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The Si NMR chemical shifts for a series of organically modified silane compounds,
Me,Si(OR),(OH),_,., (OR = OMe, OEt), were evaluated using a partial charge model (PCM)
approach to describe the chemical bonding. These PCM results allow the relative
contributions of the diamagnetic and paramagnetic terms in the *Si NMR chemical shielding
constant to be discussed. An explanation for the unique variations in the *’Si chemical shifts

during for hydrolyzed organically modified silanes is presented.
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1 Introduction

Organically modified alkoxy silanes play an important role in tailoring different properties of
silica produced by the sol-gel method. Changes in the size and functionality of the organic
group allows control of both physical and chemical properties of the resulting gel, with the
kinetics of the polymerization process playing an important role in the design of new siloxane
materials. High resolution Si NMR has proven to be valuable tool for monitoring the
polymerization reaction, and has been used to investigate a variety of organically modified
alkoxy silane systems.1‘4 The initial steps of acid-catalyzed sol-gel polymerization are the

hydrolysis and esterfication (reverse of hydrolysis) reactions described by

R.Si(OR), , +nH,0«—> R Si(OR), ,_ . (OH), + nROH (1)

The identification and quantification of the different hydrolysis species ( R,Si(OR), )
produced in eqn. (1) is important to understanding the initial steps of the sol-gel
polymerization process. Recently it has been noted that the assignment of the high-resolution
»Si NMR spectra for the resulting hydrolysis species in organically modifed alkoxy silanes is
complicated by upfield and/or downfield variations in the chemical shifts with hydroxyl
addition.2:4-6 More complicated NMR experiments, including INEPT and DEPT based
experiments have been used to correctly assign these different Si NMR chemical shifts in
simple organically modified alkoxy silanes.2:%.6-9 A basic understanding of what factors
control the magnitude and sign of these chemical shift variations with hydroxyl addition
remains unclear. The development' of theoretical metho&s that would allow the assignment of

»Si chemical shifts for the hydrolysis products for a wide range of organically modified
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“ silanes based on some easily predicted property would prove valuable in future investigations.
There have been a limited number of ab initio *Si chemical shift tensor calculations for
simple silanes.10-13 Increases in the computational speed and efficiency suggest that ab initio
calculations for silicon containing compounds will become more routine in the near future.
Empirical methods have also been used to calculated »Si chemical shifts,14:15 including the
use of partial charge models (PCM). 16 The advantage of PCM methods is that the
calculation of chemical shift for rather large molecular systems with limited computational
expense. In this manuscript, we report the empirical PCM evaluation of the *Si chemical
shifts in methyl substituted methoxy and ethoxy alkoxy silanes, Me,Si(OR),(OH),,., (OR =
OMe, OEt). Using a structural dependent PCM the variations in the *Si chemical shift are
directly related to changes in the partial charge, ¢(Si), on the silicon atom and the average

excitation energy (AE) of the silane.

2 Experimental and computational methods

The silanes TEOS (Kodak), MTES (Aldrich), DMDES (Gelest), TMES (Gelest) , TMOS
(Aldrich), MTMS (Petrarch Systems), DMDMS (Gelest) and TMMS (Aldrich) were used as
received wifhout further purification. For each silane investigated a 2.24 M solution was
prepared in the parent alcohol (MeOH or EtOH). The stock solution was analyzed for
condensation and hydrolysis contaminants prior to use by *Si NMR. Hydrolysis species were
generated by the addition of 3 molar equivalents of doubly distilled H,O (R,, = 3.0). No acid
or base catalysts were employed in these investigations to reduce condensation reactions
during investigations.

All ”Si NMR experiments were performed at 79.49 MHz on a Bruker AMX400

spectrometer, using a Smm broadband probe at 298 + 0.2 K. A DEPT pulse sequence was




" used to assign the hydrolysis species in these investigations.17 The inter-pulse delay © and the
variable pulse angle 6 in the DEPT experiment were optimized for the multiple heteronuclear
Si-H couplings present in these silanes, as previously d«:scribed.6 Chemical shifts were
referenced to 0.1 % internal TMS (& = 0.0 ppm).

Empirical Si chemical shift calculations were performed using the lab-developed PC
software program WinPacha. Starting 3D-geometries were impbrted as Z-matrices in MOPAC
format, and as a first approximation used standard bond-lengths and assumed tetrahedral
symmetry around silicon. The charge distributions reported were computed assuming that the
s-orbital participation to a chemical bond of an element having Ny valence electrons was
1/Ny18 except for chlorine where a value of 25% seems to be more appropriate than the
standard 14.3%. For the chemical hardnesses m the Bragg-Slater set of radii have been used,
and provide a good measure of the spatial extent of the outer valence orbitals of the

elements. !9

3 Theoretical background

The NMR resonance frequency, o, of a nucleus with gyromagnetic ratio y placed in a static
magnetic field, B, is given by o = yBO(l - 0). The nuclear magnetic shielding tensor ¢
measures the influence of the molecular environment on the apparent magnetic field observed
at the nucleus, and shifts the observed NMR resonance from the frequency of a bare nucleus.
It is often convenient to ekpress the perturbation theory expansion of the chemical shielding
tensor as a sum of a first-order (diamagnetic) term ¢ and a second-order (paramagnetic) term

c®, both resulting from electronic currents localized on the atom containing the nucleus of

interest.20-22




c=0c%+c" (2)

The diamagnetic term contains only matrix elements involving the ground state

wavefunctions, and can be expressed as:23

where p, is the vacuum permeability, e is the electron charge, m, is the electron mass
(e’ /12mm, = 9.39 ppm.A). P, is the charge density in the atomic orbital y which is at an

average distance of r from nucleus of interest.
The paramagnetic contribution to the shielding tensor component 6” is opposite in sign

to ¢°, and involves unperturbed excited wave functions surrounding the nucleus. If a mean

p

excitation energy AE is introduced,24 then the individual shielding tensor elements (o®, , &

XX ? vy
and o?},) are defined by
(a, /)
oP = (”“ J < OAE> x[ P, + Py~ PPy + PR, i jk=xyz 4)
na,

where P is the charge distribution and bond order matrix, < '3> the average electron-nucleus
np

distance r over p-orbitals, p, the Bohr magneton and a, the Bohr radius (U 5 / ta; = 1449
ppm.eV). For the isotropic *Si NMR chemical shieldings reported in the results section, only
the rotational average of the individual tensor elements in eqn. (4) are observed, producing an

isotropic paramagnetic shielding defined by
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where P,, is the population unbalance, and measures the deviation from spherical symmetry of

the electronic cloud defined by

xx* zz whoax wtzz xz% (6)

1 1
Bo=(Put Byt Po) = (PuPat Py Pt By Po) + = (P Py PP+ P P,)

The changes in the observed Si chemical shielding result from the fine balance between four

terms c¢, <r‘3> , AE and P,,. The first two terms, ¢° and <r‘3>np , are functions of the gross
np

atomic popuiation N =Pg+ Pyy + Pyy + Py and can be related to the partial atomic charge
on silicon g(Si) = Z - N. The last two terms AE and P,, are génerally obtained from molecular
orbital theory, but have also been shown to be dependent on the silicon partial atomic charge
q(Si).16 A reliable way of estimating these partial atomic charges is impotant for the

subsequent analysis of chemical shifts trends.

3.1 The partial charge model (PCM) approach of chemical bonding
The identification of the electronegativity y as the opposite of the electronic chemical
potential pe (g = -ue),25 and of the chemical hardness 1 to the HOMO-LUMO energy gap,26

allows a straightforward and reliable evaluation of partial atomic charges ¢ independently of

any molecular orbital calculations. From a practical point of view, given any system resulting




from the association of n atoms, with a total electrical charge Z, it is possible to write the

system electronegativity as:27

n eq. n
A, = <x>=X o+ ¢ q; + ! Zq’ Vi=1,...n with Zq,.:Z @)

4ne 1, 4ne, 75 R, i=1

where g,the vacuum permittivity, %;° are Mulliken electronegativities of the valence orbitalé
used for chemical bonding,18 7; the atomic radii modelling the spatial extent of these orbitals
and Rijjis the distance between atoms i and j in the compound with partial charge g;. Equation
(7) allows a set of chemical parameters (electronegativities, sizes and atomic spatial
positions), and the associated partial charge distribution g; to be easily related thereby
allowing relationships between chemical shielding and partial charge to be established.

Using the PCM, the diamagnetic shielding described by eqn. (3) is calculated taking in
account the ‘partial charge distribution and the polynomial approximation of Saxena and
Narasimhan for a Si nucleus bearing a partial charges q(Si).28 The diamagnetic shielding is

then given by23>29

c! = o¥(free atom) + [MJZN: (%) (8)

12nm,

where ¢¢ (free atom) is the free atom diamagnetic susceptibility, Z,, is the atomic number of
atom N, r,, is the distance from the nucleus of interest and atom ¥, and the summation runs

over all atoms directly attached to the atom of interest.




For the evaluation of the paramagnetic shielding in eqn. (5) the radial term <a0 /r3>np is

known to vary with the partial charge ¢(Si) as

(a0 /r)3>np = (4, /r)3>2p T £xg(Si)= R, + f xq(Si) ©)

where f is a adjustable parameter close to unity. Fortunately, PCM gives us not only the
partial charge at the silicon ¢(Si), but also the partial charges on all of the surrounding nuclei
thus allowing the anisotropy of the charge to be determined. The charge deviation (Ag) from

the average isotropic charge and the deviation from axial symmetry (8q) are defined by

4
Aq =g . —Dla,|/ 4 (10a)
i=1
sa=la, ~ Xlal/2 (10b)
i ki f

Assuming that the silicon atom forms four molecular orbitals using one s- and three p-orbitals,

charge conservation requires

P+P, +P, +P, =4—q(5i) (1D

The charge and charge deviation can be related to the orbital populations by

P, =1-[q(Si)+q,(Si)+ Agq+3q]/3 (12a)

P, =1-[q(Si)+4,(S) + Aq]/3 (12b)




P, =1-(g(Si) +4,(SD) 289 ~8¢) /3 (12¢)

where g¢(Si) =1 - Py.
From these relationships P, and <a0 / r3>np are directly related to the silicon partial

charge q(Si).Thé main obstacle remaining is the evaluation of the AE parameter, whose values
can have a substantial influence on the paramagnetic contribution. The approach outlined in
this manuscript entails the initial optimization the parameters Ry, f and AE using a standard
set of reference molecules for which structures and absolute *’Si chemical shielding values are
known. The remaining parameters in eqns. (2-12),6°, g(Si) and g¢(Si)), are fixed by molecular
geometry and the assumptions about the electronegativity and hardness of the atoms. Fixing
these parameters obtained for the reference compounds allows the 29Si chemical shifts for the

remaining alkoxysilane species investigated to be directly evaluated,.

4. Results and Discussion

The *Si NMR chemical shifts for the organically modified silane compounds, Me,Si(OR),_,
(OR = OMe, OEt) under different solution conditions is shown in Table 1. Chemical shifts
(with respect to internal TMS) increase from approximately +0.2 to +2 ppm on going from a
neat alkoxy solution to a 2.24 M solution in the parent alcohol. The symmetric TEOS and
TMOS compounds show the smallest variation with only a +0.2 to +0.25 ppm increase. After
the addition of three equivalents of water (Ry, = 3.0) to the stock solution (and prior to
extensive condensation) an additional increase in the *Si chemical shift of approximately + 1
ppm was observed for the entire series, except TEOS and TMOS where only a ~ +0.2 ppm

variation was observed. These changes in the *Si NMR chemical shifts clearly justify the

importance of defining the solution conditions during NMR investigations where the




' magnitude of chemical shift variations due to solvent composition are comparable to the
differences produced by hydrolysis. In the work described here, this is the situation
encountered, where the observed chemical shift dispersion due to hydrolysis of methyl
modified alkoxy silanes in very small and could be easily masked by changes in the
composition of the solution. Due to the influence of the solvent, the chemical shifts for the
methyl alkoxy silane series were all obtained under identical conditions of 2.24 M and Ry, =
3.0. This strong solvent dependence also precludes the direct comparison of *Si NMR
chemical shifts previously reported in literature. The *Si NMR chemical shifts for the
Me,Si(OR),(OH), ., (OR = OMe, OEt) series are listed in Table 2. The use of consistent
solution conditions allows the variation of the chemical shift (Ad) with each OH functional
group incorporated into the alkoxysilane during hydrolysis to be directly compared, and are
given in Table 2.

Figure 1 shows the correlation between Ad and the number of attached hydroxyl
groups for compounds with differing number of attached methyl groups in both the methoxy
and ethoxy silanes. For the unmodified alkoxy silanes, Si(OR),(OH),, (OR = OMe, OEt), a
positive increase in the chemical shift was observed for each OH group added during
hydrolysis. For the ethoxy series an increase of ~ +2 to +3 ppm was observed for each
hydroxyl group, while for the methoxy series a slightly smaller shift of ~ +1 to +2 ppm per
hydroxyl group was observed. For the single methyl-modified ethoxy series, (x = 1)
Me,Si(OEt),(OH),.,.,, variations of approximately +1.2 to +1.7 ppm shift per hydroxyl group
were observed, while for the methyl-modified methoxy series (x =1 ) Me, Si(OMe),(OH), .,
both positive and negative shifts on the order of 0.1 to £0.2 ppm per hydroxyl group were
observed. Both positive and negative chemical shift variations with hydroxyl substitution

were also observed for the dimethyl-substituted series, (x = 2) Me,Si(OEt) (OH),, ,. For the

10




trimethyl-substituted ethoxy silanes, (x = 3) Me,Si(OEt) (OH),_,, and the di- and trimethyl-
substituted methoxy silanes, (x = 2 or 3) Me Si(OMe) (OH),., ., negative chemical shift

variations of approximately -3 to -6 ppm per hydroxyl group were observed. As seen in Fig. 1

the addition of hydroxyl groups can produce both negative and positive variations in the
chemical shifts depending on the number of methyl substituents attached to the silicon, as
well as the identity of the alkoxy group. An explanation of these trends based on semi-

empirical predictions of the *’Si chemical shift are detailed below.

4.1 PCM calibration
The theory section detailed the semi-empirical PCM procedure to predict the diamagnetic
shielding (eqn. 3) and the paramagnetic shielding (eqn. 6). To calibrate and validify eqns. (2-
12), the ®Si NMR chemical shielding constants for a set of reference molecules, for which
shielding constants and molecular structure are known, were evaluated. Previously the
absolute *Si chemical shielding for SiH4 (¢° = 475.3 £ 10 ppm), SiF4 (c® = 482 + 10 ppm),
SiCl, (¢° =384.15 + 10 ppm), SiMe4 (¢° = 368.5 + 10 ppm) and SiO, (quartz) (¢’ = 475.90 +
10 ppm) have been reported.30 In addition the chemical shielding for the symmetric
compounds Si(OH),, Si(OMe), and Si(OEt), reported in this study (Table 1) were included in
the original parameterization of the PCM model.

Based on the molecular geometries of these reference compounds, the partial charge
on silicon ¢(Si) were easily calculated using PCM. As a first approximation the mean
excitation energy AE used in eqn. (6) is confined between the lowest U.V. absorption band

and the ionization potential of the investigated compounds. If eqns. (2-12) are correct the

absolute shielding constants of these reference compounds should be reproduced with just




.‘three adjustable parameters: AE, Ry and f, while the remaining parameters, 64ja, g(Si) and
q(Si), are directly determined by the geometry and the assumptions about the
electronegativities and hardness of the atoms. In fact once, Ry and fare known or fixed, eqn.
(6) can be easily inverted to obtain the AE values from the experimental shielding constants.

Table 3 shows the populations of silicon outer-valence orbitals deduced from PCM
for these reference compounds. As expected, the s-orbital population (Pg) was found to be
higher with good electron-donors ligands such aé H-, CHj", 022‘, MeO™ and EtO~ and
significantly lower with more electronegative ligénds such as F~, Cl- and OH". Using these
PCM populations and a simplex optimization, a minimum in the average error between theory
and experiment “’Si chemical shielding of 0.2 ppm was obtained for Ry = 3.277, f=3.155
and the corresponding AE valﬁes presented in Table 4.

Figure 2 shows that the average excitation energies, AE, vary rather smoothly with
partial charge g(S1). The typical U-shaped curve obtained is not unexpected from a theoretical
point of view, and has been noted before.16 Figure 2 also provides an explanation for the
quite surprising experimental observation that SiH, and SiF,, which have very different
electronic structures, nevertheless have very similar shielding constants. The basis for the
similar AE values in these two compounds arises from the fact that for SiH, AE is
approximates the HOMO-LUMO gap, whereas for SiF, AE is more accurately described by
the energy difference in atomic orbitals.

The strong deshielding experimentally observed for TMS relative to SiH, or SiCl,
relative to SiF, (Table 4) is also a direct consequence of the U-shaped dependence of AE on
q(Si). From Fig. 2, these two pairs of molecules are located on opposite branches of the AE -
g(Si) correlation with the reduced AE value observed for TMS reflecting a more polar

covalent bond, and for SiCl, a more covalent polar bond. For Si-O bonds the polarities are
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intermediate between SiCl, and SiF,. This results in compounds containing SiO, units being
shielded relative to TMS or SiCl,, and deshielded relative to SiF,. The regular increase in AE
observed in the series Si(OEt), — Si(OMe), — Si(OH), — Si0, is easily understandable in
terms of the mean electronegativities (y) of the ligands attached to silicon: OEt = 8.10 >

OMe = 8.35> OH =9.23 > O = 12.56, as this parameter is a direct measure of the Fermi level

of the electrons in the compounds.

4.2 PCM Analysis of *’Si Chemical Shielding

A similar analysis of *’Si shielding tensors can be performed for the series, Me,Si(OR),(OH),.
«y (OR = OMe, OEt). From PCM analysis the gross populations of the outer valence orbitals
can be determined and are given in Table 5. Fixing the radial parameters to the values
obtained for the reference compounds, Ry = 3.277 and = 3.155, the experimentally observed
’Si shielding constants can be reproduced by variation of a single adjustable parameter AE.
The resulting parameters following optimization are shown in Table 6. As a check of the
quality of these optimized values, Figure 3 shows the variation of AE versus the partial charge
on silicon ¢(Si). The smooth variation between AE and ¢(Si) observed suggests that the
approximations utilized are relatively good. This relationship between AE and ¢(Si) can be
used to predict Si chemical shifts for other organically modified alkoxy silanes based on the
determination of ¢(Si). PCM also allows an estimate of the chemical shielding anisotropy
(CSA). As shown in Table 6, predicted CSA values range between 0 and 60 ppm, with a mean
value of 39 ppm computed for the unsymmetrical silanes. Fortunately, 29Si chemical
shielding parameters have been reported in literature for the three compoﬁnds Me,Si(OMe)
(Ac =40 ppm, n = 0.08), Mezsi(Ova:)2 (Ac =47 ppm, 1 = 0) and MeSi(OMe), (Ac =39

ppm, 1 = 0.46).{Gibby, 1972 #32} While the agreement is not perfect, the right order of
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magnitude and experimental trends are correctly predicted for Ao (Ac[SiX,Y] ~ Ac[S1Y,X] <
Ao[SiX,Y,]). This observation also supports the PCM semi-emperical method.

The goodness of the fit between experimental and theoretical *’Si chemical shieiding is
shown in Figure 4, where the correlation of fit was r* = 0.9998 and an average error of 0.5

ppm for the isotropic shielding constants. This excellent agreement again supports the

parameterization and allows insight into balance between ¢, <(a0 /1)’ >np , AE and P, in these

compounds. From these results, it is clear that the deshielding observed during TEOS or

TMOS hydrolysis results from the interplay between shielding action of the AE term and its

ability to cancel the conjugate deshielding action of ¢* and <(a0 /1)’ >3p . This leaves the

deshielding contribution from the increase in P, as an important factor for the observed
chemical shift variations in the Si(OEt),  (OH), and Si(OMe), . (OH), series. Table 5 shows
that when electronegative OH groups replace less electronegative ethoxy groups, the silicon s-
orbital populations are more affected than the p-orbitals. It is this preferential overlap of OH
groups with the silicon s-orbital which is responsible for the increased population unbalance
(P, in the p-orbital, thus producing the deshielding of the 29Si nucleus with hydrolysis of
TEOS or TMOS. The methoxy group is more electronegative than the ethoxy substituent,
with the P,, variation being accordingly reduced. This increase in electronegativity explains
the reduced chemical shift range observed for TMOS hydrolysis species relative to TEOS
hydrolysis species. A similar argument is observed for the MeSi(OEt), (OH), series, with the
reduced variation in P, producing smaller deshielding effects that in TEOS.

In the MeSi1(OMe), ,(OH), and Me,Si(OEt), (OH), series, there is nearly an equal

compensation between the deshielding action of the <(a0 /1)’ >3p term and the shielding action

of the AE . In these compounds the changes in the P, term can now produce either relative
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' shielding or deshielding of the 29Si nucleus. The almost exact balance of these terms leads to
a small observed chemical shift variations. For the limited Me,;Si(OEt), . (OH),, Me,Si(OMe),.
[(OH), and Me,Si(OMe),_ (OH), series there is either a very small change or an increase in the
diamagnetic shielding with hydroxyl addition, plus a shielding effect of the decreasing Py,
term. These decreases in the orbital unbalance suggest that with substitution of the
electronegative OH group for ethoxy or methoxy, the effect on the population of p- and s-
orbitals are very similar in silanes with higher number of methyl substitutions. In general the

chemical shifts observed for the hydrolysis of these modified silanes is dominated by the

population unbalance P, , with the effects of the <(a0 /1)’ >3p and AE nearly balancing the

negligible changes in o°.

A different picture emerges from the analysis of the Me,Si(OR), , series. In this series

the <(a0 /1) >3p and AE terms still produce opposite effects, but the radial term produces a

shielding trend as the partial charge on silicon ¢(Si) decreases with increasing x, while AE
produces a deshielding effect as it decreases with increasing x. The diamagnetic contribution
o is no longer negligible and has a constant deshielding effect. In addition, the P,
contribution is high for oxygen-rich compounds and tends to be low for carbon-rich ones.
With the combination of these effects, the result is a deshielding trend with increasing x,
except for the end of the series Me3SiOR and TMS. In that case the high shielding effect
resulting from the large decrease in ¢(Si) produced by removing the last oxygen, and cannot
be compensated by the very modest AE and P, variations. This same effect gives rise to the
well-known "sagging pattern" of 29Si NMR shielding in R,SiX,_, series where R is an alkyl

group and X an electronegative substituent.
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An important conclusion from this study, is that the <(a0 / r)3>3p and AE terms tend to

cancel each other, leaving the domination of the paramagnetic shielding to the orbital
unbalance P, term. It was also demonstrated that it is not the absolute values of the Ry, for

AE parameters which are important, but rather the correlation in the p-orbitals expansion to

increases or decreases in AE. These two parameters, <(a0 /1)’ >3 and AE cannot be varied in
r

an independent way, but instead are strongly related. As in previous work done on 29Si NMR
shielding constants, the so-called "average excitation energy" approximation is surely a very
good one, but the concept of a "constant average excitation energy" is not sufficient. Instead

the ’Si chemical shielding can be better approximated by maintaining a constant

<(a0 / r)3>3p /AE ratio.
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Figures

Fig. 1 Changes of the chemical shift variation (A3) with number of attached hydroxyls (ny ,

= 4-x-y) in the alkoxy silane series a) Me,Si(OEt) (OH),,, and b) Me Si(OMe),(OH),.,.
Note that the addition of hydroxyl groups produces both positive and negative variations in

the chemical shift versus the non-hydrolyzed alkoxy silanes.

Fig. 2 Correlation between the average excitation energy (AE) and the partial charge on the

silicon atom ¢(Si) for the eight reference compounds given in Table 4. A fourth order

polynomial curve is shown for visual reference.

Fig. 3 Correlation between the average excitation energy (AE) and the partial charge on the

silicon atom ¢(Si) for the alkoxy silane series Me,Si(OR),(OH),,, (R = Me, Et). A fourth

order polynomial is given for visual reference.31

Fig. 4 The correlation between the observed chemical shielding (c,,) and the theoretically

exp.

predicted chemical shielding (Gy,,,) using the PCM model. The correlation of linear fit =

0.9998 was obtained.




Table 1 ®Si NMR isotropic chemical shifts for methyl modified alkoxy silanes under
‘different solution conditions®

Silane* Neat® 2.24 MP R, =3.0°
TEOS -82.22 -81.97 -81.82
MTES -44.06 -43.27 -42.14
DMDES -5.57 -4.14 -3.85
TMES +14.66 +16.71 +17.78
TMOS -78.81 ' -78.55 -78.29
MTMS -40.11 -39.46 -38.24
DMDMS -1.98 +0.41 +1.25
TMMS +17.32 +19.52 +20.72

2 All chemical shifts referenced to internal tetramethylsilane, TMS (0.1%).

® Solution composition: Neat = silane plus reference TMS (0.1%), 2.24 M = silane
concentration in parent alcohol, R, = 3.0 is 2.24 M solution plus 3 molar equivalents of
distilled H,O added.

¢ TEOS, tetracthoxysilane; MTES, methyltriethoxysilane; DMDES, dimethyldimethoxysilane;
TMES, trimethylethoxysilane; TMOS, tetramethoxysilane; MTMS, methyltrimethoxysilane;
DMDMS, dimethyldimethoxysilane; TMMS, trimethyltrimethoxysilane.




Table 2 29Si NMR chemical shifts and absolute chemical shieldings (ppm) of methyl modified alkoxy

silane solutions &

Silane 3 (ppm)° o (ppm)® AS*
Si(OEt), -81.82 45032 -
Si(OE), (OH) - -78.88 447.38 +2.94
Si(OEY), (OH), 7645 444.95 +5.37
Si(OEt) (OH), 7434 44284 +7.48
Si(OH), 7243 440.93 +9.39
MeSi(OE), -42.14 410.64 -
MeSi(OE), (OH) -40.43 - 408.93 +1.71
MeSi(OEt) (OH), -39.03 407.53 +3.11
MeSi (OH), -37.85 406.35 +4.29
(Me), Si (OEf), 3.85 372.35 -
(Me), Si (OEt) (OH) 341 37191 +0.44
(Me), Si (OH), 4.17 372.67 | -0.32
(Me), Si (OEt) 17.78 386.28 -
(Me), Si (OH) 14.60 383.10 3.18
Si(OMe), -78.29 446.79 -
Si(OMe), (OH) -76.03 444.53 +2.26
Si(OMe), (OH), 74.46 442.96 +3.83
Si(OMe) (OH), 7322 441,72 +5.07
Si(OH), 7221 440.71 +6.08
MeSi (OMe), -38.24 406.74 -
MeSi (OMe), (OH) 38.11 406.61 +0.13
MeSi (OMe) (OH), -38.13 406.63 +0.11
MeSi (OH), -38.43 406.93 -0.19
(Me), Si (OMe), 125 367.25 -
(Me), Si (OMe) OH -1.46 369.96 271
(Me), Si (OH), -4.05 372.55 -5.30
(Me), Si (OMe) 20.72 389.22 - -
(Me), Si (OH) 14.84 383.34 -5.88

22.24 M solutions, R, = 3.0, 298 K. *All chemical shifts internally referenced to TMS (0.1%).
¢Chemical shielding values calculated assuming a ¢ = 386.5 ppm for T™MS.30

4 AS is the relative chemical shift with respect to the unhydrolyzed monomer species.
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Table 3 Predicted PCM populations of silicon outer-valence orbitals for the reference

compounds

Compound P, Py Py, P,, AP? Py
Si(CHj3)4 1.32852  0.85032 0.85032 0.85032  0.00000 0.97760
SiFy 0.97020 0.57321  0.57321 0.57321 0.00000 0.81785
SiHy 1.35414 0.88502 0.88502 0.88502 0.00000  0.98678
SiCly 1.06214  0.76977 0.76977  0.76977  0.00000  0.94699
SiO, (quartz)  1.27571  0.57679  0.57679 0.57679  0.00000 0.82089
Si(OH)4 1.11167  0.65689  0.65684  0.65727 0.00041  0.88235
Si(OCHj3), 1.24914  0.64468 = 0.64468 0.64468  0.00000 0.87375
Si(OCyHs)4 1.28161 0.63562  0.63487 0.63977 0.00453  0.86805

1

*AP=P, ——Z—(Pxx + Pyy) > P,, defined by eqn. (7).




Table 4 *Si NMR shielding constants and corresponding parameters for reference compounds

Compound Gexp (PPM) Giso (PPm) O dia (PPM) g(Si) AE (eV)
Si(CH3), 368.50 368.51 (+0.01)  1008.13 0.121 8.10
SiF, 482.00 481.68 (-0.32) 1094.56 1.310 1433
SiH, 47530 475.18 (-0.12) 913.33 -0.009 10.60
sicl, 384.15 38430 (+0.15) 119534 0.629 8.90
Si0, (quartz) 475.90 47631 (+041) 107228 0.994 12.80
Si(OH), 440.82 440.64 (-0.18) 1066.87 0.917 12.60
Si(OCH3), 44731 447.20 (-0.11) 1067.98 0.817 11.94
Si(0C,Hs), 450.72 450.82 (+0.10)  1068.28 0.808 11.87




Table 5 Predicted PCM silicon outer valence gross population for the methyl alkoxy series

Me,Si(OR),(OH),.., (OR = OMe, OEt)

Compound Py Pxx Pyy P,, AP Py
Si(OEt)4 1.28161  0.63487  0.63562  0.63977  0.00453  0.86805
Si(OEt)3(OH) 1.25959  0.63625  0.63880  0.65151  0.01399  0.87199
Si(OEt)>(OH)» 1.23096 0.64229 0.64423 0.65252 0.00926 0.87494
Si(OEt)(OH)3 1.18855  0.64780  0.64894  0.65291  0.00454  0.87742
Si(OH)4 ‘ 1.11167  0.65684  0.65689  0.65727  0.00041  0.88235
MeSi(OEt)3 1.29062 0.63039 0.66989 0.76864 0.11850 0.90537
MeSi(OEt)>(OH) 1.26435 0.63632 0.67676 0.78021 0.12367 0.91049
MeSi(OEt)(OH), 1.23506 0.63875 0.67962 0.78246 0.12327 ~ 091199
MeSi(OH)3 1.19168 0.63272 0.67579 0.78347 0.12921 0.91040
Me;Si(OEt); 1.29475  0.63220  0.71041  0.90664  0.23534  0.94404
Me>Si(OEt)(OH) 1.27490  0.63123  0.71065 0.91622 0.24528 0.94605
Me»Si(OH)» 1.24441  0.62382  0.70807 091936  0.25342  0.94544
Mej3Si(OEt) 1.30834 0.74273 0.74349 0.91885 0.17574 0.96411
Me3Si(OH) 1.29209 0.73207 0.73215 0.92441 0.19231 0.96258
Si(OMe),y 1.24914 0.64468 0.64468 0.64468 0.00000 0.87375
Si(OMe)3(OH) 1.22700 0.64479 0.64614 0.65147 0.00601 0.87572
Si(OMe)>(OH), 1.19741  0.65042  0.65090  0.65217  0.00151  0.87831
Si(OMe)(OH)3 1.16670 0.65011 0.65142 0.65549 0.00472 0.87914
MeSi(OMe)3 126228 063836 067785  0.78441  0.12630  0.91203
MeSi(OMe)>(OH) 1.24268 0.63876 0.68100 0.78841 0.12854 0.91361
MeSi(OMe)(OH), 1.22737 0.62933 0.67436 0.78694 0.13510 0.91031
MerSi(OMe), 1.27707 0.63823 0.71782 0.91679 0.23877 0.94811
Me, Si(OMe)(OH) 1.25994  0.63639  0.71570  0.92427  0.24823  0.94919
Me;3Si(OMe) 1.29719 0.74733 0.74813 0.91863 0.17090 0.96510

’ Me4Si 1.32852 0.85032 0.85032 0.85032 0.00000 0.97760
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Table 6 *Si NMR shielding constants and corresponding parameters for methyl alkoxy series

Me,Si(OR) (OH), ..., (OR = OMe, OE{)

Compound
Si(OEt)4
Si(OEt)3(OH)
Si(OEt)»(OH)»
Si(OEt)(OH)3
Si(OH)4
MeSi(OEt)3
MeSi(OEt)>(OH)
MeSi(OEt)(OH)»
MeSi(OH)3
Me»Si(OEt))
Me)Si(OEt)(OH)
Me>Si(OH))
Me3Si(OEt)
Me3Si(OH)
Si(OMe)4
Si(OMe)3(OH)
Si(OMe)>(OH)>
Si(OMe)(OH)3
MeSi(OMe)3
MeSi(OMe)>(OH)
MeSi(OMe)(OH)>
Me)Si(OMe),
Me»Si(OMe)(OH)
Me3Si(OMe)
MeySi

Gexp (PPm)
450.72
447.38
444.95
443.24
440.82
412.56
408.93
407.53
406.93
374.07
371.91
372.44
353.84
353.43
447.31
444.53
442.96
441.72
408.61
406.61
406.63
370.48
369.96
351.18
368.50

Siso (ppm)’
450.97 (+0.25)
447.96 (+0.58)
445.43 (+0.48)
443.08 (-0.16)
440.79 (-0.03)
412.75 (+0.19)
408.93 (-0.00)
406.90 (-0.63)
406.80 (-0.13)
374.10 (+0.03)
372.27 (+0.36)
372.05 (-0.39)
353.39 (-0.45)
352.32 (-1.11)
446.55 (-0.76)
444 81 (+0.28)
442.57 (-0.39)
441.71 (-0.01)
407.98 (-0.63)
406.34 (-0.27)
407.46 (+0.83)
371.33 (+0.85)
370.07 (+0.11)
352.10 (+0.92)
368.55 (+0.05)

Gdia (PPm)
1068.28
1068.12
1067.74
1067.01
1066.87
1053.19
1053.04
1052.60
1052.63
1038.28
1038.08
1038.09
1023.21
1024.04
1067.98
1067.69
1067.25
1066.66
1053.06
1052.83
1052.41
1038.25
1038.02
1022.84
1008.13

q(Si)
0.808
0.814
0.830
0.862
0.917
0.640
0.642
0.664
0.716
0.456
0.467
0.504
0.287
0.319
0.817
0.831
0.849
0.876
0.637
0.649
0.682
0.450
0.464
0.289
0.121

AE  Ao(ppm)
11.87 117
1190 3.60
1200 235
1222 114
1260 0.10
10.85  29.05
10.86  29.76
11.01 2945
1131 3136
9071  53.35
978  55.69
10.02 5839
873 3136
891  35.95
1194  0.00
1201 1.52
1214 037
1232 117
10.84 3027
1091 30.62
11.09  32.96
9.66  52.96
976 5548
872 29.96
810  0.00

n
0.25

0.26
0.31
0.37
0.00
0.33
0.32
0.32
0.32
0.14
0.13
0.12
0.00
0.00
0.00
0.33
047
0.41
0.30
0.31
0.31
0.13
0.1
0.00
0.00

? Error between experiment and theory given in parenthesis.




Alam and Henry, Fig. 1
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