure have on their adsorptive and catalytic properties.

In this study, we explore alternative representations of amorphous silica in theoretical studies of
the adsorption of polar molecules on silanol (=Si-OH) groups and isolated titanol (=Ti-OH) groups
supported on the surface of amorphous silica. Silanol groups are considered because of the large
body of experimental work concerning the enthalpy of adsorption of polar molecules on such
groups.'82% The reason for choosing =Ti-OH groups is that they have been the subject of many
experimental and theoretical studies.®?>"2 We also examine whether distortion of the geometry
of =Ti-OH groups affects the enthalpy of adsorption of polar molecules on these groups. To
address these questions, we have explored the influence of cluster size on the predicted
enthalpies of adsorption for polar molecules interacting with isolated =Si-OH groups and their
agreement with microcalorimetric measurements. To investigate the adsorption of polar
molecules on silica-supported =Ti-OH groups, we prepared a sample of Ti/SiO, and confirmed
experimentally that all Ti was dispersed as isolated =Ti-OH groups. We then used IR spectroscopy
of adsorbed pyridine to obtain adsorption isotherms from which the isosteric enthalpies of
adsorption could be determined. This experimental approach was validated by demonstrating
that the enthalpy of adsorption for polar molecules adsorbed on =Si-OH groups is consistent with
the value determined by microcalorimetry. Ultimately, we used our IR approach to identify that
the enthalpy of pyridine adsorption on isolated =Ti-OH groups is coverage dependent and to
demonstrate that our theoretical approach shows that the variation of the isosteric enthalpy of
adsorption of pyridine, AH?, is a consequence of the geometric distortion of a portion (~15%)



of the supported =Ti-OH groups. Physical insights into how distortion impacts AHags of pyridine
were obtained by carrying out an energy decomposition analysis (EDA).?°

Methods

Silica preparation

Fumed silica, an amorphous, non-porous material was obtained from Sigma Aldrich (surface area
=395 m?/g + 25 m?/g). All samples underwent consistent pre-treatment to ensure reproducibility.
First, the raw material was dispersed into boiling water (1:1 by volume) for 24 h (with constant
stirring), cooled, and filtered. The silica cake was dried in an oven at 353 K under nitrogen
overnight to form silica chips. The chips were ground in a mortar and pestle and sieved to a
consistent particle size (250 um < ¢4 < 500 pm). This sample will be termed SiO2 nya due to its
subjection to hydroxylation procedures. SiO2,1ya Was heated in 100 mL/min of Praxair Extra Dry
air at 1023 K (3 K/min ramp rate) for 8 h and cooled to room temperature (SiO2-1023).

Thermogravimetric Analysis (TGA) to determine silanol density

TGA was conducted using a TGA Q5000 instrument equipped with a high-temperature platinum
or ceramic crucible. All sample mass thermograms were corrected for buoyancy effects by
subtracting the mass thermogram of an empty pan with an identical thermal program. To
determine the silanol density, ~10-20 mg of silica was heated in a flow of 100ml/min air (Praxair
UHP air) to 383 K at 5 K/min and held at this temperature for 1h, followed by heating to 1273 K
at 5 K/min. To calculate the silanol density, equation (1) was used.

OH) _ Z(AmTGA)NAvogadro

Silanol density <nm2

(1)

MHZOABET

where Amy 4 is the cumulative mass loss between the stable mass at 383 K and the final mass
at 1273 K in grams, My, is the molar mass of water in g/mol, Njygqaro is Avogadro’s number,
Aggr is the BET surface area in nm?, and the factor of 2 accounts for the fact that every molecule
of water evolved comes from the condensation of two silanol groups. SiO2,wya was found to
contain 4.8+0.1 OH/nm? from this method (Figure S1), which is in excellent agreement with
Zhuravlev et al. for fully hydroxylated silica materials.3° Using the same method, SiO2-1023 Was
found to contain 1.4 OH/nm?, which is within the expected range after the thermal treatment
employed (Figure S2).3°

Wet impregnation of SiO2.1023 with Cp,TiCl; and calcination to form Ti/SiO2.1023

Ti was grafted onto the surface of SiO2-1023 using Cp2TiCl, (Strem Chemicals) as the Ti precursor.
This step was conducted under air-free conditions utilizing an N, Schlenk line.3! N> was supplied
at 10 psig from a cylinder (Praxair) and passed over a Vici Valco N purifier prior to use in the
Schlenk line. First, SiO2-1023 was charged to a three-neck flask connected to a Schlenk filter, a
septum, and a glass stopper. The flask was evacuated and back-filled with N; three times. Then,
the sample was dehydrated for 2 h under dynamic vacuum (10! mbar) at 503 + 20 K at 10-20
K/min using a sand bath. Meanwhile, the desired amount of Cp,TiCl, was charged to a separate
three-neck flask connected to the Schlenk line, a Schlenk funnel, and a septum. The flask was also



evacuated and back-filled with N> three times. Then, it was left under dynamic vacuum (10!
mbar) for 2 h. Next, 60 mL of anhydrous chloroform was added to the titanium precursor (now
under N3) and was allowed to stir for 1 h. After cooling the silica to room temperature, the vessel
was filled with dried N2 and the titanium precursor/chloroform solution was transfer to the silica
via a cannula. The suspension was stirred and allowed to react for 2 h, after which the entire
glassware setup was rotated 180° and the liquid suspension was passed through a Schlenk filter.
Finally, residual chloroform was removed by evacuation for 1 h into a liquid N, trap placed
upstream of the vacuum pump to leave a milky orange powder (SiO2-cp). At this point, the sample
was exposed to ambient conditions and immediately calcined in air (Praxair Extra Dry) at 823 K
(3 K/min ramp rate) for 8 h producing a bright white powder (Ti/SiO2-1023).

Synthesis of Ti[SiOPhs]4

The synthesis of Ti[SiOPhs]s was carried out following the procedure of Johnson et al.3? Briefly, 2
g of Ph3SiOH (Sigma-Aldrich) was charged to a Schlenk flask inside a N,-purged glovebox. The
flask was sealed and transferred to a Schlenk line where it was evacuated and purged with filtered
N, three times. Then, 50 mL of toluene (Fischer Scientific) was cannula transferred to the Schlenk
flask containing Ph3SiOH and the solution was stirred for 10 minutes. Finally, 0.47 mL of Ti(OBu")a
was added to the now-stirring solution (700 rpm). The product, Ti[SiOPhs]s, precipitated out
immediately. The solution was detached from the Schlenk line and vacuum-filtered overnight to
leave a bright white powder. The structure of Ti[SiOPhs]a was confirmed by X-ray absorption
spectroscopy (Figure S3).

N: Physisorption measurements

BET surface areas were calculated from N, physisorption isotherms measured at 77 K using a
Micromeritics Gemini VIl surface area and pore volume analyzer. The BET surface area for SiO2,nyd
and SiO2.1023 Was 335 and 334 m?/g respectively. Both samples display IUPAC Type 2 N;
adsorption isotherms consistent with a non-porous material (Figure S4). The measured BET
surface area for Ti/SiO2-1023 was 298 m?/g. Prior to isotherm measurement, samples were treated
at 403 K under vacuum.

Diffuse Reflectance UV/Visible Spectroscopy (UV/Vis)

UV/Vis spectra were acquired on a Thermo Scientific Evolution 3000 UV/Vis spectrophotometer
equipped with a Harrick Praying Mantis Diffuse Reflectance accessory. Reference spectra were
acquired with BaSOs and transformations from percent reflectance to absorbance were
calculated with the Kubelka-Munk function. Samples were heated under 100 ml/min of flowing
He (Praxair UHP grade) to 673 K (6.25 K/min ramp rate), held at 673 K for 1h, then cooled to the
conditions of interest. The UV/Vis spectrum of SiO2-1023 was subtracted from that of Ti/SiO2-1023.
To make a quantitative comparison with the literature, Tauc plots were constructed assuming
direct transitions, and the direct edge energy was calculated using a sigmoidal fitting procedure
as in previous work.33

Fourier-Transform Infrared Spectroscopy (FTIR)
Catalyst samples (~¥30 mg) were pressed into self-supporting pellets and loaded into a stainless-
steel sample holder that was then placed in a home-built in-situ transmission IR cell. The cell was



connected to heated stainless-steel gas transfer lines. A septum adapter was placed upstream of
the cell, allowing for continuous liquid injection (Legato 100 syringe pump) into the heated gas
stream. The in-situ cell was equipped with a cylindrical heater, and the temperature was
measured using a K-type thermocouple (Omega) in direct physical contact with the stainless-steel
sample holder. The temperature was controlled using an Omega CS8DPT controller. Spectra were
acquired using a Thermo Scientific Nicolet 6700 FTIR spectrometer with a liquid-nitrogen-cooled
MCT detector.

All FTIR measurements followed the same sample pretreatment conditions. Samples were
heated under 100 ml/min of flowing He (Praxair UHP grade) to 673 K (6.25 K/min ramp rate), held
at 673 K for 1h, then cooled to the conditions of interest. For isotherm measurements, pyridine
(Sigma-Aldrich), acetone (Sigma-Aldrich), and ds-acetonitrile (Sigma-Aldrich) were injected into
the heated He gas stream at a flowrate needed to obtain the desired partial pressures. The liquid
injection rate was modified while the He flowrate was kept constant to accomplish this.
Equilibration was determined when the area of the IR band corresponding to adsorbed pyridine,
acetone, or ds-acetonitrile no longer changed, which typically occurred within 3 min. All spectra
were collected as an average of 64 scans with 1 cm™ resolution.

Peak deconvolution and fits were performed with Origin software. For pyridine adsorption
experiments, ring-breathing vibrational absorbance features were numerically integrated after
baseline subtraction. For ds-acetonitrile, acetone, and trimethylacetonitrile, peaks were fit to the
spectra. For ds-acetonitrile and trimethylacetonitrile, we fit Gauss-Lorentz functions with 80%
and 50% Lorentzian weights, respectively, as these provided the best fits to our data. Others have
found these line shapes to fit spectra of CD3CN adsorbed to Sn and Zn sites within zeolites.34
These weights were kept fixed for all conditions. Peak centers and full-width half-maximums
(FWHM) were allowed to vary freely, but did not change by more than 2 cm? for both
parameters. For acetone, two Lorentz line shapes were fit to the spectra to represent two distinct
adsorbed species.3> Peak centers were kept fixed at 1712 cm™ and 1699.5 cm™ with FWHM fixed
at 16 cm®and 20.1 cm?, respectively, for all conditions. The magnitudes and trends of the FWHM
reported here for both components are consistent with others.

X-ray absorption spectroscopy (XAS)

XAS spectra at the Ti K-edge were acquired on beamline 10-BM at the Advanced Photon Source
at Argonne National Laboratory. The energy was referenced to Ti foil (4966 eV) taken in
transmission mode. Before measurement, Ti[SiOPhs]s was diluted with boron nitride. The XAS of
Ti/Si02.1023 was acquired in fluorescence mode using a Vortex detector and an in-situ cube cell.
Multiple spectra were merged to improve the signal-to-noise ratio as much as reasonably
possible. Data was collected from 4780 eV to 5767 eV with a step size of 0.1 eV in the pre-edge
region. Due to the low loadings of Ti in Ti/SiO2.1023 samples, the EXAFS region of the XAS yielded
low signal, so only pre-edge data was acquired. All data workup and analysis were conducted
using Athena and Artemis.3® After background subtraction, all spectra were normalized to the
absorbance in the region 150-400 eV above the edge. Pre-edge features were baseline corrected
using an arctan function, as reported previously.?® An EXAFS fit for Ti[SiOPhs]s was performed in



the range 1.2-2.2 A in R-space. Initial guesses for Ti-O scattering paths were calculated from the
crystal structures of Ti[SiOPhs]s using the FEFF6 plug-in within Artemis.323¢

QM/MM and QM calculations

All geometry optimizations and frequency calculations (to confirm minima on the potential
energy surface) for all structures were performed with wB97X-D/def2-SVP.3’ Single-point energy
calculations, used for calculating AHJ;;, were performed with wB97M-V/def2-TZVP.*8 The larger
basis set and more advanced functional yield statistically higher quality interaction energies.3 All
electronic structure calculations employed the pruned SG-3 (99, 590) quadrature grid.*° Enthalpy
and entropy corrections at a given temperature used a quasi-rigid rotor harmonic oscillator
model (qQRRHO).#**2 In cases where multiple local minima were found for the same adsorption

phenomenon, (i.e. pyridine adsorption to an isolated silanol), the AHZ,;, was calculated by a

Boltzmann weighted average. Boltzmann factors were calculated using estimated AGJ;, for each

optimized geometry.

The T8 silsesquioxane, as well as models B and C in Figure 1 (below) were standard DFT
calculations (i.e., full QM). For larger models, such as D, E, and F, Quantum-mechanics/Molecular
Mechanics (QM/MM) calculations were performed using the P2 set of MM parameters.*! This
methodology defines a QM region on the silica surface that includes the central =Ti-OH/=Si-OH
site along with a small number of surrounding silica atoms. We extended the QM region out to
the next-next nearest neighbor Si atom from the central =Ti-OH/=Si-OH site, thus the QM region
was typically 8-11 tetrahedral atoms (T-atoms) large. The QM region also includes all adsorbate
atoms and electrons. For example, the QM region for the =Si-OH site is shown in panel C of Figure
1, while panels D, E, and F, show progressively larger MM regions. This methodology assumes
the MM region is included in the DFT Kohn-Sham equation as point charges, the values of which
are part of the P2 set of parameters.*! Since MM parameters were not developed for silanol
groups in the MM region, all silanols (OH groups) were replaced as terminal H atoms which are
modeled as boundary O atoms in the QM/MM formalism.** Additionally, adsorbate atoms and
MM region atoms interact via a pairwise VDW potential modeled by a standard Lennard-Jones
function. The Lennard-Jones function uses the P2 parameters for the MM region developed
previously for all siliceous-zeolites*!, while adsorbate atoms take on their parameters as listed in
the CHARMM database. All computations were performed using the Zeolite package within Q-
Chem version 5.4

Models for SiO2 and Ti/SiO2

Two categories of models for SiO, were examined. The first was a small cluster model (T8
silsesquioxane) that has been used frequently to model silica and silica-supported metals for
catalytic reactions.>®1271544 We next considered progressively larger models of amorphous silica
taken from the structure of this material generated by Tielens et al.*>*® Representative images
of each type of model we considered are shown in Figure 1.
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Figure 1: Representative images of =Si-OH models employed in this study. A) T8 silsesquioxane B) T4 sized model of the
amorphous model generated by Tielens et al. C) T8 sized model of the amorphous model D) QM/MM model that uses the model
in Figure 1C as the QM region and an MM region that terminates 114 in radius from the central =Si-OH site. E) Same as Figure
1D but the MM region extends 204 from the central =Si-OH site. F) Same as Figure 1D but the MM region extends 29A from the
central =Si-OH site

As mentioned in the previous section, models A-C are full QM calculations while D-F are QM/MM
calculations that utilize model C as the QM region. Model D includes an MM region that extends
11 A in radius from the central /=Si-OH site, while Model E and F extend the region 20 A and 29
A in radius.

We also utilized seven amorphous silica geometries (adopted from Tielens et al.) in our study of
=Ti-OH sites to examine the effect of distortion on enthalpies of adsorption.*> =Ti-OH sites were
generated by selecting seven isolated =Si-OH sites and replacing the Si atom with Ti followed by
geometry optimization of the QM region (Figure 2). The local geometries of each =Ti-OH site (with
an MM region extending 29A in radius) examined in this study, along with the =Ti-OH T8
Silsesquioxane, are displayed in Table 1. Notably, the T8 Silsesquioxane shows a narrow
distribution of Ti-O bond lengths compared to the amorphous models. Experimental
characterization suggests that the average Ti-O bond lengths in Ti/SiO, materials lay between
1.80 A and 1.81 A and that the coordination of Ti atoms with O atoms is 4.223! Thus, the average
bond lengths of our models are all within 2% of the experimental value.
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Figure 2: Illustrations of =Ti-OH sites (only the QM region is shown) generated by selecting seven isolated =Si-OH sites and
replacing the Si atom with Ti followed by geometry optimization of the QM region. Large red spheres: oxygen, large dark grey
spheres: silicon, large white spheres: titanium, small white spheres: hydrogen. An example of the “tetrahedral facet area” is
highlighted on site 1.

Table 1: Bond lengths and tetrahedral facet areas of =Ti-OH sites*
Bond lengths (A)

Bond Sitel Site2 Site3 Site4 Site5 Site6 Site7 T8silsesquioxane

Ti-OH 1.743 1.751 1.745 1.753 1.743 1.774 1.767 1.773
Ti-01 1.779 1.786 1.795 1.773 1.792 1.801 1.816 1.780
Ti-02 1.814 1.808 1.807 1.787 1.803 1.830 1.799 1.781
Ti-03 1.832 1816 1.814 1.797 1.891 1.816 1.835 1.781
Average 1.792 1.790 1.790 1.778 1.807 1.805 1.804 1.779

Tetrahedral facet areas (A%
Facet Sitel Site2 Site3 Sited4 Site5 Site6 Site7 T8 s silsesquioxane

Facetl 3.941 3.829 3.769 3.790 3.941 3.789 4.071 3.702
Facet2 3.614 3.674 3.763 3.631 3.769 3.666 3.789 3.699
Facet3 3.597 3.667 3.623 3.620 3.509 3.464 3.331 3.687
Facet4 3.505 3.529 3.590 3.461 3.745 3.883 3.301 3.463

*Optimized at the wB97X-D/def2-SVP level of theory

Results and Discussion

Determination of AHJ 4 for polar adsorbates on =Si-OH groups

The value of AHJ,; for the interaction of polar adsorbates with the silanol groups on the surface
of Si02-1023 were obtained by measuring the integrated absorbance for a characteristic IR band of
the adsorbate as a function of adsorbate partial pressure and system temperature. The
adsorption isotherms obtained this way were described by a Langmuir isotherm and analyzed
accordingly. This procedure is illustrated below for the case of pyridine adsorption.



The Langmuir isotherm for pyridine adsorption as described as follows:
KadsPPy
Qads Qsat (1 + KadsPPy) (2)
Here qqas, 9sats Kaas, and Pp,, refer to the quantity of adsorbed molecules of pyridine [mol Py],
the amount of pyridine adsorbed at saturation [mol Py], the adsorption equilibrium constant, and
the partial pressure of pyridine in the gas stream normalized by the standard pressure, 1 bar,
respectively. A relationship between the amount of pyridine adsorbed and the integrated

absorbance is derived from Beer’s law. Thus,

A,,S

py
Qadas = € (3)
where 4,,, S, and € are the integrated absorbance [cm™], the cross-sectional area of the pellet

in the IR beam [cm?], and the integrated molar extinction coefficient [cm/mol Py], respectively.
Substituting (3) into (2) gives:
ApyS _ AmaxS KadsPPy (4)
€ € (1 + KadsPPy)
Both S and € appear on the left and right-hand sides of equation 4 and hence cancel out, resulting
in equation (5).

by = A aasPey (5)
(1 + KadsPPy)

The equilibrium constant can be described in terms of AHZ,;, and ASZ,., the entropy of

adsorption, both of which refer to the standard-state pressure of 1 bar and a standard coverage

of 0.5 monolayers:

A

AH;, AS;
Kaqs = exp (— Rf}ds + }gds> (6)

Selecting a standard state coverage of 0.5 monolayers ensures that configurational entropy is
identically zero, and thus AS?2,;, represents only molecular entropic changes. Thus, for a set of IR
spectra measured at multiple temperatures and partial pressures of adsorbate, it is possible to
fit Apax, AHQzs, and ASZ,;. to the data. One can then normalize A4, by the integrated
absorbance of the Si-O-Si overtone bands to allow for comparison between different silica

samples.

Pyridine Adsorption on SiO-1023

Figure 3A shows that the FTIR spectrum of pyridine adsorbed on SiO2.1023 exhibits two
characteristic peaks at 1444 cm™ and 1594 cm™. Both peaks correspond to ring-breathing
vibrational modes (19b and 8a, respectively) for pyridine interaction with the hydrogen atom of
=Si-OH groups.*”*® Varying the partial pressure and temperature changes the absorbance
intensity of both peaks. A plot of the integrated absorbance vs. the partial pressure of pyridine is
well-described by a Langmuir isotherm and is shown in Figure 3B. Values of 4,4, AHg4,, and
ASS,;. for both peaks obtained by fitting equations 4 and 5 to the data are presented in Table 2.
We note that the values of these parameters are very similar for both features. This is to be
expected because the peaks 19b and 8a have similar extinction coefficients.*® The value obtained
for AH] ;¢ is -70 £ 1.8 kJ/mol and that for AS?;, is -120 + 3.2 J/mol K.

ads
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Figure 3: A) FTIR spectra (T = 460 K) and B) isotherms collected using peak centered at 1594 cm over the temperature range T =
420 K-460 K.

The next question to address is whether the value of AHJ,, determined corresponds to the
interaction of pyridine solely with silanol groups rather than a combination of physisorbed (i.e.
non-specific/liquid-like) pyridine and specifically adsorbed pyridine. An important indicator of the
latter process is obtained by examining the effect of pyridine adsorption on the frequency of the
=SiO-H stretching vibration. As shown in Figure S5, in the absence of pyridine the SiO-H stretching
vibration occurs at 3743 cm™ at 460 K. Upon adsorption of pyridine, the absorbance of this band
decreases and a new, broad band centered at 3050 cm™ appears (Figure S6). The 700 cm™ red-
shift in the frequency of the =SiO-H stretching vibration is a consequence of pyridine interacting
with the =Si-OH group. Figure S7 shows a near-perfect correlation between the integrated area
of the perturbed =SiO-H peak and the ring-breathing vibrational modes corresponding to pyridine
itself, strongly suggesting that the value of AH?,, determined from the isotherm presented in
Figure 3B corresponds to adsorption of pyridine on silanol groups.

It is necessary, as well, to demonstrate that the measured value of AHZ,, corresponds to
interactions specifically with isolated/geminal silanols, as opposed to vicinal silanols. We note in
this connection that previous research has shown that polar molecules such as triethylamine and
pyridine bind overwhelmingly to isolated/geminal silanols, and that vicinal silanols remain inert
to these adsorbates.?>°° To establish that this is the case in our work, we conducted a control
experiment with our starting material SiO2.nyd. SiO2-uya contains, approximately the same
concentration of isolated silanols per gram as Si02-1023>°, but a higher concentration of H-bonded
vicinal silanols (Figure S5). The isotherms for pyridine adsorption obtained by IR spectroscopy
yielded a slightly higher value of AHJ;, ~-80 kJ/mol, and an identical saturation absorbance
parameter (Figure S8 and Table S2). The identical saturation absorbance parameter confirms
previously proposed arguments that pyridine binds exclusively to isolated/geminal silanols,
whose densities do not change greatly under the thermal treatments used here. The effect of
dehydroxylation on AHJ,, is small and similar to that determined by microcalorimetry for
triethylamine adsorption on progressively dehydroxylated silica.® In that study, a decrease in the
measured value of AHZ,;. of ~10 kJ/mol was also observed for silica treated at higher
temperatures. However, triethylamine coverages tracked with isolated/geminal silanol densities
for all materials, indicating that the change in the enthalpies of adsorption results from subtle



modifications of isolated/geminal silanol sites through a currently unknown mechanism. These
subtle modifications are evidenced by a small red-shift (~3 cm™) in the isolated silanol SiO-H
stretching frequency for the SiOz.uyd vs. SiO2-1023 bare materials (Figure S5).

Thus, the value of AH? ;. for pyridine measured here (~-70 kJ/mol) corresponds to the change in
enthalpy of gas-phase pyridine to pyridine adsorbed to isolated/geminal silanols on the silica
support at T = 420-460 K.

The enthalpies of adsorption of pyridine to SiO;, as measured by calorimetry reported in the
literature can vary. While our value agrees well with the dominant value measured from
microcalorimetry by Kuznetsov et al. (~-72 klJ/mol)?9, this value differs from measurements made
by Dumesic and coworkers (-95 kJ/mol). The latter measurements were made at much lower
coverages (< 0.1 Pyridine molecules/nm?). Kuznetsov et al. report similar initial enthalpies of
adsorption (i.e. one data point at -93 kJ/mol), but the coverage over which this value persists (<
0.1 Pyridine molecules/nm?) is significantly lower than the estimated isolated/geminal silanol
density of their materials (see Figure $9).2° Conversely, they observe a relatively stable value (-
72 kJ/mol) over a coverage range equal to the sum of the calculated isolated/geminal silanol
density (~1.8 OH/nm?). Therefore, we propose that the site responsible for a AH?, . of -95 kJ/mol

ads

observed at low coverages is distinct from an isolated/geminal silanol site and that the majority
of isolated/geminal silanols adsorb pyridine with AHJ;, of -72 kl/mol. However, we note that
further investigations will be needed to unequivocally determine the physical origin of the high-

energy site noted by other researchers.

Ds-Acetonitrile Adsorption on SiO2-1023

Figure 4A shows the IR spectra of ds-acetonitrile adsorbed to SiO2-1023. A well-defined peak is
observed at 2272 cm™ corresponding to the C=N stretching frequency of ds-acetonitrile
interacting with =Si-OH groups.?%°1°2 We note that at the conditions shown in Figure 4, there is
no evidence for a band at 2263 cm™ characteristic of non-specifically adsorbed (physisorbed) ds-
acetonitrile.>>2 An example of our peak fitting procedure is displayed in Figure S10.
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Figure 4: A) ds-acetonitrile FTIR spectra (T = 460 K) and B) isotherms collected using peak centered at 2271 cm™! over the
temperature range T = 420 K-460 K.



The value of AHZ,;, derived from the isotherms shown in Figure 4B is -55 kJ/mol and is similar to
that reported previously for ds-acetonitrile adsorbed onto silanol nests of zeolite beta (-55
kJ/mol)>! and to the value for CHsCN adsorption measured by microcalorimetry for silica (-55.4
kl/mol).2° The value of ASZ, for ds-acetonitrile adsorbed on silanol nests of zeolite beta is nearly
30% more negative than that measured in this work, suggesting that acetonitrile is more mobile
on non-porous silica than when confined within a micropore of zeolite beta. As with pyridine, the
integrated absorbance of the C=N stretching vibration is linearly proportional to the perturbed
SiO-H stretch integrated absorbance (Figures S11 and S12), indicating the dominant phenomenon
measured corresponds to acetonitrile interactions with silanols.

Acetone Adsorption on SiO3.1023

Adsorption of acetone onto SiO2-1023 produces three detectable C=0 stretching frequency bands
at 1737 cm, 1712 cm™®, and 1699 cm, as seen in Figure 5A. We note that a small shoulder was
always observed at 1737 cm™in the absence of silica in our in-situ FTIR cell. This feature could be
due to gas-phase acetone 3 or to a form of acetone interacting with the CaF, windows of the IR
cell. This contribution was observed at all conditions and subtracted from the spectrum of
acetone adsorbed on silica (Figure S13).
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Figure 5: A) Acetone FTIR spectra (T = 460 K) and B) isotherms collected using peak centered at 1712 cm over the temperature
range T =420 K-460 K.

The band at 1712 cm™ is attributed to the C=0 stretching frequency of acetone interacting with
isolated or geminal silanol groups (Scheme 2),%> whereas the band at 1699 cm™ is attributed to
acetone to two proximate silanol groups (Scheme 1).3>°% An example of our peak fitting
procedure is displayed in Figure S14. Since the integrated absorbance for acetone adsorbed to
isolated silanols (1712 cm™) is within Henry’s regime for the conditions investigated (Figure 5B),

only the value of AH_;; can be determined. The fitted values of AH;; for acetone adsorption on

ads
isolated and bifurcated silanols are -52 and -82 kJ/mol, respectively, which agree well with
previous reports.>® Once again, the integrated absorbance of the perturbed SiO-H stretching
frequency is linearly proportional to the total adsorbed acetone, suggesting these AH? ;. are only

ads
describing silanol-acetone interactions (Figures S15 and S16).
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Trimethylacetonitrile Adsorption on SiO3.1023

We also considered the adsorption of trimethylacetonitrile ((CH3)3CCN) adsorbed to SiO2-1023. The
IR spectrum for this adsorbate is presented in Figure 6A. The band appearing at 2243 cm™ is due
to C=N stretching vibrations and is similar to that seen for adsorbed CDsCN. An example of our
peak fitting procedure is displayed in Figure S17. The isotherms for trimethylacetonitrile are
shown in Figure 6B. The value of AHg;, determined from these isotherms is -64 ki/mol, which is
~18% more exothermic than that determined for CDsCN on the same material (Table 2). This
difference is consistent with the greater proton affinity of (CH3)3CCN compared to CD3CN.>3 This
difference results from inductive effects of exchanging hydrogen (deuterium in the case of
CDsCN) for electron-donating methyl groups. As with CD3CN, the peak area for the C=N stretching
band is also linearly proportional to the perturbed SiO-H stretching frequency (Figures S18 and
$19), indicating a silanol-adsorbate interaction.
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Figure 6: A) Trimethylacetonitrile FTIR spectra (T = 460 K) and B) isotherms collected using a peak centered at 2243 cm* over the
temperature range T = 440 K-460 K.

Table 2 compiles all peak centers used for coverage measurements, as well as fit parameters for
AHZ ., ASS s (P° =1 bar), and the normalized saturation parameter (Qsat).



Table 2: Assigned adsorption modes, peak centers, and Langmuir fitting parameters determined via FTIR
coverage experiments for polar molecules adsorbed to SiO>.1023

Interaction Ad:/T;zgon C(EE_;)' (ﬁjl;ln%ﬁf) (J?i%ﬁ() N(c’lrs:illzoid*
CsHsN—-HO-Si= 19b, ring-breathing 1444 -70+1.8 -120+ 3.2 5.68 £0.399
CsHsN—-HO-Si= 8a, ring-breathing 1594 -68+ 1.5 -115+2.8 8.08 £ 0.465

(CH3),C=0-HO-Si= C=0 Str. 1712 -52+1 N/M N/M

(CH3),C=0—(HO-Si=)> C=0 Str. 1699 -82+1.9 -145+3.3 2.36
CD3CN-HO-Si= C=N Str. 2272 56+1 -110+1.5 3.83+0.364
(CH3)3CCN—-HO-Si= C=N Str. 2243 -64 +2 -104 + 3.6 1.65+0.108

*unitless, normalized by the integrated absorbance of the Si-O-Si overtone region in the range 1735 cm 1 — 2000 cm



Theoretical calculations for polar molecules adsorbed on isolated silanol groups

Having validated the determination of thermodynamic parameters from adsorption isotherms
obtained from IR spectra, we wanted to assess the ability of our theoretical approach to estimate
the enthalpies of adsorption of polar molecules onto silanol groups present on the surface of
amorphous silica. To this end, we examined two models for representing the surface of silica. The
first was a silsesquioxane structure comprising eight corner-sharing Si groups (Figure 1A). The
second model is the structure shown in Figure 1F, which agrees well with experimental
determinations of silanol densities, ring-size distributions, and Si-O-Si bond angles.*® Importantly,
this model exhibits a silanol density of 1.7 OH/nm?, which compares favorably with our measured
value of 1.4 OH/nm? determined from TGA for SiO2-102s.

We found that an MM region terminating approximately 11 A from the central silicon atom of an
isolated silanol group was sufficiently large enough to capture nearly all contributions of the MM
region to the predicted AH,, for pyridine (Figure S20). Interestingly, this also implies that the
curvature of the model utilized for amorphous silica (see Figure 1F) has little impact on the
AHJ ;.. The difference in the AH?;, of pyridine predicted using the site depicted in Figure 1B and
Figure 1F is -32 kJ/mol, or, 41% of the AHJ ;. predicted with the largest model. Recent full QM
DFT calculations (with counter-poise basis set superposition error corrections) modeling the
adsorption of H,0; and ethylene to silica-supported Nb metal sites found small differences (<10
ki/mol) in predicted binding energies between large (12A) and small (similar to Figure 1B)
representations of the surrounding silica.>® However, it is expected that H.0; and ethylene would
be less affected by cluster size compared to pyridine, as they are smaller molecules and are
subject to weaker pairwise-additive VDW interactions.

Based on these considerations, to avoid the possible influence of edge effects from the MM
portion of the cluster, we utilized a cluster that extended 29 A from the Si atom of the silanol
group, since the computational cost of using a larger MM region was negligible.

We compared our predicted values of AH, ;¢ for triethylamine, ammonia, and tetrahydrofuran
with those that we measured by IR spectroscopy and those reported in the literature determined
by microcalorimetry.?%?3> For ammonia, a detailed IR and calorimetric study revealed two
dominant forms of ammonia adsorbed to SiO,. We utilized the value reported for ammonia
adsorption onto isolated silanol groups (-58.4 kJ/mol).?3

Figure 7 compares estimated values of AHZ,;; to experimental values reported here and in the
literature. It is immediately apparent that the T8 silsesquioxane model of amorphous silica
underbinds all polar molecules in our dataset relative to experimental results. This finding is
significant, considering that this model has been used extensively to calculate enthalpies of
adsorption for various molecules interacting with silanol groups or =M-OH (M =Ti, Zr, etc.) groups
supported on silica.>®1271544 We note, however, that computational studies of microporous
silicates have reported that small cluster models cannot capture the non-local interactions
between the adsorbate and the surrounding support material, leading to enthalpy of adsorption
predictions that are typically too small relative to experimental benchmarks.*! It should be clear



that these discrepancies are not the result of intrinsic DFT errors, which are expected to be
relatively small (~ 4 kJ/mol) for the non-covalent interactions studied here.?®
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Figure 7: Comparison between experimental measurements (connected lines) and model predictions (bars). All calculations were
performed for T = 460 K however similar conclusions are reached at other calculated temperatures. FTIR EAl = Fourier-transform
Infrared Spectroscopy Equilibrium Adsorption Isotherm. Error bars on T8 amorphous QM/MM model show the spread of predicted
AHZ,;.made from multiple local minimum geometries, while the bar’s value is the Boltzmann weighted AH . Error bars on all
experiments are +10% of the AHZ .

A more detailed inspection of the isolated silanol in the amorphous model reveals that multiple
adsorption geometries are plausible. In contrast to the T8 silsesquioxane, where the =Si-OH
tetrahedron is symmetrical, the silanol tetrahedron on the amorphous model is distorted.
Moreover, the model of amorphous silica used shows that the silica surface is irregular;
therefore, one should not expect identical values of AHZ,. for locally optimized adsorption
geometries sampled around the silanol. To address this complication, we optimized multiple
geometries starting from initial guesses at each face (or side) of the HO-Si= tetrahedron. We
discovered multiple minima (for each adsorbate) and found that each geometry exhibited a
different value of AHJ . For instance, we located 5 optimized geometries for pyridine bound in
an H-bonding configuration with the silanol that exhibited specific AHJ,, of -80.5, -78.1, -71.5, -

66.5, and -66.8 kJ/mol. Using our thermal corrections to estimate the ASJ,, for each geometry
o

allows us to assess their relative values of AGS,,. Using these values of AGJ,,, we calculated the

Boltzmann weight for each geometry, yielding 0.554, 0.255, 0.156, 0.03, and 0.002, respectively,
for T=460 K. This demonstrates that multiple pyridine geometries bound to the same silanol can
contribute to the measured value of AHS,. This is consistent with NMR studies indicating that
pyridine undergoes significant rotational motion on silica silanols, even at T = 174 K.*® Taking a
Boltzmann average of the values of AHZ ;¢ for different silanol geometries leads to AHZ;; =-77.9

ads
kJ/mol, which agrees satisfactorily with experimental measurements.



The Boltzmann averaged AHJ;, for all adsorbates agree quantitatively with values determined
experimentally from IR-based isotherms and measured microcalorimetrically. This agreement
supports the model of amorphous silica and the computational protocol (QM/MM method)
utilized. Considering that the parameters for the MM region were derived initially for
microporous silicates (zeolites), the agreement between predicted and experimentally measured
enthalpies of adsorption indicates the transferability of the parameters.*!

The observed values of AH_,;; cannot be predicted reliably from a descriptor of the adsorbate
basicity i.e., proton affinity, as seen in Figure S21, the correlation is weak and R?=0.79. This
implies that a significant portion of the total AH,, arises from non-local interactions between
the adsorbate and the surrounding silica, as mentioned previously. However, the degree of
frequency redshift for the IR SiO-H stretch upon base complexation is more significantly
correlated with proton affinity (Figure S22, R?=0.88). This suggests that this spectroscopic
phenomenon represents local interactions between the adsorbing base and the silanol group,
and that it should not be used as a sole indicator of the relative stability of adsorbed polar bases.
We also note that a more rigorous calculation of AHJ;, would require sampling all possible
geometrical configurations for all silanol groups; however, this problem is currently intractable
for a single silanol at the DFT level, let alone for all silanol groups present on the surface of
amorphous silica. Thus, we will presume that the site used here is sufficiently representative of
the surface of amorphous silica, as was noted by the authors of the model that we have used.*
The agreement between experiments and our calculations, seen in Figure 7, supports this
assumption.

Entropies of adsorption (AS2,) for SiO

It is well-known that adsorbate entropies modeled using the rigid rotor - harmonic oscillator
approximation (RRHO) can be inaccurate due to low-lying vibrational modes that should be
modeled as hindered rotations or translations.>” Our study employs a similar (and rougher)
approach by representing low-frequency vibrational modes as free rotors.**?> Our methods are
reliable in predicting gas-phase entropies; however, this quasi-RRHO (qRRHO) approach yields
inaccurate predictions for AS2;.as expected (Table 3). However, it is remarkable that Campbell
and Sellers’ empirical model for entropy loss upon adsorption (hereafter denoted as “Campbell”)
performs well, despite not being developed for adsorption on Si0.%’

Briefly, the Campbell model is a simple linear correlation relating the gas phase and adsorbed
phase entropy (equation 7).

245 (T) = S%s(T) * 0.7 + 3.3R (7)

where R is the ideal gas constant. This expression accurately predicts adsorbate entropies for n-
alkanes and small polar molecules adsorbing to metal oxides, metals, and carbon surfaces. Thus,
adsorbates retain nearly two-thirds of their entropy in the gas phase, which is thought to be due
to hindered translations and rotations of adsorbates across the surfaces of these materials.>’
However, other studies have reported its accuracy in predicting the entropies of ethanol and



water adsorbed to monomeric framework Sn sites in microporous silicates (“Sn-BEA zeolites”).>8
The predictions by equation 7 agreed with ab initio molecular dynamics (AIMD) simulations which
showed that ethanol and water retain significant localized translations around the Sn site.
Therefore, the accuracy of equation 7 with experimental data should not be interpreted as a deep
understanding of the adsorption phenomena in question. Nevertheless, it does suggest
significant adsorbate motion relative to the assumptions of the RRHO model.

The discrepancy for trimethylacetonitrile could be expected since the correlation did not include
molecules with tert-butyl groups. Developing methods for accurate predictions of AS?, is an
active area of research and lies outside the scope of this work, which is focused on AHJ,;
however, we note that simplified methods are needed for accurate prediction of both
parameters using DFT potential energy surfaces, and a small number of DFT calculations. For
now, we recommend a combination of QM/MM modeling for AHZ,;; combined with empirical
estimates for ASg ;s when accurate AGJ,.estimates are desired.

Table 3: Gas phase entropies and entropies of adsorption, P° = 1 bar — comparison between predictions
and experiments

Molecule T (yeeK)  (1odb0k) (Taboky  (Todsokpesss Lo
Pyridine 282.8 % 281.1 322.2 -186.7 -124.1+18 -120+3.2
d3-acetonitrile N/A 250.6 279.1 -149.6 -111.2+18 -110+ 1.5
h3-acetonitrile 245,50 242.7 267.9 N/A -107.8 £18 N/A
Acetone 295,535 298.0 335.6 -185.0 -128.1+18 -1223°
Trimethylacetonitrile ~ 333.2 61 3294 389.5 -180.6 -1443 £ 18 -104 £ 3.6

"Boltzmann average of multiple equilibrium geometries; ““uses SgasqrrHo to compute adsorbed phase
entropy, then takes the difference to calculate ASags,campei. Error bars represent one standard error
reported in ref >’



Characterization of Ti/SiO2,1023

DRUV/Vis spectra were acquired to determine the coordination of Ti in Ti/SiO2,1023. The UV/Vis
spectrum for Ti/SiO2,1023, shown in Figure 8A, displays a sharp peak centered at 225 nm,
consistent with ligand-to-metal charge transfer (LMCT) transitions of isolated, tetrahedral =Ti-
OH centers.?8%2 This spectrum was used to construct a direct-transition Tauc plot, from which the
band-edge energy was calculated. As noted in Table 4, the band-edge energy for Ti/SiO> is
4.75eV, which agrees very well with the values previously reported for Ti/SiO; prepared with very
low loadings of Ti.31 36,37

The Ti K-edge XAS spectrum displays a pre-edge feature centered between 4969.8 eV and 4970.1
eV. This feature arises from 1s—>3d electronic transitions that become dipole-allowed due to
3d/4p mixing when the Ti and its ligands are in a tetrahedral geometry.®® At ambient temperature
(300 K), pre-exposure of Ti/SiO2,1023 to water vapor results in the coordination of water to Ti,
breaking the Ti tetrahedral symmetry and producing a pre-edge feature that is weak in intensity
relative to the tetrahedral standard, Ti[OSiPhs]s, and centered at 4970.1eV (Figure 8B). Increasing
the temperature under flowing helium drives off the water, reestablishing the tetrahedral
geometry, and blue-shifting the peak by 0.3 eV to 4969.8eV and increasing its intensity 2-fold.
The pre-edge intensity rises rapidly with the initial increase in temperature but changes less as
the temperature reaches 673 K, indicating complete desorption of coordinated water, consistent
with other studies for this material.?® The pre-edge feature does not change significantly after
lowering the temperature to 553 K following water desorption, indicating a weak thermal effect
on peak intensity (Figure S23).

Previous studies on Ti/SiO, synthesized using similar techniques have reported lower pre-edge
intensities than those found here.®* However, it is important to note that these materials were
vacuum treated only to 423 K, which is not sufficiently high to remove all coordinated water.?®
The normalized pre-edge peak intensity for Ti/SiO2,1023 is 17% lower than Ti[OSiPhs]s, even after
desorption of coordinated water. It has been suggested that a lower intensity pre-edge peak for
Ti/SiO2 could be due to a linear combination of hexacoordinated and tetrahedral Ti metal
centers®; however, our UV/Vis results are inconsistent with this interpretation since there is no
detectable presence of hexacoordinated species, which would be characterized by peaks
>300nm.%2 An alternative explanation is suggested by recent DFT calculations. Tetrahedral
distortion was found to significantly decrease the intensity of the pre-edge XANES feature
predicted by Time-Dependent DFT for isolated V(V)/SiO; species.’® A similar effect would be
expected for Ti(IV) cations, as both V(5+) and Ti(lV) cations have identical electronic
configurations. Moreover, the same electronic transition is being probed (1s—>3d/4p transition)
for both cations. Thus, at the extremes, two hypotheses about the structure of monomeric =Ti-
OH in Ti/Si0O2,1023 can be postulated from these findings. 1) The sample consists of many
tetrahedral =Ti-OH sites that exhibit specific pre-edge intensities consistent with Ti[OSiPhs]s and
a small fraction of tetrahedrally distorted =Ti-OH structures exhibiting weak pre-edge features.
This hypothesis is similar to that proposed for Cr/Si0.%¢ 2) All =Ti-OH sites are similarly distorted
and produce a weaker pre-edge feature relative to Ti[OSiPhs]a. Ti K-edge XAS cannot discriminate
between these two possibilities, since it is a bulk technique; however, the degree to which



Ti/Si02,1023 can be interrogated will be discussed below by measuring the AHZ ;. of pyridine
adsorption as a function of pyridine loading.
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Figure 8: A) Diffuse-reflectance UV/Vis spectrum of Ti/SiOz.1023 at 553.15 K under flowing He and B) pre-edge XANES spectra of
Ti/SiO;.1023 and Ti[OSiPhs],. The pre-edge XANES spectra for Ti/SiOz.1023 was taken under flowing He.

Table 4: ICP characterization, UV Vis edge energies

Material LMﬁZ:&iTSV)/ Ti/nm? Method Ref
Ti/MCM-41 4.7 0.07 IWI° 67
Ti/SiO> 4.66/210 0.24 IwI* 68
Ti/SBA15 N.M./225 0.61  Ti(OiPr)[Osi(0iBu)s]s — graft 25
Ti/SiOz 4.53/225 0.24 Calix[4]arene-Ti"V graft 28
Ti/Si02,1023 4.75/224 0.084 Cp — graft This Work
Ti/Si02,1023 (sample 2) 4.84/224 0.089 Cp — graft This Work

*Incipient wetness impregnation



Pyridine adsorption on Ti/SiO2,1023 — experiments and theory

An adsorbate that does not react and consume =Ti-OH sites is required to measure equilibrium
adsorption isotherms. Unfortunately, we observed decomposition and consumption of =Ti-OH
sites over time for all of the adsorbates we tested for SiO, except pyridine. Thus, we restrict our
analysis for Ti/SiO2,1023 to pyridine.

The IR spectra of pyridine adsorbed to Ti/SiO2,1023 were collected at temperatures of 503.15 K to
623.15 K and partial pressures between 0.035 and 0.49 kPa. Figure 9A shows the spectrum of
adsorbed pyridine acquired at 503.15 K in the presence of 0.42 kPa pyridine. Peaks are observed
at 1605 cm™, 1489 cm?, and 1447 cm™. These features correspond to ring-breathing vibrational
modes of pyridine interacting directly with a Lewis acid center.!® No absorbance is observed
between 1540-1550 cm?, indicating the absence of pyridinium ions which would be formed by
pyridine adsorption at Brgnsted acid sites.!® We also note that the band at 1605 cm™ is red-
shifted relative to that observed for pyridine adsorbed on P25 TiO, at 470 K (1609 cm™)®°,
suggesting the absence of TiO,, which is consistent with our UV/Vis observations (see Figure 8).
The peak center is within a 2 cm™ range for all conditions examined.
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Figure 9: A) SiO; subtracted spectrum of pyridine interacting with Ti/SiO3 1023 (sample 2) (T = 503.15 K, P,, = 0.42kPa). B)
pyridine coverage on Ti/SiO2, 1023 (sample 2) (mol Py/mol Ti) as a function of partial pressure (kPa). Langmuir-Freundlich
isotherm fits are shown as lines. Covers T-range 503.15 K through 623.15 K except 593.15 K. C) Isosteric enthalpy of adsorption
of pyridine to =Ti-OH sites as a function of pyridine coverage (mol Py/ mol Ti). Facet areas calculated from the correlation
presented in Figure 9D are labeled. The dashed blue line shows the experimental AH;,of pyridine to isolated/geminal silanols.



The solid black line shows the predicted AHZ, of pyridine to a =Ti-OH site with a facet area derived from EXAFS (3.76A2), while
dashed black lines are one standard error of the AH? ;. prediction from the correlation in Figure 9D. D) QM/MM AHJ
calculations (T = 598 K) as a function of the tetrahedral facet area of the =Ti-OH site to which pyridine is bound (an example of
the area in question is highlighted on the molecular geometry within the figure). The solid line is the linear fit, while the dashed
lines are one standard error of the y-estimate (AH2 ;).

To analyze pyridine features associated exclusively with adsorption to =Ti-OH sites, we
subtracted the spectrum of pyridine bound to SiO3,1023 at each condition using the same mass of
powder (1 mg) to form the pellet. To ensure the accurate removal of features during the
subtraction process, we conducted a control experiment to subtract the spectra from two
consecutive SiO,,1023 (Figures S24, S25, and S26) runs. The subtracted peak areas equal zero,
indicating that this procedure properly removes contributions associated with pyridine bound to
silanol groups and confirms that our pellet preparation method is reproducible.

Having established this subtraction procedure, we repeated the analysis to remove the
overlapping features of pyridine interacting with SiO,1023 from the spectrum of Ti/SiO2,1023
acquired for all experimental conditions. After subtraction, we observed a new feature at 1575
cml, attributed to ring-breathing mode 19a, which can be observed when pyridine interacts
molecularly with a Lewis acid center.!® The appearance of this mode after SiO, subtraction
further lends credence to our subtraction protocol. Moreover, no significant distortion or over-
subtraction artefacts were observed in all SiO21023 subtracted spectra (Figure 9A). Thus, the
experimental protocol we have developed monitors the surface coverage of pyridine bound
exclusively to =Ti-OH sites.

To calculate the fractional coverage (mol pyridine/mol Ti), we applied the appropriate extinction
coefficient for the peak centered at 1605 cm™.4979 We did not analyze the feature at 1447 cm'?
because IR absorption from the CaF; optical windows of our in-situ cell began to interfere with
this peak above 593 K. The temperature range of this experiment was broad compared with our
experiment with Si02,1023 alone; therefore, we also accounted for the temperature dependence
of the extinction coefficient using the following expression:’?

e(T) = €,4050m-1(T = 423K) — 0.001 * (T — 423K) (8)

where €;¢9scm-1(T = 423 K) is equal to 0.9733 cm/umol pyridine’® and T is the temperature of
the experiment in Kelvin. We note that extinction coefficients for pyridine adsorbed to Lewis acid
metal supported silicates fall in the range of 0.7-1.5 cm/umol.*® We also note that our
experimental setup, i.e., the brand of spectrometer, detector type, pellet size and mass were
similar to those used for the experiment reported in the ref.”® This further supports the
applicability of the extinction coefficients reported by the authors of this work to our
experiments.

The adsorption Isotherms for Ti/SiO2,1023 are shown in Figure 9B. In contrast to what was
observed for pyridine adsorption to the silanol groups present on SiO2,1023, the data for pyridine
adsorption on Ti/SiO2,1023 cannot be described by a Langmuir isotherm, for which AHZ,, is
assumed to be constant. (Figure S27). Therefore, we calculated the isosteric enthalpies of



adsorption (AH},(6) ) as a function of pyridine coverage. To do so, we fitted the experimental
data points shown in Figure 9B to a Langmuir-Freundlich isotherm (equation 9) and used this
expression to estimate coverages between experimental data points.

n
0 =g, D" (9)
1+ (KP)"
Values of Qo, K, and n were fitted to each isotherm (Figure 9B). We then estimated the partial
pressure necessary to achieve a given mol Py/mol Ti to determine the isosteres, which were then
used together with the Clausius-Clapeyron equation (equation 10) to calculate the isosteric
enthalpy of adsorption.

din (Ppyridine [bar] )
1
4(zr) o

In carrying out this procedure, at least three data points were taken per isostere, and we only
extrapolated an isotherm within 10% of the minimum/maximum coverage. This point is
necessary since values of AH},,(6) can be sensitive to extrapolation percentages (Figures S28
and S29) even though general trends are preserved. Thus, extrapolation by more than 10%

should be avoided so that values of AH{,,(6) do not include these artefacts.

B0 0) [ 2] = (10)

o

Figure 9C shows that for coverages less than 15%, the magnitude of AH;},(60) decreases with
increasing coverage, and then becomes relatively constant for coverages above 15%. We found
similar behavior for two different batches of Ti/SiO2-1023 (see Figure S30 for Langmuir-Freundlich
fitting for Ti/SiO2,1023 (sample 1) used to calculate AH?,,(8) for sample 1 in Figure 9C, and Figure
S31 for UV/Vis characterization of sample 2, the edge energy of which is presented in Table 4).
To assess the possibility that distortion of tetrahedral =Ti-OH sites could explain the adsorption
enthalpy variation observed at low pyridine coverages in our experiments, we calculated the
AHJ ;. for a series of representative =Ti-OH sites. Each of these sites was defined by replacing an
=Si-OH group on the surface of our model of amorphous silica with a =Ti-OH group and then
optimizing the resulting structure. Figure 2 illustrates the geometry of each =Ti-OH group
obtained in this manner and the areas of the three triangular facets for each group. We note that
the triangular facets of each =Ti-OH group exhibit different surface areas, and that the set of
areas is different for the seven =Ti-OH groups chosen as representatives. To pursue our objective,
we calculated the enthalpies of pyridine adsorption on each facet for each of the seven =Ti-OH
groups. The results, presented in Figure 9D, show that the value AH? ;. correlates well (R =0.91)
with the area of the triangular facet; as the facet area increases, the predicted value of AHZ ;¢
decreases monotonically. We were unable to acquire data for all facet areas since some facets
were inaccessible to pyridine due to steric interference by the surrounding silica. What we find
is that as the area of the facet increases from 3.5 A% to 4.07 A?, the values of AH?, . decrease from
-74 kJ/mol to -145 kJ/mol, respectively. This descriptor is reminiscent of the “accessible



coordination pocket” that others have correlated with ethylene epoxidation activation energies
with Nb/SiO; catalysts.>®

As noted in our discussion of the physical characteristics of =Ti-OH groups, EXAFS characterization
suggests that the average Ti-O bond length is between 1.80 A and 1.81 A and that the
coordination of Ti atoms with O atoms is 4.2831 Assuming this geometry is tetrahedral, which is
supported by the intense pre-edge XANES features, leads to the conclusion that the triangular
facet area ranges from 3.74 A? to 3.78 A?; therefore, we take 3.76 A% as the EXAFS determined Ti
facet area. For this facet area the correlation presented in Figure 9D gives a value of AHZ;, = -
105210 kJ/mol, which agrees remarkably well with the average experimentally determined value
of AHJ;, =-104+10 kJ/mol observed in Figure 9C for pyridine coverages greater than 15% (Figure
9C). At lower coverages, larger tetrahedral facet areas are necessary to achieve agreement
between our calculations and experiments. Therefore, we propose that tetrahedral distortion of
=Ti-OH sites can explain lower values AHZ,;, determined for coverages <15%. We note this
proportion of distorted sites is similar to that reported for isolated sites of Cr, W, and Mo

supported on silica.11-6672

We also wish to stress that our ability to interpret the isosteric enthalpies of adsorption of
pyridine is a consequence of the model for =Ti-OH sites on Ti/Si02,1023 that we have used. As
indicated by the red point in Figure 9C and red dashed line in Figure 9D, calculations of AHJ
determined using the T8 silsesquioxane representation of =Ti-OH groups under predicts the value
of this parameter relative to its experimentally determined value, as seen for SiO2,1023, further
indicating the insufficiency of the size of this model.

We conclude that only a small fraction (~15%) of =Ti-OH sites are distorted tetrahedral structures,
while the rest are relatively symmetrical and consistent with the geometries measured by EXAFS.
We further propose that the observed pre-edge XANES intensity reduction relative to our
tetrahedral standard results from a linear combination of distorted (weak pre-edge feature®3)
and symmetric =Ti-OH structures (strong pre-edge feature).

The magnitudes of AHJ,;, measured here for =Ti-OH sites strongly disagree with previous
researchers.?®?’ Unfortunately, the methods of data acquisition and analysis employed by others
were, in our opinion, inadequate. Firstly, the IR peaks used for coverage estimates of pyridine to
the =Ti-OH sites overlap significantly with peaks associated with pyridine adsorption to =Si-OH
groups of SiO; and no attempt was made to remove these features. Secondly, the analysis
employed (Van’t Hoff analysis of isobars) is only accurate in the limit of zero coverage for a
theoretical Langmuir isotherm, a form which many adsorption phenomena follow. As a result,
the reported values of AH;; were between -10 and -30 kl/mol, which are far lower than the
enthalpies of liquefaction of pyridine (AH{;q= -40.3 kJ/mol) and the value of AH? . for pyridine

adsorption on the SiO; support (-70 kJ/mol). Significant underestimation of AHJ ;. and, at worst,

reversed trends in AH,, across materials are expected from V’ant Hoff isobar analysis (See SI

section 27 for full discussion).



Energy decomposition analysis to understand the physical origin of the effects of site
distortion on AHZ,

To further understand the physical phenomenon governing the change in AHJ,, with site
distortion, we performed energy decomposition analysis (EDA) calculations using methods
developed by Horn et al.?° For this analysis, we only examined the components of the electronic

energy of adsorption (AEZ;;), as this is the largest component of the AH, ;.

The EDA unravels the AE]; into five components. The overall binding energy is calculated as:
AEZ;s = AEgpri + AEgp py + AEpgz + AEpg;, + AEcr (11)

where AE;p, , captures the geometric distortion penalty of x (the =Ti-OH site or the pyridine
molecule), or the energy difference between x in the complex geometry and its optimal geometry
invacuum; AErg, is the interaction energy resulting from permanent electrostatic charges, Pauli-
repulsion, and dispersion interactions (we include the MM VDW interaction in this term); AEp,;,
is the energy lowering due to polarization of the orbitals on each fragment in the presence of the
other fragment; and AE.r accounts for the energy lowering due to inter-fragment charge
transfer (electron delocalization) between the =Ti-OH site and the pyridine molecule.

Interestingly, only two components of the EDA change appreciably with the facet area, AEpz,
and AE;p r; (Figure 10). We fit linear models for each component to understand the trends
quantitatively (Table 5). Taking the slope as the first derivative of the component in question with
respect to tetrahedral facet area suggests that the geometric distortion penalty of the =Ti-OH
site is most strongly correlated to the AEZ,;, (slope is 60% of the slope for AE7;,). We can take
the x-intercept as the tetrahedral facet area where AE;, 1; is zero, which yields 4.35 A2, AEgp ri
must be positive semi-definite?®, therefore this facet area also corresponds to the upper bound
of the magnitude of AE];,, which we estimate to be -172.5 ki/mol based on our linear
correlation. Assuming this facet area arises from a =Ti-OH site in perfect tetrahedral geometry
implies Ti-O bond lengths of 1.94 A, or nearly 0.14 A longer than values derived from EXAFS. All
attempts to locate a =Ti-OH site with this size facet area were unsuccessful using the amorphous
silica model we employed, but sites with this level of distortion are likely to be extremely
uncommon. This marks the first utilization of EDA as a means of estimating the maximum AEZ

of an adsorbate to a SSMC.

AErg; has the second largest facet area dependence (~30%), and the relationship displays more
scatter around our linear fit relative to AE;p 7; (see Figure 10). All other components display
minimal scatter around their associated linear fits, indicating that the variability in the AEZ;; with
respect to facet area arises primarily from variation in AEpz,. The variability in AEpg, with facet
area is expected since AEpg; includes the interaction of pyridine with the MM region of the
surrounding silica support which will vary considerably for each =Ti-OH site in an amorphous
lattice regardless of its local geometry. We note one outlier for AE;, r; with a facet area of 3.66A2
(site 2, face 3 in Table 1) exhibits a larger AE;, r; relative to the linear fit because of a siloxane
bridge located directly in front of the facet (can be seen in Figure 2, site 2). The final geometry of
the =Ti-OH site after pyridine adsorption is more significantly distorted than would be expected



since pyridine is avoiding the steric repulsion with this siloxane bridge, leading to a more positive
AEp 7i than predicted by the linear fit.

Surprisingly, AEp; and AE . remain nearly constant for all facet areas. This discovery challenges
previously held conjectures regarding silica-supported Zr, W, and Nb sites.'® Our results indicate
that distortion does not influence the ability of the cation to accept electrons from a Lewis base,
or its polarizability, but rather relieves the penalty associated with complex formation (AE;p r;)
and enhances AErg, which includes a complex interplay between permanent electrostatic
charges, Pauli-repulsion, and dispersion interactions.?® Since AEp,, and AE.; are not dependent
on facet area, this suggests that these terms depend largely on the adsorbate (for a given SSMC).
Thus, we posit that shifts in the y-intercept of AEp,,and AE. will depend on the adsorbate
polarizability and ionization energy.

Finally, we performed EDA calculations to investigate why the silsesquioxane model underbinds
relative to experiments and QM/MM predictions (see red datapoint on Figure 9D). As shown in
Figure S32, the EDA components for the silsesquioxane-pyridine complex are all smaller in
magnitude than predictions based on the =Ti-OH facet area. The most significant error resides in
the AErrz (31.7% of total absolute error), followed by AEpy; (21.1%), AE¢p i (20.8%), AEcr
(18.6%), and AE;p py, (7.8%). Thus, the errors associated with using a small cluster model are
distributed relatively evenly amongst all the components of the intermolecular interactions. This
further supports the need to use more extensive representations of the silica surrounding the
active site to capture all interactions present in adsorption events. Since the first step in
heterogeneously catalyzed reactions involves adsorption, we believe the errors pointed out here
for adsorption may also translate to computational catalysis studies.

100

s0@

AE. (kJ/mol)

-100

-150 1 I I 1
3.5 3.6 3.7 3.8 3.9 4 4.1

Tetrahedral Facet Area (&%)

Figure 10: The dependence of each component of the EDA on the tetrahedral facet area.

Table 5: Linear fit parameters for lines in figure 10



EDA Component Slope Intercept

AEgp 1 -66.5 289.2

AEgp py 0.7 21

AEpgz -35.7 78.4
AEpy, -13.1 2.4
AEp 9.1 -19.5
AE? -118.6 3435

ads

Conclusions

This study has successfully developed and validated experimental and theoretical methods for
determining enthalpies of adsorption for polar molecules interacting with =Si-OH and =Ti-OH
sites located on the surface of amorphous silica. We showed that adsorbate coverage of =Si-OH
groups can be determined accurately by IR spectrocsopy, and that enthalpies of adsorption
obtained by fitting a Langmuir isotherm to these data agrees well with microcalorimetric
measurements reported in the literature. We also have demonstrated that a silsesquioxane
representation of =Si-OH sites is not large enough to capture non-local interactions between
adsorbates and the surrounding silica support, resulting in consistent underestimation of the
enthalpies of adsorption for polar molecules interacting with =Si-OH and =Ti-OH groups. By
contrast, estimates of the enthalpy of adsorption on such sites that agree to within 10% of
experimental measurements can be achieved using a QM/MM approach in which a given =Si-OH
site is surrounded by amorphous silica to a radius of more than 11 A. Extending our validated IR
methods to =Ti-OH sites, we found that the isosteric enthalpy of adsorption of pyridine decreases
with pyridine coverage for coverages up to 15% and then remains relatively constant (-105+10
kJ/mol) for coverages above 15%. Using our validated QM/MM model for =Si-OH sites, we
generated a series of =Ti-OH sites differing in the degree of distortion of the tetrahedral facets
(i.e., O-Ti-O triangular facets) and calculated the enthalpy of pyridine adsorption to each of them.
We found that predicted enthalpy of pyridine adsorption is approximately proportional to the
initial area of the =Ti-OH facet to which pyridine is bound. The prediction of the enthalpies of
adsorption of pyridine for a tetrahedral facet area derived from experimental EXAFS
measurements matches the value observed experimentally (-104+10 kJ/mol). This finding and
the observation of an intense XANES pre-edge feature suggest that most =Ti-OH sites are
symmetrical tetrahedrons and exhibit geometries consistent with those determined from EXAFS
fitting. A small portion (<15%) of =Ti-OH sites are could be described as distorted and exhibit
tetrahedral facet areas larger than those measured by EXAFS. This distortion causes a decrease
in intensity of the pre-edge XANES features relative to a strictly tetrahedral standard
(Ti[OSiPh3]4). Energy decomposition analysis (EDA) indicates that a large initial =Ti-OH site facet
area increases the enthalpy of pyridine adsorption by reducing the geometric distortion penalty
for the =Ti-OH site to achieve its optimized geometry in the adsorbate-bound complex and
enhances frozen interactions (a component that comprises a complex interplay between
permanent electrostatics, Pauli-repulsion, and dispersion). EDA calculations suggest distorted
sites could exhibit tetrahedral facet areas as large as 4.35 A2 (as opposed to 3.76 A determined
from EXAFS). The identification of distorted =Ti-OH sites opens up the need to consider the role



of such sites in the promotion of reactions catalyzed by =Ti-OH groups, which have previously
been considered to be largely minimally distorted tetrahedra, as inferred from EXAFS data.
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