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ABSTRACT: Tetramethylorthosilicate (TMOS) was hydrolyzed and polymerized under
strongly acidic conditions in the presence of substoichiometric quantities of water. The
polymerization reaction was monitored during 64 h using *’Si NMR and UV-Raman
spectroscopy. The nature of the oligomers and the condensation reaction pathways were
unraveled using this combination of experimental techniques together with molecular model-
ing. *’Si NMR and UV-Raman signals which previously were not documented in literature could
be assigned. TMOS rapidly was converted into short straight methoxylated silicate chains.
Subsequently the growth of oligomers proceeded by condensations between a hydrolyzed

middle group of a chain with an end-group of another chain. Larger oligomers were attached to :

each other via condensations between middle groups generating multiply branched structures. Rings were formed late in the
reaction scheme through internal condensations of sizable silicate molecules. Oligomers that were characteristic of the different
stages of the polymerization process were proposed. Oligomerization pathways starting from tetramethylorthosilicate and
tetraethylorthosilicate (TEOS) are significantly different. While with TMOS rings are formed only late in the oligomerization
scheme, with TEOS rings are formed at early stages through cyclo-dimerization. This insight into the different nature of the
oligomers obtained from TMOS and TEOS will assist the design of new silica sol—gel materials.

B INTRODUCTION

Silica sol—gel chemistry refers to the hydrolysis and conden-
sation of a monomeric silicon alkoxide source in the presence of
solvent and homogeneous catalyst into sol and gel. Many
industrial manufacturing schemes of specialty silica materials
including fibers, coatings, films, gels, glasses, and ceramics are
based on silica sol—gel chemistry.'~” In sol—gel processes the
properties of the final silica material are largely dependent on the
nature of the silicate polymer and, especially, the formation of
linear versus branched chains and ring structures. Crucial param-
eters of the silica sol—gel processes are the water:alkoxide
molar hydrolysis ratio designated as the r value, the pH, the
nature of the alkoxide, and the addition of organic solvent.® 23 In
general terms, high pH, and high r values favor the formation of
highly branched silicate networks suited for manufacturing of
colloidal silica or silica gel.**° The use of a homogeneous acid
catalyst leads to more linear polymer chains and is recommended
when materials with low fractal dimension such as films and fibers
are desired."”

Recent studies have shown that this traditional vision on the
impact of the catalyst selection on branched versus linear polymer
growth may be too simplistic. Insight into vibrational fingerprints
revealed with UV-Raman spectroscopy of silicate oligomers is
steadily growing®'~*® Using *°Si NMR and small angle X-ray
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scattering, Brinker and Assink observed significantly branched
silicate chains obtained under acidic conditions.*’ Further evidence
for the presence of branched oligomers was provided by **Si NMR
and Raman spectroscopy.>'”** 7! In support of these observa-
tions, occurrence of cyclization reactions in acid catalyzed silica
sol—gel processes has been detected.'>'7#%#%%2~5%

In an earlier publication we reported a similar investigation of
acid catalyzed silica polymerization starting from tetraethylortho-
silicate (TEOS) using *°Si NMR, UV-Raman, and molecular
modeling.60 The identity of oligomers formed at r values of 2
and lower could be identified and the reaction scheme projected.
In the polymerization process departing from TEOS, linear chains
no longer than hexamer are formed next to rings composed of
three to six silicate units and branched specimen. The main
reaction pathways in acid catalyzed silica oligomerization depart-
ing from TEOS are chain extension through monomer addition,
formation of rings via cyclo-dimerization, and branchings through
attachment of dimer and trimer.

Previously we noticed significant differences in the properties
of silica gel obtained from TMOS and TEOS under almost
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Table 1. Overview of Samples

sample code r value TMOS (mL) MeOH (mL)
R-0.1 ~0.1 10.442 8.783
R-0.9 0.9 10.183 8.565
R-1.3 1.3 9.876 8.307

H,S0, (mL) H,O (mL) TMOS:H,0:MeOH:H,SO, molar ratio
0.673 0.103 1:0.1:3.07:0.35
0.656 0.597 1:0.9:3.07:0.35
0.636 1.180 1:1.3:3.07:0.35

identical reaction conditions.””*> While the use of TEOS led to
the formation of microporous silica gel, its substitution with
TMOS led to the formation of mesoporous material’' A
standing question was how the choice of alkoxide affected the
oligomerization reaction scheme. In this work we unraveled the
molecular aspects and underlying mechanism of the silica
oligomerization process departing from TMOS. We applied
the same methodology of combined UV-Raman and *’Si
NMR, successfully applied on the TEOS sol—gel chemistry.*®
Raman frequencies and *’Si NMR chemical shifts have been
computed for the different species using ab initio molecular
modeling techniques. Significant differences in silicate speciation
were observed, increasing the insight into the nature of the final
silica gel materials that are obtained from TMOS versus TEOS.

B EXPERIMENTAL SECTION

In a typical sample preparation TMOS (Acros, 99%) and
methanol (VWR, absolute grade, 99.9%) were mixed. Concentrated
H,SO, (Fisher, 98%) and optional water were added dropwise in
this order under continuous stirring. The molar ratio of TMOS:
MeOH:H,SO, was 1:3.07:0.35. Water was added to reach a molar
H,0:TMOS ratio of 0.5 or 1.0 initially. After preparation in open
recipients the samples were either sealed in polypropylene bottles
(20 mL) for sample aging or transferred into NMR sample tubes,
sealed, and introduced in the *’Si NMR instrument. The samples
were hygroscopic and rapidly absorbed some water from ambient
air. The actual r value was determined based on the hydrolysis and
condensation state of the Si atoms determined by *°Si NMR
sequences following a method explained in a previous publication.*’
In short, the r value was calculated from the number of hydrolyzed
groups, assuming quantitative reaction of all water present. The
r value for the samples with initial molar H,O:TMOS ratio of 0.5
and 1.0 increased to 0.9 and 1.3, respectively. Specifically for the UV-
Raman investigation a third sample with minimum water content
was prepared (R-0.1). The chemical compositions of the samples
R-0.1, R-0.9, and R-1.3 are given in Table 1.

Raman spectra were recorded using a Raman instrument com-
bining of a Coherent Innova 300C MotoFred laser, a Roper
Scientific Trivista TR557 A&S triple-stage spectrometer, and a
CCD camera (Princeton Instruments). The spectrometer stages
were equipped with 900—900—3600 grooves/mm grating combi-
nation. An excitation beamline at 244 nm wavelength with an output
power of 10 mW was used. The silicate samples were analyzed in
open shallow cylindrical vessels rotating horizontally. To minimize
local heating, a short exposure time to the laser beam of 80 s was
applied. Each spectrum was an average accumulation of three
recordings, each on a fresh sample. Possible instrumental frequency
shifts were corrected using PTFE as a shift reference. Spectra were
normalized for intensity based on the 1455 cm ™" vibration, assigned
to the asymmetrical C—H bending of methoxide groups of both
TMOS and MeOH. A Savitzky—Golay algorithm with a filter
coefficient of 5 was applied to smooth the spectra.

*?Si NMR spectra of samples R-0.9 and R-1.3 were recorded
on a Bruker Avance II4+ 600 spectrometer (14.1 T). Samples

(3 mL) were loaded in 10 mm quartz tubes. The spinning
frequency was 16 Hz. Experimental conditions comprised a
recycle delay of 80 s and pulse lengths of 12.0 ms (R-0.9) or
10.0 ms (R-1.3). These pulse lengths correspond to a tip angle of
90°. Recordings of samples R-0.9 and R-1.3 contained 65536 and
16384 time domain data points (td), respectively. Tetramethyl-
silane served as external chemical shift reference. Measurements
were performed without lock, under isothermal conditions at
298 K. Shimming was performed on a solution of TMS-salt
(trimethylsilylpropane sulfonic acid, Merck) in 3 mL of D,O.
Each acquisition in the time sequence represented an accumula-
tion of 28 scans.

B THEORETICAL SECTION

All theoretical predictions for Raman vibrational frequencies
Raman® and *°Si NMR chemical shifts®* were derived from
static quantum chemical methods using the Gaussian03
program.65 Ab initio molecular dynamics simulations are the
most natural way to reproduce IR and Raman spectra, but for
larger oligomers they require a high computational cost as long
simulation times are needed. Alternatively, classical molecular
dynamics methods make calculations feasible but require ade-
quate force fields. For Raman spectra the Fourier transform of
the autocorrelation function of the time variation of the electric
polarizability matrix should be evaluated from the trajectories.
This is very sensitive to the applied force field, and for the specific
purpose of this paper we have preferred the static approach.®® All
chain structures from monomer up to octamer and some
cyclosilicates (three- and four-rings) were optimized in vacuo
at the B3LYP/6-31+4g(d) level of theory.®” This level of theory
has been recognized as one of the best performing functionals for
geometry optimizations and has already been used in previous
studies on silica oligomerization.””*® DFT based harmonic
vibrational frequencies are normally scaled to compare with
experimental values. The scale factor is uniform for a given level
of theory®® and has been determined via an optimal correlation
between theoretical and experimental values for all structures
ranging from monomer up to pentamer (see Supporting In-
formation). This scale factor amounts to 1.0335 for Raman
frequencies and is in good agreement with theoretically deter-
mined scale factors proposed by Radom et al.*® for low frequen-
cies. The model assumes all species fully saturated with
methoxide groups, justified at low molar hydrolysis ratio. The
configurational dependency of the spectra was verified by con-
sidering different conformers for each species. For all species a
large number of conformers was investigated ranging from linear
to curled up conformers and various internal rotations were
applied to scan for a large variety of structures. From these
structures we have selected the most stable ones differing in
binding energy by no more than 5 kJ mol . The coordinates of
all selected conformers are given in the Supporting Information.
Vibrational frequencies for all conformers have been computed,
yielding mean values and widths. Maximal variation between
conformers appeared to be ~20 cm ™'
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Figure 1. *°Si NMR spectra of the polycondensation process of R-0.9

sample.
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Figure 2. Q" distribution in R-0.9 sample according to *’Si NMR
against time.

For 2°Si NMR, chemical shifts were calculated for all silicon atoms
of the structures mentioned above and averaged out over Q. QL Q,
and Q sites. A distinction was made between Q” species in chains
and Q” species in rings. Single-point calculations with a triple- basis
set 6-311++g(d,p) were performed on B3LYP/6-31+g(d) opti-
mized geometries for the *’Si NMR signals.%’ Solvent effects on
NMR shifts are well-known and have been investigated to some
extent on nitrogen shielding constants.”® Most of the previous ab
initio calculations of chemical shifts on small silica species have
ignored the effect of the molecular environment.”" Recently some
studies included these effects either by using an implicit solvent
model72 or by adding some discrete solvent molecules to the silica
clusters.”® The silica clusters under consideration in this paper are
relatively large, ranging from 20 to about 120 atoms. Explicitly
solvating these clusters with solvent molecules is not feasible as it
would require a lot of explicit solvent molecules.”* Moreover, the
position of each of these solvent species would have to be
equilibrated by means of molecular dynamics simulations.”® To
account for the solvent environment, we used a scale factor for the
NMR shifts by determining an optlmal correlation between theore-
tical and experimental values for the Q°, Q', Q7 and Q” sites (See
Supporting Information). The scale factor was determined as 0.9596.

B RESULTS AND DISCUSSION

Identification of Silicate Oligomers Using 2°Si NMR, UV-
Raman, and Molecular Modeling. Our samples prepared from
TMOS at low r values in strongly acidic conditions were
homogeneous and suitable for *’Si NMR spectroscopy. The
R-0.9 samgle was prepared and loaded into the NMR apparatus.
About 70 *’Si NMR spectra were taken in the period from 0.5 to
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Figure 3. Detail of Q" (left) and Q” (right) range of *’Si NMR spectra
of Figure 1.
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Figure 4. Distribution of Q' *’Si NMR signals in R-0.9 sample against
aging time. Lines are meant to guide the eye.

64 h. Chemical shifts of specific signals were determined in the 70
spectra and averaged. For the majority of signals the accuracy of
the chemical shift was within 0.01 ppm. Examples of spectra
recorded 0.5, 2, 26, 31, and 64 h after preparing the sample are
shown in Figure 1. The spectra comprised signals of Q°, Q', Q7,
and Q silicate connectivities, the subscript in the Q symbol
referring to the number of siloxane bonds of the Si atom. The
evolution of the distribution of Q" environments in R-0.9 sample
according to *°Si NMR is presented in Figure 2. The Q° signal
was constant and represented less than 10% of all silicon atoms.
End groups (Q") were dominant in the first hours (Figure 2). A
formation of dimers and short chains can account for such high
content of end groups. The Q' concentration decreased from
over 50% initially to a final level of ca. 30% of the Si atoms. Si
atoms in chains linked to two Si atoms via siloxane bridges (@)
were present all the time. Their concentration reached a max-
imum after ca. 6 h. The content of branchings Q) originally was
very low but steadily increased all along the investigated 64 h
period. The concentration of fully condensed Si atoms (QY)
remained below the detection limit. At this low water content and
high acidity the network cannot reach a high level of connectivity
within the monitored time frame.

Details of the *°Si NMR spectra of Figure 1 in the Q' and Q
regions are provided in Figure 3. One signal was observed in the Q°
range, assigned to TMOS (Q% 6 =—-7814 ppm, Figure 1). The
Q_ region showed three well-resolved signals (Figure 3). Next to the
Q' signal as51gned to dimer (Q" qu 0 = —85.50 ppm), ¥ two
additional Q' signals were observed at 0 = —85.69 and —85.91
ppm. Si atoms terminating chains of trimers and longer chains
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typically show a resonance around —85.7 ppm,**>*7° leadmg to the
assignment of the signal at —8S. 69 ppm to Q' end groups
connected to a Q* and denoted Q_Qz The third Q' 51§na1 at

= —85.91 ppm has hardly been discussed in the literature.” From
the evolution of the internal distribution of Q" signals (Figure 4) it
appeared that the species associated with the —85.91 ppm signal
were formed later than dimer and chains. The 0 = —85.91
ppm signal grew in parallel with the signals in the Q range. This
led to a tentative as51gnrnent of the —85.91 ppm resonance to Q'
end groups connected to a Q’ silicon, denoted Q' @3- On the basis of
their chemical shift all Q" groups were methoxylated.

The *°Si NMR spectra in the Q” range showed eight resolved
peaks (Figure 3). The a551gnment of the signals at —93.40, —93.61,
and —93.80 ppm to Q Si atoms of linear fully methoxylated trimer,
tetramer and pentamer was based on the literature.”~ 51 576 These
three signals dominated the Q range after 0.5 and 2 h. After 26 h
and later two additional upfield signals gained intensity with
maximum intensity around —94.01 and —94.26 ppm, respectively
(Figure 3). These signals have not been documented before. Their
position and gain in 1nten51ty at later stages of the experimentled to a
tentative assignment to Q? middle atoms of chains containing more
than five Si atoms, i.e., chains of six Si (—94.01 ppm) and seven Si
units (—94.26 ppm), respectively. The presence of a shoulder

0 10 20 30 40 50 60
Time (h)
Figure 5. Content of hydrolyzed Q%, groups in chains with 4Si, 5Si, and

6 or more Si atoms (6Si+) according to 29Si NMR against time during
the polycondensation of sample R-0.9. Lines are meant to guide the eye.

upfield of the —94.26 ppm signal hints at the formation of even
longer chains.

The five already discussed Q* s1gnals were assigned to fully
methoxylated molecules. In the Q” range the first two *°Si NMR
spectra (0.5 and 2 h) showed additional signals downfield of the
signals of fully methoxylated molecules at 6 = —92.72, —92.96,
and —93.2 ppm, respectively (Figure 3). Due to the low intensity
the last signal will not be quantitatively interpreted. Signals in this
chemical shift region have been assigned in literature either to Q_
51gnals of c!closﬂlcates or to chains contamm% one hydrolyzed Q
silicon.*7>%**7¢ Brunet et al*® observed **Si NMR signals at
chemical shifts similar to those presently observed and assigned
them to Q silicons of branched 4- -rings. Kelts and Armstrong
observed similar spectra in an acid catalyzed TMOS ohgomerlza—
tion and originally assigned them to hydrolyzed linear groups.*® In
a later study in which TMOS and TEOS hydrolysis and condensa-
tion were compared, those authors modified their interpretation of
the discussed signals in favor of cyclosilicates.*” In the present
study the intensity of the signals at 0 = —92.72 and —92.96
decreased strongly in the period from 2 to 26 h (Figure 3)
Provided the assignments to cylcosilicates were correct, these Q>
silicons either would have been converted to Q° via the formation
of branchings or else to Q> and Q" groups of chains via a break-up
of these rings. According to Brunet et al.** the Q” signature of ring
Siatoms carryinga branchlng are to be found at 6 ~ —101 ppm. In
our experiment, Q” signals in the region around —101 ppm were
weak in early NMR spectra and decreased rather than increased in
intensity when the discussed Q” signals weakened. Only weak
signals assigned to Q’ environments were observed in the region
—100 to —103 ppm (Figure 1) indicating the existence of silicate
rings early in the synthesis was unlikely.

An alternative interpretation of the Q” signals at & = —92.72,
—92.96, and —932 ppm was assumption of the presence of a
hydrolyzed group on Q” Si atoms in chains. The presence of a
hydrolyzed group in a chain has been reported to cause a downfield
shift of ca. 09 ppm® or ca. 1.3 ppm*™**’® compared to the
nonhydrolyzed oligomer. Compared with the chemical shifts of the
Q’ signals of fully methoxy terminated tetramer (6 = —93.61 ppm),
pentamer (0 = —93.80 ppm), and hexamer (Q% O = —94.01) each of

Table 2. Experimental and Theoretical >’Si-NMR Chemical Shifts

experimental *’Si NMR signal (ppm)

Q' region species R-0.9°
Q_0 monomer —78.14
Q
Q! Q dimer —85.50
Q1Q2 end-group of Q —85.69
Qng, end-group of Q@ —85.91
Q
3Si —93.40
4Si —93.61
SSi —93.80
6Si —94.01; —94.26
Q’ hydr. —92.72; —92.96; —93.2

Q branches [—100; —103]

R-1.3 theoretical region (ppm)”

—74.97; —77.16
—82.78; —88.36

—8S.5

—85.7

—85.9
—90.96; —99.65

—93.4

—93.6

—93.8

—94.0; —94.3

—92.4; —92.7; —93; —93.2

[—99.5; —103.5] —92.84; —105.38

“ Chemical shifts of specific signals have been determined and averaged over about 70 *’Si NMR spectra. The error margln on the experimental *Si
NMR signal (ppm) for R-0.9 was 0.01 for all fully methoxide terminated species and 0.03 for the hydrolyzed specimen. ® Theoretical values were scaled
with a factor of 0.9596, determined by the optimal correlation between the theoretical and experimental values for the Q°, Q, Q% and Q> environments

(see Supporting Information).
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Figure 6. UV-Raman spectra of the condensation process of R-0.9
sample.

the signals at & = —92.72, —92.96, and —93.20 ppm Q exactly
present this downfield shift by ~0.9 ppm. According to this assign-
ment, in the **Si NMR spectra after 0.5 and 2 h, Q” groups in
tetramers were most abundant (signals at —92.72 ppm for tetramer
with hydrolyzed group and —93.61 ppm for unhydrolyzed tetramer,
respectively). The content of hydrolyzed Q” groups in chains with
four and five Si atoms was plotted against time in Figure 5. In the first
hours, the content of hydrolyzed Q> groups in 4Si chains rapidly
decreased, while later hydrolyzed groups in chains with 5Si atoms
dominated among the hydrolyzed Q” groups.

Linear trimer hydrolyzed at Q* was expected to cause a Q* *°Si
NMR signal around —92.50 ppm considering a downfield
shifting by 0.9 ppm of the —93.40 ppm signal assigned to fully
methoxylated trimer. However, at the expected chemical shift no
peak was observed (Figure 3). Similarly, in the Q” and Q' range
the *°Si NMR spectra did not show any signal that could be
assigned to hydrolyzed species (Figure 1). The concentration of
hydrolyzed monomer, dimer, trimer, and of end groups of chains
was low in this TMOS system. These groups apparently were
short-lived and their concentration was therefore below the
detection limit during the first ’Si NMR recording. Apparently,
hydrolyzed groups persisted only on Q” silicons in chains with
four and more Si atoms.

In the time sequence of ’NMR spectra (Figure 1) relatively weak
Q’ signals were observed. Systematic investigation of the 70
collected spectra revealed intensity maxima occurred at 0 =
—100.9, —101.15, —101.45, and —101.8 ppm at early times. With
time, Q> signals at more negative chemical shifts of —102.08,
—102.35, and —102.6 ppm were detected. A listing of **Si NMR
signals and their assignment in the R-0.9 sample is provided in
Table 2.

Raman spectra of sample R-0.9 during its evolution are presented
in Figure 6. The TMOS monomer was responsible for a Raman
signal at ~640 cm ™', Raman signals of dimer and end groups of
chains coincided around 575 cm ™ ".'¢'7%%6%77 Molecular model-
ing confirmed these assignments (Table 3). The representative
silica structures are shown in Figure 7. The Raman active band at
575 ecm™ ' corresponds to a global stretching vibration. The
frequency of the maximum of the band depended on the relative
concentration of the dimer versus end groups. In UV-Raman
spectra of sample R-0.9 the signal at ~575 cm™ ' was in the lower
range of the wavenumbers reported for this signal in literature
pointing at dominating dimers. In the time series of Raman
spectra, the ~575 cm™ ' band decreased in intensity in favor of

Table 3. Experimental and Theoretical Raman Shifts

theoretical
experimental shift
species shift (cm ™) region (cm ™ ')
monomer 640 [ 639—649 ]
dimer (+end groups) 575 [ 568—578 ]
3Si 585 [ 543—553 ]
4Si ~ 540 [ 522—542 ]
SSi 510 [515—535]
65i [ 515—535]
7Si [515—535]

Figure 7. Some of the lowest energy conformers of monomer (a),
dimer (b), tetramer (open (c) and closed (d) configuration), and
octamer (e).

signals at ~555 and ~510 cm ™. The latter two vibrations could
not be readily assigned. From *’Si NMR spectra (Figure 3) it was
known that linear trimers, tetramers, and pentamers were domi-
nant. Literature reports the vibrations of linear trimer and tetramer
at wavenumbers of 525 and 484 cm ™, respectively.'>" Absorp-
tions at such wavenumbers were absent in the Raman spectra of
the R-0.9 sample. According to ab initio modeling, trimer, tetra-
mer, and pentamer vibrations were to be ex?ected in the regions of
543—553, 522—542, and 515—535 cm , respectively. On the
basis of these models, the experimentally observed Raman band
around 510 cm ™' was attributed to pentamer. The assignment of
the Raman band at $50—555 cm ™" was less obvious and required
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Figure 8. UV-Raman spectra of the condensation process of R-0.1
sample.

further investigation. A sample with very low r value (R-0.1) was
prepared in order to further limit the extent of oligomerization. In
this sample the Raman signatures of monomer (~640 cm ') and
dimer (~575 cm™ ') were prominent (Figure 8). A shoulder was
present on the peak at ~575 cm™ ' which developed into a distinct
vibration at ~555 cm™'. The band at ~510 cm ™' observed in
the R-0.9 sample was absent. On the basis of these spectra and
the molecular modeling locating trimer vibrations to the 543—
553 cm™! range, the ~555 cm ! vibration was assigned to
linear trimers. The Raman spectra of sample R-0.9 (Figure 6)
revealed a gradual transformation of dimer (~575 cm™ ') and
linear trimer (~ 555 cm™ ') into linear pentamer (~510 cm™ ') in
agreement with NMR. The Raman signal of linear tetramers
according to NMR also present in this sample presumably was
contained in the envelope of ~510 and ~355 cm ™' peaks
(Figure 6). According to ab initio modeling, tetramers indeed were
to be expected in the region of 522—542 cm™ . A closer inspection
revealed the maximum of the peak at ~555 cm ' shifted to
550 cm " hinting tetramer contribution increased with time.
Tetramer vibration has tentatively been assigned to be located
around ~340 cm~'. *’Si NMR of R-0.9 sample revealed the
formation of 6Si and longer chains. According to our theoretical
calculations, discrimination between Raman signatures of penta-
mers and longer linear chains was expected to be difficult (Table 3).
The Raman bands of linear chains containing more than five Si
atoms were expected in the region of $15—535 cm™ ', identical to
the region of pentamers (Table 3). Thus Raman spectroscopy was
less convenient for discriminating between longer chains. Hence,
the broad band observed at ~510 cm ™" was assumed to contain
contributions from pentamers as well as from lon%er chains.

The Raman signals at ~810 and ~835 cm™ comprised the
asymmetrical Si— O stretch (810 cm ™) and the CHj-rocking mode
(835 cm™")."”7® Raman bands at ~250, ~ 295, and ~430 cm ™" in
TMOS oligomerization hardly have been addressed in literature.
The presence of these bands has been found to be highly dependent
on the type of mineral acid, and they were estimated to be less
relevant to the present analysis of oligomerization pathways. Vibra-
tions at ~665, ~710, ~730, and ~770 cm ™' observed in the R-0.9
sample occurred in a region usually assigned to hydrolyzed
species.">'*'7**3! Hydrolysis of methoxy groups lowers the mo-
lecular mass and was expected to cause the vibrations to shift toward
higher wavenumbers. However, the R-0.1 sample with minimum
water content displayed similar signals (Figure 8) making assign-
ment of the vibrations at ~665, ~710, ~730, and ~770 cm™ " to
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w ~
= o

84 88 -92 96 -100 -104
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Figure 9. *’Si NMR spectra of the condensation process of R-1.3
sample.
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Figure 10. Detail of Q" range (left) and Q” range (right) of the *Si
NMR spectra of Figure 9.

hydrolyzed species unlikely. Most probably is the vibration at
~770 cm ™" associated with —OCH; and the evolution of a network
with increasing connectivity. This is supported by the absence of this
vibration in TEOS systems™ and the strength of the signal observed
in a fresh gel of the R-1.3 sample (vide infra) which contains still a
large amount of (f and (f (see Supporting Information). Assign-
ment of this signal to monomeric silica appears highly unlikely as
Si NMR clearly indicates no such species are present. However the
assignment of the vibrations at ~665, ~710, ~730,and ~770 cm ™ !
remains elusive.

Further confirmation of the assignments of *’Si NMR and
Raman signals in the R-0.9 sample was obtained by comparison
to a sample with slightly higher molar hydrolysis ratio. *Si NMR
spectra of the R-1.3 sample are shown in Figure 9 with details in
Figure 10. These *’Si NMR spectra were less resolved compared
to the R-0.9 sample due to a lower number of data points in the
time domain (cf. Experimental Section). Furthermore, in this
sample with more advanced hydrolysis a distribution of chemical
shifts has to be expected which also contributed to the observed
line broadening. In this sample no *’Si NMR signal in the Q°
range was discernible, revealing all TMOS had reacted. The 2964
NMR spectra recorded in the period 0.5—20 h indicated
dominance of Q” and Q’ environments (Figure 11). The Q’
content steadily increased at the expense of Q”. The number of
Q' species remained almost constant.

The spectral features in the Q' and Q” range observed in the
R-0.9 sample were also encountered in R-1.3. In the Q' range an
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Figure 11. Evolution of Q distribution according to **Si NMR in R-1.3
sample.

unresolved signal covered the signals of dimer (—85.5 ppm) and
end groups of chains with more than 2Si atoms (—85.7 and
—85.9 ppm). In the Q” range the *’Si NMR spectrum comprised
signals of Si atoms of linear chains with one hydrolyzed group
and fully methoxylated chains. Signals that could be ascribed to
cyclosilicates were absent. In the Q” range the homologous series
of methoxylated chains containing 3Si (—93.4 ppm), 4Si (—93.6
ppm), 5Si (—93.8 ppm), 6Si (—94.0 ppm), and even more Si
(a signal assigned to —94.3 ppm) was observed. The Q signal of
5Si (—93.8 ppm) dominated after 0.5 h, while after 20 h, the most
intense Q> signal was assigned to 6Si (—94.0 ppm). Thus, the
linear oligomers grew on average about one silicate unit longer
than in R-0.9, where the pentamer signal (—93,8 ppm) domi-
nated in the spectra after 26, 31, and 64 h (Figure 3). As before,
chains with hydrolyzed methoxy groups at Q> positions were
present in R-1.3 sample. The signals around —92.7 and —93.0
ppm were assigned to hydrolyzed tetramer and pentamer,
respectively. In the R-1.3 sample the signal of pentamer, hydro-
lyzed at Q°, dominated the signals of hydrolyzed species after
0.5 h (Figure 10), while in the R-0.9 sample the tetramer was
dominant (Figure 3). The signal at —92.4 ppm was assigned to
hydrolyzed Q" in trimer. Whereas this signal was absent in R-0.9,
in the R-1.3 sample with slightly higher water content the trimer
was partially hydrolyzed at Q”. Similar to R-0.9 the **Si NMR
spectra of R-1.3 indicated no hydrolysis of end groups. The most
significant difference between R-0.9 and R-1.3 samples was the
higher relative intensity of Q’ signals (region 0 = —99.5 to
—103.5 ppm) in R-1.3 (Figure 1 compared to Figure 9). A listing
of *Si NMR signals in R-1.3, their assignment, and a comparison
with R-0.9 are provided in Table 2.

In the UV-Raman spectra of sample R-1.3 the most prominent
signal relevant to silicate speciation was at ~3510 cm '
(Figure 12) confirming the abundant presence of pentamers
and longer chains, in agreement with 2%Si NMR. Increasing cross-
linking and network formation causes a change in Si—O—Si
bond length and angle. These alterations may lead to a shift of the
vibrational frequency. The maximum of the band at ~510 cm ™'
gradually shifted after 0.5 h to ~500 cm ™' after 3 h and to
490 cm ' after 20 h. In the R-1.3 sample the dimer signal
(~575 cm™ ") and the trimer and tetramer signals (~350 cm ')
were rather weak.

Reaction Pathways of Acid Catalyzed TMOS Polymeriza-
tion at Low r Value. The detailed assignment of the silicate
species obtained in acid catalyzed silica polymerization at low r
value presented in the previous section allowed a detailed
description of the reaction pathways. The first *°Si NMR
spectrum was recorded 30 min after preparing the R-0.9 sample.

430 cm’
~ 510cm’

==
S S
oo
et
NS

550 em”
575 em’”
840 cm™

1
=
S
2 20h
2 7h
3h
0.5h

200 400 600 800 1000
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Figure 12. UV-Raman spectra of the condensation process of R-1.3.
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Figure 13. Evolution of the molar distribution (%) of silicate chain

lengths in R-0.9 sample. Experimental data points were left out for
clarity.

Less than 10% of all the added TMOS remained after 30 min.
Apparently, in the first minutes, which for practical reasons could
not be investigated, the reactions went rapidly. Hydrolysis is an
acid catalyzed reaction. In acid catalyzed silica oligomerization
departing from TMOS with substoichiometric quantities of
water is a nucleophilic substitution reaction with a hydrolyzed
Si—OH group acting as nucleophile and methoxy as a leaving

group
Si—OH + CH3—0-S8i — Si—0—S8i + MeOH

Under the described conditions the methoxy group will be
protonated, facilitating elimination. The r value of 0.9 estimated
from the content of siloxane and hydrolyzed groups (Figure 2
and Figure 5) was in agreement with a conversion level of TMOS
of around 90%. This consistency meant that very few water
molecules were left unreacted in the sample.

With the recorded *’Si NMR spectra Q” environments in
differently sized chains were separately detected and quantified
(Figure 10 and Table 2). Dimers could be quantified based on
their Q' signal. With this information, the evolution of the
distribution of differently sized silicate chains was calculated
and is shown in Figure 13. The figure with experimental data
points is given in the Supporting Information. Note that in this
estimation the contribution of Q” silicons to chains was neglected.
Information on the distribution of Q? silicons over differently
sized chains could not be unambiguously separated.

In the first hours, the content of dimers (2Si) in R-0.9
decreased rapidly from ca. 30 mol % after 30 min to ca. 12%
after 20 h. Initially present 3Si and 4Si chains disappeared in favor
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Figure 14. Examples of chain extension via condensation reactions
between Ql and Cf groups. In reaction 1, dimer reacts with trimer into
branched Sis oligomer; in reaction 2 tetramer and pentamer react
together into branched Sig oligomer.

Table 4. Representative Silicate Oligomers of Acid Catalyzed
TMOS Polycondensation

Q ratio”

Q?' Q3 representative structure”

sample time (h) Q1(13 QIQZ

R-09 0.5 2 6.4 6.8 1 model A
6 1 2.3 4 1 model B

57 0.4 0.7 1.7 1 model D

R-1.3 0.5 0.24° 126 1 model E
20 0.13° 0.7 1 model F

QQ2 and QQ3 represent Q 51gnals next to Q* and Q’, respectively.
’ Presented in Figure 16. Q_Q2 + Q_Q3

of chains with five and more Si atoms. The content of 5Si chains
reached a maximum around 10 h. Later, chains with six and more
Si atoms became dominant. Chain growth was not fed by
monomer, since the monomer concentration remained constant.
Although end-on condensation of short chains could account for
part of the growth, the steady increase of the Q’ content
(Figure 2) revealed the importance of another type of growth
proceeding via condensation reactions between Q' and Q
groups.

Accordmg to NMR, after 30 min reaction, hydrolyzed groups
at Q% in silicon chains with four or more Si atoms were available
for condensation reactions (Figure 3 and Figure 5). The majority
ofhydrolyzed groups at Q' silicons must have been more reactive
and converted before the recording of the first 2Si NMR
spectrum.

Two examples of condensation reactions involving Q'and Q?
are visualized in Figure 14. Addition of a dimer to the central Si
atom of a trimer leads to the formation of a branched Sig
molecule with a main chain composed of 4Si atoms
(Figure 14). The condensation of a pentamer via a Q” group
with a tetramer via a Q' group leads to a Siy oligomer with a main
chain composed of 7Si atoms and a 2Si side chain. Such processes
can explain the observed chain extension (Figure 13) in parallel
with an increase of branchiness (Figure 2). An important
consequence of this interpretation is that the chain lengths to
which the *’Si NMR and UV-Raman signals were assigned
(Table 2 and Table 3) represent linear chains as well as main
chains of branched oligomers.

The quantification of Si groups composing oligomers based on
*?Si NMR led us to propose representative oligomers at different
stages of the aging of sample R-0.9 (Table 4 and Figure 16). A
plot of experimental QQ3 versus Q concentration (Flgure 15)
was a convenient guide for construction of these representative
species. For instance, in the **Si NMR spectrum of R-0.9 sample
recorded after 30 min, the Q' Q3/ Q ratio equaled 2. The smallest

Figure 15. Q_Q3 vs Q° content of R-0.9 sample durmg its evolution.
The figures next to the data points refer to the time (h). Q' @/ Q’ ratio’s
characteristic of model structures A—D shown in Figure 16 and Table 4
are represented with lines.

branched oligomer that can be formed involves the condensation
between a dimer and the central Si atom of a trimer (molecule
Ain Flgure 16, Table 4). This pentamer has two QQ3 groups
and one Q. The 3D structure of this species is shown in
Figure 17.

In the period between 0.5 and 20 h, hydrolyzed silicon atoms
were observed at central positions of 4Si and S5Si chains
(Figure S). This period was characterized by the decrease of
the content of dimer and trimer (Figure 13). Molecules B1 and
B2 (Figure 16) are the result of condensation reactions between
the end groups of trimer and the middle groups of tetramer and
pentamer, respectively. In B1 and B2, the longest silica chain
count six and seven Si atoms, respectively, explaining the
experimental observation of an increasing number of such
molecules (Figure 13). Similarly, reactions of end groups of
dimers with middle groups of tetramers and pentamers will also
lead to a branched specimen. A dominance of B type molecules in
combination with some linear molecules can account for the Q"
distribution observed at 6 h in R-0.9, viz., Q_IQ3 Q_IQZ Q% QP of
1:2.3:4:1 (Table 4). Molecules of type B presenting 1 branching
have experimental Q' Qs to Q® ratios of 1 (Figure 16), in excellent
agreement with experimental observation (Figure 15 and
Figure 13).

After 6 h, the content of dimer and trimer did not change any
more (Figure 13). The content of 4Si and $Si chains with a
hydrolyzed Q” group continuously decreased in the period up to
20 h. Condensation reactions between these tetramers and
pentamers and Q'q, and Q'3 groups of abundantly present
molecules of type B led to type C molecules represented by
molecules C1 and C2, respectively (Figure 16). The formation of
molecules C presenting two branchings readily explained the
observed decrease of the content of 4Si and 5Si chains in favor of
6Si and longer (6Si™) chains (Figure 13)

After 20 h, almost no hydrolyzed Q> groups remained. *Si
NMR revealed a further gradual decrease of the content of Q'
and Q” silicons in favor of Q (Figure 2). These changes could be
interpreted as a result of condensation reactions between type C
molecules leading to heavier, even more branched structures D,
examples of which are shown in Figure 16 (molecules D1 and
D2). At the end of the experiment of R-0.9 (~57 h), most of the
silicon was incorporated into structures of type D, whereof the
Q' Q3,:Q1 QZ:Q2 :Q® ratio matches the experimental ratio of
0.4:0.7:1.7:1 (Table 4). Molecules of D are characterized by a
Q' Qato Q3 ratio of 0.5 (Figure 15). Model molecules A, B,and D
represented key stages of the silica polycondensation obtained
around 0.5, 6, and 57 h, respectively. In the plot of experimental
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Figure 16. Condensation reactions (dotted lines) leading to the formation of representative molecules of the oligomerization process starting from
TMOS under acid conditions and under stoichiometric water content (cf. Table 4).

Q' Qa versus Q’ content (Figure 15) the actual data points clearly
highlighted the gradual transition from molecules A to D.

In the periods 0.5 and 6 h the Q" Q/ Q ratio shifted from 2,
characteristic of molecules of A, to 1, characteristic of molecules
of B. Between 6 and 23 h, the experimental Q' @/ Q’ ratios
corresponded to a silica speciation containing B and C. An almost
pure C population was reached around 13 h, and around 23 h
NMR indicated sole presence of species D. According to the
Q' @/ Q? ratio, little evolution in the molecular structure was
observed later, between 23 and 64 h.

On the basis of this insight into the development of silicate
network reached in the R-0.9 sample, the evolution of R-1.3
sample could also be understood. According to the Q" distribu-
tion sample R-1.3 was already at a further stage after 30 min
compared to R-0.9 sample after 57 h (Table 4). With respect to
Q’ silicons, the content of Q' and Q> was already significantly
lower, viz., 0.24 instead of 1.1 for Q' and 1.26 instead of 1.7 for
Q” (Table 4). The Q" ratio of the R-1.3 sample could be
simulated by subjecting molecules D to inter- and intramolecular
reactions and generation of molecules of type E (Figure 16)
having a Q":Q”:Q’ ratio of 0.3:1.2:1 in excellent agreement with
the ratios (Table 4). The evolution of the Q" distribution of this
sample (Figure 11) revealed that the evolution of the polymer
involved mainly a transformation of Q> into Q> silicons. In-
tramolecular condensation of two Q” silicons of molecule E leads
to molecule F, having Q1:Q*Q? ratio 0f 0.2:0.6:1 matching with
an experimental distribution observed at the final stage of this
sample (Table 4).

These molecular models provided further insight into the
Raman spectra. The Raman signal observed in R-1.3 sample

Figure 17. The lowest energy conformers of molecules A and B
presented in Figure 16: Al (a), A2 (b), B1 (c), and B2 (d).

around 550 cm™ ', a region originally assigned to isolated
tetramers and trimers, originates from side chains of the polymer
network represented in molecules E and F.
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Scheme 1. Acid Catalyzed Silica Oligomerization Scheme Departing from TMOS*
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“ Fully methoxide terminated and hydrolyzed silicon atoms are presented by solid (@) and open (O) dots, respectively.

Another intriguing aspect of this TMOS based sol—gel chemistry
is the low tendency for formation of rings. According to the
presented molecular structures A—F rings with four to six Si atoms
are formed very late in the reaction network upon condensation of
Q silicons. The absence of Q* signals characteristic of cyclosilicates
in the detaled NMR spectra of sample R-0.9 precluded the
formation of rings in molecules A—D. Most likely, rings are formed
with increasing number of intramolecular condensation reactions
exemplified in molecules E and F. Note that these structures do not
contain Q” silicon in their four-, five- and six-rings. In this model
rings are almost entirely composed of Q” silicon.

The investigated samples did not evolve to the gel stage. Molecule
E can already be thought of as a representative of the approached gel
network. The presumed nature of the final gel network should then
consist of a highly branched polymer, containing a limited amount
of branched four-, five-, and six-rings. On the basis of our advanced
analysis of the polymerization process, the here proposed final gel
network shows striking similarities to the gel network proposed by
Kelts and Armstrong for TMOS polymer grown at low pH.* The
main difference between this work and that of Kelts and Armstrong
is the absence of cylcosilicates as precursor units (Scheme 1).
According to the presented observations, attachment of side chains
is the main reaction pathway in TMOS based silica oligomerization.
Surprisingly, this mechanism is significantly different from the
reaction pathways observed in TEOS based silica oligomerization,
where ring formation through cyclo-dimerization was recognized as
important reaction pathway." Steric and electronic factors most
probably are at the origin of these differences.

The differences in polymerization pathways using TMOS and
TEOS are expected to have an effect on the properties of the
obtained silica gel. Departing from TMOS the gel network is
characterized by a much higher branching degree and lower
content of rings. The formation of microporous versus mesopor-
ous silica gel depending on the use of TEOS versus TMOS®!
likely is due to these differences, but further research is needed to
elucidate the details.

B CONCLUSIONS

A detailed analysis of NMR spectra and interpretation of silica
speciation supported by UV-Raman spectroscopy and molecular
modeling enabled us to propose a detailed reaction scheme
(Scheme 1) of the conversion of TMOS into silica gel network
under conditions of acid catalysis and low molar hydrolysis ratio.
At an r value of 0.9 TMOS readily hydrolyzed and oligomerized
into short chains with three up to five Si atoms. Once most of the
water was consumed, the condensations went slower. Residual
hydrolyzed silicate groups were present almost exclusively at
central positions of four and five Si chains. Characteristic stages
of the building of the silica gel network could be identified and
characteristic molecular structures were proposed (Figure 16).
The condensations corresponded to an attachment of dimer and
trimer to middle sections of short chains (molecules A and B,
Figure 16). At the next stage tetramer and pentamer were attached
via hydrolyzed middle groups to end groups (molecules C) until
they were depleted. Intermolecular condensations via end and
middle groups led to still larger structures D characterized by the
absence of rings. A sample with r value of 1.3 evolved much more
rapidly and reached a further developed polymer structure already
after 30 min. This sample had a highly branched silicate network
lacking fully condensed silicon atoms and containing only a limited
amount of four-, five-, and six-membered rings.

This paper adds to the assignment of both *’Si NMR and
Raman signals. 296i NMR signals at 0 = —92.4, —92.72, —92.96,
and —93.2 ppm were assigned to hydrolyzed Q> groups in chains
of three, four, five, and six or more Si atoms, respectively. Signals
at —93.61, —93.80, —94.01, and —94.26 ppm were assigned to
fully methoxylated chains of four, five, and six or more Si atoms
either isolated or part of a larger network. Distinction between
29Si NMR signals of Q' end groups next to Q?and Q’ is revealed
in NMR signatures at 0 = —85.69 and —85.91, respectively.
Raman signatures at ~555, ~540, and ~510 cm ™' were assigned
to chains of three, four, five, and more Si atoms.
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