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Abstract: Evidence for nine new solution state silicate oligomers has been discovered by 2°Si NMR
homonuclear correlation experiments of 2°Si-enriched samples. In addition to enhancing signal sensitivity,
the isotopic enrichment increases the probability of the 2°Si—2°Si two-bond scalar couplings that are
necessary for the observation of internuclear correlations in 2-D experiments. The proposed assignments
are validated by comparisons of experimental and simulated cross-peaks obtained with high digital resolution.
The internuclear connectivity indicated by the NMR data suggests that several of these oligomers can
have multiple stereoisomers, including conformers and/or diastereomers. The stabilities of these oligomers
and their possible stereocisomers have been investigated by electronic structure calculations.

1. Introduction

Silicates dissolved in water have long been a subject of
inquiry because of their geochemical and industrial significance.
While few naturally occurring biological processes involving
silicates have been fourtd solution state silicates have attracted

attention in biochemical contexts because of recent discoveries

of interesting reactions with protefhand carbohydrate/sOther

current research on the agueous solution behavior of silicates

has been stimulated by the proposal that such species coul

promote the solubility of radioisotopes in the environment.
Although the dominant silicate species in solution is usually

the silicic acid monomer (designated @ the nomenclature
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of Engelhardt and co-worke¥§, many important processes and
reactions, including gel and colloid formatioand solubilization
of toxic metals}®° are associated with larger oligomers that
become populated only at high concentrations. It is generally
accepted that 16 distinct oligomers beyond the dimer have been
conclusively identified in aqueous solutions to date, with the
largest of these containing eight silicon atoms (Figuré®1?

The most valuable source of information for the identification
of oligomers beyond the monomer and dimer has been solution
%tate295i NMR measuremenfs’ 1527 However, despite past
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Figure 1. Solution state silicate oligomers identified in past work, excluding
the monomer and dimer. By convention, balls and sticks represent silicon
atoms and oxygen bridges between silicon atoms, respectively, with
nonbridging oxygens omitted.

ing chemical shift calculations. Silicon-29 COSY spectra of
isotopically enriched silicate solutions have been previously
presented by Harris et &.and Knight et af® These workers
used the 2-D spectra to establish spectral correlations, but other
useful insights available from the phases and multiplet structures
of cross-peak® were not discussed by them. Furthermore,
previous 2-D data have been collected without multiple-quantum
filtration; we have found a double-quantum filter (DQF) to be
essential for suppressing the intense dispersive diagonal peaks
of singlet lines, which obscure several cross-peaks and auto-
correlation multiplets near the diagonal in the nonfiltered
experiment.

Two samples were prepared for this study, one vif®i
enrichment, and a nonenriched counterpart of otherwise identical
composition. Homonuclear correlation experiments are impracti-
cal with the latter sample since they depend on the creation of
multiple-quantum coherences via spi#pin interactions, which
are rare in a molecule containing natural abundance levels of
29Si. Because few°Si atoms are in coupled clusters in the
natural abundance sample, however, the resonances in its 1-D
29Si spectrum appear as singlets, which are more accurately
located and integrated than the complex and overlapped
multiplets of the enriched sample. Despite inferior signal
intensity and an absence of spispin couplings, the 1-D
spectrum of the natural abundance sample is thus an informative
complement to the data of the enriched solution.

Candidate structures have been generated for this study taking
into consideration the potential for conformational and con-
figurational isomerism in certain oligomers. Except for the
tricyclic hexame#>17the suggestion that silicate oligomers can
have different isomeric forms with distinguishable NMR spectra
has been absent in previous work. In the case of configurational
isomers, the traditional “ball-and-stick*'* method of drawing
silicate oligomers can portray a deceptively simple picture of a
molecule’s structure by concealing the multiplicity of diaster-
eomers and conformers that satisfy a presumptive bonding
network.

The possibility of configurational isomerism follows directly
from the potential chirality of ®and ¢ (but not @, Q, or
Q? sites. Whereas a diastereomer could represent a topological
possibility for a given molecule, further evaluation is usually
required to decide if a structure is physically realizable. To

success in discovering the highest-concentration oligomers, thereresolve these questions, we have used electronic structure
are numerous features in t€Si NMR spectra of silicate methods at the density functional theory level to calculate the

solutions that cannot be assigned to any of the 18 known speciesstructures and relative energies of several oligomers and
as exemplified by Figure 2. Seventy-six resolved lines can be potential isomers. These results show that indeed there are
counted in this spectrum, although others have undoubtedly beerinstances where NMR signals can be explained by molecules
missed due to spectral overlap or weak intensity. The 18 known with multiple energetically accessible diastereomers and con-
oligomers account for only 38 of the lines and less than 87% formers.

of the total integrated signal intensity. High-resolution spectra

of comparable complexity have been observed for concentrated?- Experimental Methods

alkali S'l'cate solutions 'n_pa_5t EXper_'meﬁ@'s o . Preparation of Sodium Silicate Solutions.The entire process of
We describe progress in interpreting and assigning?e preparing the NMR samples, including the filling and sealing of the
NMR spectra of aqueous silicate solutions. We propose severalNmR tubes, was performed in a controlled nitrogen atmosphere
new oligomer structures based on an analysis of 2-D homo- chamber (Innovative Technology) to prevent exposure of the liquids
nuclear correlation NMR spectra and electronic structure includ-
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Figure 2. 2°Si NMR spectrum of a sodium silicate solution containing silicon with natural isotope abundances (sajufidre strong monomer peak at

—72.77 ppm is omitted. Intensity scales are separately normalized to the highest peak in each section. Segments drawn above the spectrum denote the
approximate chemical shift ranges associated with each particular Q spebies:t” in some superscripts signifiea Q species that is part of a three-silicon

ring. The assignment of the lines markegdiSdiscussed in the Results section.

to CO, and Q. Solutions were contained in polyethylene bottles at all
times prior to the filling of the NMR tubes.

Deionized water and 99.99%-enriched water (Cambridge Isotopes
Laboratory) were combined (80%/20% v/v) and boiled, and?&&
chemical shift reference compound, 3-(trimethylsilyl)-1-propane sulfonic
acid (DSS), was added to the mixture to a concentration of 25 mM.
Sodium hydroxide pellets (Aldrich) were added to a portion of this
stock solution () to make a 2 mNaOH solution [I). Two identical
solutions were made by pipetting 0.30 mLIbfinto 2.70 mL ofl. To

one of these solutions was added 54.9 mg of amorphous silica (solution

A) and to the other was added an equal mass of $%ieenriched
silica obtained from the U.S. Department of Energy’s Isotope Facility
at the Oak Ridge National Laboratory (soluti®h Both solutions were
allowed to equilibrate with stirring and low heal & 40 °C) for 4

concentration, and temperatu#eThe silicic acid monomer peak has
occasionally been chosen as an interffdli reference for silicate
chemical shifts, but we have determined DSS to be a more stable
standard, especially for the alkaline, high salt conditions encountered
in the study of silicate solutions. In our oviPSi measurements at 15
°C, we have found that the DSS line position varies<#,20 ppm for
solvents with 0.0 M< [NaOH] < 2.0 M, and<0.10 ppm for 0.0 M<
[NaNG;] < 2.0 M, while for the monomer, the variation in the peak
position over the same ranges is a factor of 4 or more greater.

Two-dimensional correlation spectra were acquired in the phase-
sensitive mode by the method of States €2 &IOSY experiments with
double-quantum filtering were implemented according to the eight-
step phase-cycling scheme of Derome and Willian#on.

Spin—lattice relaxation times were measured by the inversion

weeks before transferring to the NMR tubes. Silicon-29 NMR spectra recovery method for th&Si-enriched solution in order to determine a
recorded intermittently in the six months after the samples were createdscan rate that would ensure quantitative integrals and minimize

showed no visible changes.
NMR Spectroscopy.Silicon-29 NMR data were collected at 99.304

incomplete relaxation artifacts in 2-D experiments. The valuedfor
found in this way, most less than 15 s with several up to 20 s, were

MHz on a Chemagnetics Infinity spectrometer with a 10 mm broad consistent with previous measureme¥its.

band Nalorac probe. The magnetic field was locked on the deuterium

signal from the?H-enriched solvent. The carrier frequency was setto 3, Computational Methods

—85 ppm for all experiments. The typical 9pulse time was 1&s

(By ~ 13.9 kHz, or 140 ppm). Despite the high salt concentration of NMR Spectral Simulations. Simulated 1- and 2-D oligomer time

the solutions, nutation experiments we have performed indicate that domain data sets were computed by numerical integration of the

undesirable sample conductivity effects were minor. equations of motion of th&Si spin system’s density matrix and then
To reduce&Si background signals, NMR tubes with a bottom section Fourier transformed to obtain the spectra. The internal Hamiltonian

made of alumina (Shigemi) were used to contain the samples. The Was assumed to consist only of isotropic chemical shifts and scalar

temperature of the sample was held at18.2°C by flowing thermally homonuclear couplings betweéisi atoms separated by only a single

regulated dry nitrogen gas around the NMR tube. bridging oxygen. The C" programs written for these calculations
One-dimensional experiments were performed with proton decou- incorporate objects from the mathematical shell of the GAMMA NMR

pling to facilitate accurate referencing of the chemical shift scale to SOftware environmerit: The simulated COSY time domain data were

the DSS?Si line. Whereas decoupling narrowed the DSS multiplet to
a singlet with a line width ok 1 Hz, it had no effect on the widths or
positions of silicate resonances, in agreement with previous observa-(32
tions?°

DSS is a preferred standard fot and*3C chemical shift referencing
because of the relative insensitivity of its resonances to pH, salt

(31) Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson, H. J.; Oldfield,
E.; Markley, J. L.; Sykes, B. DJ. Biomolecular NMRL995 6, 135-140.
) States, D. J.; Haberkorn, R. A.; Ruben, DJJMagn. Reson1982 48,
286-292.
(33) Derome, A. E.; Williamson, M. R]. Magn. Reson199Q 88, 177—185.
(34) Smith, S.; Levante, T.; Meier, B. H.; Ernst, R. RMagn. Reson. A994

106, 75-105.
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computed and processed as prescribed by States%foalobtaining
phase-sensitive spectra.

Structure and Chemical Shift Calculations. Geometries were
initially optimized and frequencies calculated (to ensure minima) at
the local density functional theory level with the DZVP2 polarized
double¢ basis set on Si, H, and ®.No symmetry constraints were
placed on any of the geometry optimizations. Many structures were
optimized as initial estimates often led to structures with imaginary
frequencies due to torsions about the-SH bonds. These imaginary
frequencies were removed by adjusting the torsions about th®ISi

experimental values. The complete Cartesian coordinates, total energies,
and chemical shifts for the individual Si atoms are given as Supporting
Information.

The influence of the molecular charge state on calculé&t&i
chemical shifts has been examined by Moravetski ét far the case
of the neutral (HSiOs) and singly ionized (KSiO,”) monomers. As
isolated molecules, 1$i0, and HSiO,~ differed by 6.2 ppm in their
calculated isotropic shifts, but upon inclusion of solvent molecules and
addition of counterions to the anion, the difference was reduced to as
little as 0.1 ppm for some models, and closer correspondence was

bonds and reoptimizing. There are many possible hydrogen bondedOPtained with experimental observations. Variable pH measurements
structures for these species. The calculations at the local level werehave found similar small displacements®8i chemical shifts upon

done with the potential fit of Vosko et & for the correlation functional
with Slater exchang®.The initial calculations of NMR chemical shifts
were done with the IGLE& and LORG?® approaches for treating the

gauge invariance issue with the presence of the magnetic field in the

electronic Hamiltonian at the local DFT level with the TZVP basis
set. Our definition of the chemical shift and its relation to the shielding
conform to the IUPAC recommendatiéhThe calculations were done
with the program DGauss on Silicon Graphics computers.

The LORG and IGLO results provided an unsatisfactory fit to the

deprotonation of silicate oligomet3Extrapolating from these findings,

we assume that isotropic chemical shifts for neutral oligomers are a
good approximation of the shifts for solvated, solution-averaged charged
species and report chemical shifts for neutral molecules only.

4. Results and Discussion

Homonuclear Correlation Experiments. The 1-D 2°Si
spectra of solutiong& andB are shown in sections in Figures
2—4. The two samples are nominally identical except for their

experimental data, and therefore, we have also computed the chemicaf°Si abundances, which are 4.7% farand 95% forB. All of

shifts at the GIAO levéP with the polarized triplez basis set derived
from the work of the Ahlrich grouf§ and used by Moravetski et #l.
The GIAO calculations were done at the density functional theory level
with the B3LYP gradient corrected exchange-correlation functfénal
using the Gaussian-03 progrdfiThe chemical shift reference com-

pound for the computed results (DSS) was the same as the one used ir};md 13.4%

the experiments. The GIAO calculations with the local DFT geometries
were in closer agreement with the experimental shifts. For example,
the chemical shift of Si(OR)is calculated to be-65.7 ppm with respect

to TMS as compared with the experimental result-672.0 ppm
extrapolated for Si(OH)in aqueous solutiof.

the observed resonances in the spectrum dFigure 2) are
singlets, due to the low probability that adjacent silicon atoms
in a silicate network will both be of thé®Si isotope. FOESi
atoms at @, Q% and @ sites, the probabilities that at least one
of the nearest neighbor silicon atoms is a#88i are 4.7, 9.2,
respectively.

Most of the resonances in Figure 2 have become multiplets
in the spectrum oB because of the increased probability of
295j—29Sj scalar couplings between adjacent silicon sites. The
exceptions are the six singlets labeled #hich we have

However, as noted above, the structures had a large number ofidentified basg;:l on previous aSSignmentzg(Table 1.
hydrogen bonds, and because the local density approximation is notas At the 95%2°Si enrichment level oB, a*%Si atom at a @
good for such systems, the geometries were reoptimized with the Site has a 9.5% probability of having off&Si atom among its

gradient corrected B3LYP functional and the DZVP2 basis set;

two silicon nearest neighbors, and & &te has a 13.5%

frequencies were calculated to ensure that the optimized structures weregorobability of having one?Si atom among its three silicon

minima. The chemical shifts were recalculated at the GIAO/B3LYP/
TZP level using the new B3LYP geometries. Values closer to the
experimental shifts were found, and for Si(QHhe value of thé°Si
shift was—69.8 ppm.

nearest neighbors. The consequence of this distribution of finite
isotopomer probabilities is displayed by the 1-EXA spectrum

of the bridged cyclic tetramer (Figure 3d), as noted by Harris
et al?6 Both the A and X spin multiplets are superpositions of

Because no symmetry constraints were imposed during the geometryresonances from isotopomers with different number28sf

optimization and because of the presence of different hydrogen bond
interactions, sites that could be related by symmetry, such as the three

Q% atoms in the cyclic trimer, often had slightly different chemical

shifts. In these cases, the shifts of potentially symmetry related atoms

were averaged to produce a single value for comparison with the

(35) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,&n. J. Chem.
1992 70, 560-571.

(36) Vosko, S. J.; Wilk, L.; Nusair, WCan. J. Phys198Q 58, 1200-1211.

(37) Slater, J. CQuantum Theory of Atomic Structure, Vol.McGraw-Hill:
New York, 1960.

(38) Schindler, M.; Kutzelnigg, WJ. Chem. Phys1982 76, 1919-1933.

(39) Hansen, A. E.; Bouman, T. . Chem. Phys1985 82, 5035-5047.

(40) Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow, R.;
Granger, PPure Appl. Chem2001, 73, 1795-1818.

(41) Andzelm, J. W.; Wimmer, EJ. Chem. Phys1992 96, 1280-1303.

(42) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. So499Q 112, 8251-
8260.

(43) Schafer, A.; Horn, H.; Ahlrichs, RI. Chem. Physl1992 97, 2571-2577.

(44) Moravetski, V.; Hill, J.-R.; Eichler, U.; Cheetham, A. K.; Sauer]J.JAm.
Chem. Soc1996 118 13015-13020.

(45) Becke, A. DJ. Chem. Physl993 98, 1372-1377. Becke, A. DJ. Chem.
Phys.1993 98, 5648-5652. Lee, C.; Yang, W.; Parr, R. ®hys. Re. B
1988 37, 785-789.

(46) Gaussian 03, Revision B.05; Frisch, M. J. et al. Gaussian, Inc.: Wallingford
CT, 2004.

(47) Unger, B.; Jancke, H.; Haert, M.; Stade, HJ. Sol-Gel Sci. Technal994
2, 51.

atoms coupled to the observed spin. Besides complicating the
multiplet patterns in the 1-D spectra, the mix of isotopomers
also slightly distorts the classicalsX; antiphase cross-peak
pattern in the COSY spectrum. In general, the 1- and 2-D spectra
of the enriched sample are to be interpreted as superpositions
of signals from multiple isotopomers.

Sections of the COSY and D@RCOSY spectra of solution
B are presented in Figures 3 and 4, respectively. Because of
the need for long acquisition delays, the number of points
collected in the indirectly detected dimension is only half the
number in the directly detected dimension. The difference in
spectral resolution is evident in the asymmetry across the
diagonal in Figure 4, and in our analysis of cross-peak patterns,
we have considered features mainly in thelimension.

The cross-peaks found in the COSY and DEFOSY spectra
are cataloged in Tables 2 and 3. Since there are slight variations
in the chemical shifts of silicate sites from sample to sample,
1- and 2-D peaks were related to known oligomers by also
considering the peak intensity, the multiplet structure, and the
relative ordering of the peaks in the spectrum. Every cross-
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Figure 3. Various?°Si COSY cross-peak regions of solutiBn plotted with the 1-D spectra of the correspondicgandF; spectral ranges. Intense singlet
lines (designatedp have been truncated in the 1-D spectraz/f mixing pulse was used.

peak expected for the 16 oligomers in Figure 1 were found in every case, the simulated COSY cross-peaks closely matched
either or both the COSY and DRFCOSY spectra. the experimental result and, thus, support the findings of Harris
Cross-peaks that could not be assigned to the oligomers inand Knight.
Figure 1 are collected in Table 3. Cross-peaks that appear to be The pentacyclic heptamer, as a large spin network containing
associated with the same oligomer because of their alignment,strong couplings, serves as an illustrative benchmark of this
intensities, and similar patterns have been grouped. approach. Although this oligomer should have thifSi
Comparison of Experimental and Simulated COSY Spec- resonances, Harris and Knight were able to locate only the A
tra. With few exceptions, the unassigned peaks in the spectraand Y spin resonances and inferred the existence of an X spin
of 29Sj-enriched silicate solutions lie in bands where severe from selective homonuclear decoupling experimént3he
overlap of resonances complicates the separation of individual COSY spectrum in Figure 5 reveals the reasons for their
multiplets from 1-D spectra. Therefore, we have relied almost difficulty in finding the X spin resonance by 1-D methods. The
entirely on analyses of 2-D spectra, which provide a much X spin resonance is separated by just 0.26 ppm (approximately
clearer picture of the multiplet structures and internuclear 26 Hz at 99.304 MHz) from the Y resonance and thus could
connectivities. easily be overlooked by techniques that depend on selective
This approach was tested by comparing experimental andirradiation, such as 1-D homonuclear decoupling experiments.
simulated COSY spectra for several previously identified In addition, the X signal is the weakest of the three resonances
oligomers. The inputs for these calculations were the chemical and is obscured in one dimension by nearby peaks from more
shifts determined from our own spectra, listed in Table 2, and concentrated species, including the prismatic hexamer, hexa-
scalar couplings obtained earlier by Harris and Knig§i#.In cyclic octamer, and tricyclic hexamer Ilb.

2328 J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006



Solution Structures of Silicate Oligomers ARTICLES

Table 2: COSY and DQF—COSY Crosspeak Assignment to

S4 Ss ‘ Known Oligomers. for Labeling of Silicon Sites, See Figure 1
‘ [ Oligomer Cross-peaks center (ppm) Assignment
Natural [ | ‘ | . .
| “ | ”lf | ‘|| ' linear trimer 81.05,-89.69) (G, P
l. M 1 | ) linear tetramer £81.06,—89.31) (G, &
JURTIIN. X OU V PLL OV E [ Y R VUG | P 1 W LY S monosubstituted cyclic trimer  —<80.98,—91.05) (@, Q)
S, ‘ | S, (—82.61,-91.05) (G Q%
H"}. monosubstituted cyclic tetramer —80.80,—97.08) (G, @)
| ] ‘ (—88.80,—89.23}  (Q%(A), Q¥B))
Enriched |, /| | o (-88.80,-97.08)  (Q(A), Q)
[.-,,I\‘,Illi |I [ |'1‘ '"Ja ) bicyclic pentamer £82.63,—-89.94) (G, Q%
oA WL LA I _ _ (—89.36,—89.94F  (Q2, Q%)
e A et bridged cyclic tetramer +87.00,—94.68) (@, Q3
tricyclic hexamer | £88.98,—97.60) (@, Q)
N (—88.98,-90.28}  (Q2, Q%(A))
ﬁ (-89.28,-97.60)  (FY(B), ¥
-91- 53 & (—89.28,—90.28}  (Q%*(B), Q*(A))
o6 : 8 tricyclic hexamer lla €isoid) (—83.19,-89.38) (@, Q%
;_;@2“ ° tricyclic hexamer lib {ransoid ~ (—83.36,—90.64) (G, Q%)
.o doubly bridged cyclic tetramer  —87.30,—94.08) (@,
pentacyclic heptamer —90.43,-91.91)  (G(X), Q%(A))
(—90.69,-91.91)  (G(Y), Q3(A))
'é‘ -90 - hexacyclic octamer +90.61,—93.19)  (GY(B), Q3(A))
= (-90.61,-99.46)  (GY(B), Q)
o
w . aFrom DQF-COSY spectrum.
EE Table 3: COSY and DQF—COSY Resonances Not Assigned to
-89 - Known Oligomers
Oligomer ID Cross-peaks center (ppm)
1 (—81.21,—90.88)
2 (—80.69,-97.58)
3 (—81.18,—89.35)
-88 T T T 4 (—82.71,—90.88)
-88 -89 -90 -91 5 (—89.16,—96.97)
6 89.30,—97.81)
F, (ppm) 7 88.81,—89.27}b

Figure 4. Diagonal region of &°Si DQF—COSY spectrum of solutioB

in a spectral range containing resonances froha@ ¢! sites. The 1-D

(_
(_
(—88.81,—97.76)
(—89.27,—90.85}
(_

spectra of solutions made with natural abundance (soluAipand 2°Si- 8 (_ggii:g;gg

enriched (solutiorB) silica are shown above the 2-D spectrum. (~89.66,—97.31))

Table 1: Singlet Resonances in 2°Si Spectra of Concentrated 9 (—88.50,-96.80)

Silicate Solutions (—89.36,-96.80)

PeakID  Chemical shift (o)pm)*  Integrated intensity? Assignment aFrom DQF-COSY spectrum? Uncertain due to overlap with cross-
S —72.77 1.000 monomer @@ peak from monosubstituted cyclic tetramer.
S, —81.47 0.440 dimer (§
Ss —82.93 0.264 cyclic trimer (&) Structure Determination. The number of theoretically
i“ :gg'gg 8'183 gﬁg‘ﬁ;ﬁgfgf@:ﬂrm possible oligomer structures rapidly grows with increasing
S —98.18 0.013 cubic octamer & silicon numberNsg;, though many can be rejected immediately.

For example, the range of candidates is considerably narrowed

@ From solutionA measurements. by excluding structures with €sites, which are generally not

observed under the conditions considered Aefé26In this

Despite the low concentration of the pentacyclic heptamer, . N o
P P Y P Article, we furthermore assume that the coordination of silicon

which we estimate to be less than 0.5% of the silicic acid ) . .
monomer, its experimental COSY cross-peaks are readily found in our samples is exclusively tetracoordinate.
and confirmed as being a good match of the simulated cross- EXperimental and theoretical studié&*® have established
peaks. The asymmetry of the X and Y resonances, which is thethat solid silica, when hydrolyzed, enters the solution state as
result of strong couplings in the spin network, is also reflected the monomer. Silicate oligomers thus form via the combination
in both the simulated and experimental cross-peaks and dem-0f smaller fragments in solution, with populations of higher
onstrates the sensitivity of this approach to subtle spectral Order oligomers reaching detectable levels only when total
features. silicon concentrations exceed certain thresh&ldSonsistent
Strong and intermediate couplings are a common feature of with this, a survey of past quantitative studies reveals that the
silicate oligomers, besides the pentacyclic hexamer, and Sig_relative population of individual species is a steeply declining
nificantly complicate the interpretation of 1-D spectra. Even
when such couplings are present, however, Figure 5 iIIustrates(j{S) Fleming, B. A.J. Colloid Interface Sci1986 110 40-64.

R . . . 9) Xiao, Y.; Lasaga, A. GGeochim. Cosmochim. Ac1®94 58, 5379-5400.
that the correlation spectra often display a simpler first order (50) Sjterg, S.; @man, L.; Ingri, N.Acta Chem. Scand. 2085 39, 93—107.

; ; B Svensson, I. L.; Sjoerg, S.; @man, L.J. Chem. Soc., Faraday Trans. 1
appearance, allowing thevalue of an active coupling to be 1986 82 Soa s Leimy, A R Cho. H. Rustad, J. R : Mason. M. J.
read directly from the cross-peak splittings. J. Soln. Chem2001, 30, 509-525.
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Figure 5. Experimental and simulated COSY cross-peaks of the pentacyclic
heptamer. The minor central features in the simulatef{AQ Q3(Y)) cross-

trisubstituted
monomer

bicyclic tetramer

Figure 6. New silicate tetramers identified with homonuclear correlation
experiments. The silicon sites are labeled with their observed chemical shifts
(ppm). The scalar couplings (Hz, in italics) between silicon sites were
determined directly from the cross-peak splittings; since tResifes of

the bicyclic tetramer are magnetically equivale}Q®, Q%) could not be
measured.

o
(]
o %0
d 0'. ° '.').
9 e
¢ %o o
cis trans

Figure 7. Energy-minimized structures of the bicyclic tetramer’s diaster-
eomers. Gray and red spheres represent Si and O atoms, respectively;
hydrogen atoms on nonbridging oxygens have been omitted.

Si—O—Si bridge can reduce the bond angle to near’1Ze
tetrahedral tetramer has been analyzed by Moravetski ¢t al.,
who have found that this oligomer is destabilized relative to
the monomer, but has a total energy that is lower than several
other structures of known stability. An alternative explanation
for its absence that does not rely on a stability argument is that
the molecule may be difficult to form from a binary reaction of
smaller oligomers. Although the tetrahedral tetramer can

peak are below the noise level of the experimental spectrum. Extra peakstheoretically be created from several binary reactions, such as

in the experimental spectrum are apodization artifacts ofjtdemension.
The 1-D spectrum is a simulation.

function of silicon number, and the most probable oligomers

the combination of the cyclic trimer and the monomer, these
would require the formation of three or more oxygen bridges
between the reagents and, thus, would be expected to have a

are those that can be formed by bimolecular reactions of favored!oW probability of proceeding to completion.

low order structures, such as the monomer, dimer, cyclic trimer,
cyclic tetramer, etc. A logical starting strategy, therefore, is to
consider candidates in order of increasing size.

Excluding structures containing “Qsites, every possible
oligomer withNg; < 3 has been experimentally discovered in
previous work. FoNs; = 4, the only oligomers that have not

The predicted COSY signature of the trisubstituted monomer
is a single (@, @) correlation. The oligomer label&tin Table
3 is the only unassigned resonance matching this description.
Closer inspection of the cross-peak itself (Figure 3b) reveals
that it has the appearance of a classicalzAvdtterns® with a
scalar coupling that can be read directly from the 2-D spectrum

been definitively detected in the past are the tetrahedral tetramert0 be 7.5 Hz. Our conclusion therefore is that oligoraés the

the trisubstituted monomer, and the bicyclic tetramer. The

trisubstituted monomer (Figure 6).

structures of the latter two oligomers are characterized by a  The bicyclic tetramer is similarly characterized by a single

single weak scalar coupling and should exhibit only a single

2-D resonance, in this case representing &, (@ correlation.

homonuclear correlation with easily recognized cross-peak From the positions of their correlated resonances, oligorhers

patterns.

Since the four silicon sites in the tetrahedral tetramer are
magnetically equivalent, the NMR spectrum of this oligomer
should consist of a distinctive singlet in thé!@hemical shift

3, and 4 in Table 3 are seen to be candidates, but upon
examination of the cross-peak patterns (Figure 3c), only the
oligomerl resonance is recognizable as a classigXl,4oattern,

with an AX scalar coupling of 4.2 Hz. Since the bicyclic

range. Except for Sand $, which have already been assigned tetramer is the smallest oligomer consistent with these observa-
to other oligomers, no such signal has been definitively located tions, we conclude that its identification as oligomeris

either in our spectra or in previous investigations. It has been
suggested that the structure may be too strained to be dtable,

credible.
Itis relevant to inquire why evidence for only a single bicyclic

but in fact, the tetrahedral tetramer resembles adamantane, andetramer was found in the correlation spectrum. Despite the

the only strain is in the SiO—Si bond angle, which is quite
flexible, with a value of~115 as compared to an optimum
bond angle in SiEOSIiH; of ~135°. We note that allowing
hydrogen bonding from Si(OH) to another Si(OH) across an
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apparent simplicity of the structure in Figure 6, two diastere-
omers of the bicyclic tetramer can be formed by rearrangement
of the coordination at the ®sites (Figure 7). Although an
energy minimum can be found for thensstructure, we have
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calculated that it is 62.8 kcal/mol higher than the minimum of 8.0£0.5. 89.15 8118
the cisisomer. If the populations of the two diastereomers are &—© - L ®
given by a thermal equilibrium, then only tioés diastereomer 75:1.0” -89.35

would be expected 'n. detemabl? concentrations at ropm tem'Figure 8. Proposed silicon network of oligom&r The chemical shift of
perature. The theoretical analysis also reveals that #si®s the middle @ site and theJ couplings are from the simulated spectrum
of thecisisomer are re|ative|y unstrained and have a chemical that was the closest visual match of the experimental spectrum-88el5

P 20c; : ppm resonance was not actually observed, and therefore the parameters
Sglﬁ !n the normal re'lnge for QSi nu.clel, Wherea,s, on? of the associated with this spin have larger uncertainties.
Q3 sites of thetransisomer (lower bridgehead Si in Figure 7)

is quite strained with a chemical shift substantially more positive. /4.5:t0‘5

The concentrations of four tetramers (the linear tetramer, the -90.8
cyclic tetramer, the monosubstituted cyclic trimer, and the M
trisubstituted monomer) can be estimated from the integrated / -82.71
NMR intensities of the solutio 1-D spectrum to be within 3.0£1.57

3—5% of the monomer concentration. The NMR intensities also
indicate that no oligomer withls; > 5 has a higher concentra- ) . .
tion, and no oligomer wittNs; < 3 has a lower concentration fhlgurg 9. P_roposed silicon networl_< of oligomér TheJ value_s are from

e simulation that was the best visual match of the experimental COSY
than these four tetramers. The intensities of the bicyclic tetramer spectrum. The interaction of the magnetically equivalen®®ites in each
peaks are more difficult to determine due to spectral overlap in ring does not affect the spectrum and could not be measured.
the 1-D spectrum; nevertheless, it is clear that this molecule is
anomalous, with a concentration that is less than 20% of those
of the other four tetramers. The bicyclic tetramer is unique
among the tetramers in that its formation by a binary reaction
of two smaller oligomers (e.g., the monomer and cyclic trimer)
requires the creation of at least two-8)—Si linkages, whereas
the other tetramers can be formed via reactions in which only
a single S-O—Si linkage is created. It is therefore plausible

that its probability of fqrmat|on W(,JUId be lower. COSY spectrum aroune-89.35 ppm (Figure 4), we estimate
We have also considered assignments of cross-fleflk 54 the (A, B) correlation would not be distinguishable as an
oligomers pf Iarg_er size as a possible explanathn of the low off-diagonal resonance [B(A) — o(B)| < 0.2 ppm at 99.304
concentration. Slnce_ the “Qand Q ch_emmal S_h'ft rangés  MHz. Simulations withy(A) = —89.15 ppm and a proper choice
overlap, one alternative interpretation is to assign-#g4.21 of J(B, X) andJ(A, B) indicate that close correspondence with

ppm line to a Q site. Furthermore, it may be seen in Table 3y, experimental COSY spectrum can be obtained with this
that oligomersl and4 both have lines at-90.88 ppm, which 54| The A, B, and X multiplets deviate markedly from

implies that the cross-peaks could belong to the same molecule jnhje first order patterns in the 1-D spectrum because of strong
It follows from this interpretation that the putative oligomer

X ) . coupling effects, but in the COSY spectrum, the (B, X)
contains a structural unit of the form*@Q®—Q?. Such a unit

: ¢ ) - - . correlation largely retains the classical “triplet/doublet” pattern
is found in both the monosubstituted and disubstituted cyclic of a weakly coupled spin system. The computational results are
trimers, but the fqrmer has already been located (Table 2) and ., sistent with the observed shifts.

thus we exclude it. We have computed cross-peak patterns for

! ’ - 1y Oligomer 4. The chemical shifts of oligomet's correlated
the d!substltuted cyclic trimer that can be_mat(_:hed to the asonances signify a single QO™ correlation. The cross-
experimental patterns, but the two-bortdSi—2°Si scalar

| ) ) - peak pattern indicates that to first order th& @sonance is a
couplings we obtained are outside the credible range for thesey, ,njet with a 4.5 Hz splitting, while theXmultiplet is a triplet

parameters, and hence this oligomer is an unlikely explanation. i the same splitting (Figure 3c). The smallest spin network

bicyclic hexamer |

In addition to a (B, X) correlation, the COSY spectrum of
an A(BX), spin system should contain an (A, B) correlation.
No evidence of such a correlation was found in either the COSY
or DQF—COSY spectrum. We hypothesize that the chemical
shifts of the A and B spins, which are boti? €tes in a linear
chain, are so close in value that the correlation peaks cannot be
differentiated from autocorrelation signals. Given the numerous
overlapped cross-peaks in the diagonal region of the BQF

Oligomer 3. The —81.18 ppm resonance of oligométies that is consistent with these observations is the oligomer we
in a range that is associated with both ghd @' sites, while label as bicyclic hexamer I. This structure can be described as
the —89.35 ppm chemical shift is consistent wittf @d G* two cyclic trimers connected by a bridging oxygen. Simulations
sites. The ambiguity is resolved by examining the cross-peak comparing favorably with the experimental cross-peaks can
pattern (Figure 3c), which indicates that to first ordertt&1.18 indeed be calculated withvalues that are appropriate for the

ppm resonance is a doublet with an 8.0 Hz splitting, and the coupled Q sites (Figure 9).
—89.35 ppm resonance is a triplet also with 8.0 Hz splittings.  The (@, Q%) cross-peak pattern is relatively insensitive to
The most plausible explanation is that th81.18 and—89.35 the strong coupling between the chemically equivalefsiges.
ppm resonances correspond td &@d @ sites, respectively. Variation of J(Q%, Q%) was found to result mainly in subtle

A 2-D cross-peak pattern that is a doublet in one dimension changes in the shapes, but not splitting, of th&,(Q%) cross-
and a triplet in the second dimension is the signature correlation peak, thus the value of this parameter determined by comparison
of an AX; spin system. The oligome3 cross-peak pattern is  of 2-D data has an inherently large relative uncertainty.
indeed almost superimposable on the COSY resonance of the Oligomers 5 and 6.The—96.97 ppm resonance of oligomer
linear trimer (and situated very near to it), but is considerably 5 can be confidently assigned on the basis of its chemical shift
weaker. Since the linear trimer has already been accounted forfto a @ site, but the—89.16 ppm resonance lies in the ranges
we turn our attention to the linear pentamer, which can be for both & and @' sites, and at first glance, its assignment is
represented as an A(BX}pin system. ambiguous. There are no simple small structufds & 8)
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5.0:1.0, 5.0£1.0,
4.5:1.0 \ \-89.16 40£1.0 N 1-89.30

7.080.5' -96.97 6.561.0' -97.81
bicyclic hexamer Il bicyclic hexamer lla

Figure 10. Proposed silicon networks of oligomeésand6 with theJ and
chemical shift parameters of the simulations that were the best matches to

value for the unstrained site. The shift for the unstrained site is
3 to 4 ppm below that of the Qsite in cis isomer. In both
stereoisomers, we assume thesfies are rapidly interconverting
so only a singléSi resonance is observed at the average line
position, in accordance with the experimental finding.
Oligomer 7. From the integrated intensities of tH&Si
resonances, we estimate that oligonieris comparable in
concentration to the monosubstituted tetramer, the bridged cyclic

the experimental COSY spectrum. The structures are stereoisomers of eacfietramer, and tricyclic hexamer |, and at least 5 times higher in

other.

® o ‘)o ‘)‘ °
Y 3
e S S
‘. trans

Figure 11. Energy-minimized structures of the bicyclic hexamer's dia-
stereomers (cf. Figure 10).

consisting only of @ and @ sites, so we regard the®Q
assignment as unlikely. It is possible that this oligomer has
correlations that were missed in the 2-D spectra, but the large
intensity of the —89.16 and—96.97 ppm peaks and their

concentration than the pentacyclic heptamer. Since every
oligomer with Ns; < 4 has already been accounted for, the
concentration o in relation to these other oligomers strongly
implies that it consists of 5 or 6 Si atoms. The correlations of
the —97.76 ppm peak with resonances-&88.81 and—90.85
ppm furthermore indicate that contains a silicon network of
the form G—Q3—Q?3. If we add the constraint that only 2 or 3
silicon atoms can be added to this unit to complete the structure,
then the most plausible explanation is tfias a stereocisomer

of the tricyclic hexamer I. The 1- and 2-D correlation spectra
of 7 are similar to those of the tricyclic hexamer I, and we have
confirmed that the major features of the experimental COSY
spectrum (Figs. 3a and 4) can indeed be replicated by simula-
tions that assum@ is a stereisomer of tricyclic hexamer 1.

separation from other resonances in one dimension make this 1 Ne tricyclic hexamer I potentially has four chiral Si atoms

doubtful.

If we interpret the oligomeb 2-D resonance as a #QQ?)
correlation, then it follows from a first order analysis of the
cross-peak pattern (Figure 3a) that thest@e is actively coupled
to only one @ site, and the &site is actively coupled to two
Q? sites, that is, the oligomer contains a unit of the ford-Q
Q3—Q2 The cross-peak pattern deviates slightly from a classical
first order appearance, however, and thus we infer the presenc
of strong couplings in the structure of oligon®erThe smallest
structure that is consistent with these observations belongs to
the oligomer we label as bicyclic hexamer Il. Our simulated

depending on the orientations of the OH groups and the different
acid sites, and thus could have multiple diastereomers in addition
to possible conformers. We have analyzed the neutral (i.e., all
nonbridging oxygens protonated), unsolvated tricyclic hexamer
I, and among the potential stereocisomers only a single energy
minimum was identified. Inversion at one of thé @ Q3 sites

of this structure to form other diastereomers was invariably

dound to point the inverted center’'s nonbridging oxygen in

energetically unfavorable directions and destabilize the molecule.
Our calculations have been done for the neutral oligomer. A
tricyclic hexamer | anion with a stable structure that loses a

COSY spectra confirm that the experimental cross-peak patterng®roton from a different hydroxyl than observed for bicyclic
can be reproduced with the structure and parameters in Figureh€xamer | and suppressed proton exchange at the negatively

10.

A similar analysis holds for oligomes, and therefore, we
conclude thab is a stereoisomer di. The cross-peak pattern
for oligomer6 is less clearly seen because of partial overlap
with the (G(B), Q°) resonance of the tricyclic hexamer I, and
the uncertainties in the scalar coupling@&?, Qq), in particular,
are correspondingly larger.

Electronic structure calculations verify the existence and
stability of two diastereomers with similar energies, which we
call the cis and trans forms (Figure 11). As for the bicyclic

charged site could give rise to the signals we have observed.

If we accept the assignment @fas a stereoisomer of the
tricyclic hexamer | (or a stable anion), we observe that three of
the eight nearest neighbor scalar interactions in this oligomer
can be categorized as strong or intermediate couplings. The
dependence of the cross-peak splittings and patterns onthese
values is strongly nonlinear, and refinement of thealues is
a complicated task. The 22Q3(A) coupling is especially
problematic. The cross-peaks of this correlation almost com-
pletely overlap the stronger?@)—Q?B) cross-peaks of the

tetramer, the diastereomers are related by an inversion of atomgnonosubstituted cyclic tetramer, and the active coupling cannot

around one of the &sites. In thecis structure, the OH groups
on the two @ sites point to the same side of the molecular
“plane.” Thetranslinkage is formed by inverting the bonding
around one of the Si atoms, which results in one3Qite
being strained from a tetrahedral geometry and the other
unstrained.

The trans diastereomer has two stable conformers, with
energies 6.3 and 8.1 kcal/mol above that ofdisdorm. Because
of the different orientations of the OH groups, the twdses
in the cis structure have chemical shifts that differ by 1 ppm,
whereas for the lower energsansisomer, the chemical shifts
of the strained ®?2°Sj site is almost 11 ppm lower than the
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be accurately determined. Since the cross-peaks even of remote
spins are affected by the strong couplings, there are relatively
large uncertainties in all of th&values of this oligomer. All of

the putative] values nevertheless lie within ranges established
by previous studies for the associatet-@QV interaction!®

Oligomers 8 and 9.The chemical shifts of the oligome
resonances suggest a structure consisting of two disthsit€3
and one @site. The cross-peak pattern of the88.41,—97.31)
correlation indicates that the88.41 ppm multiplet to first order
is a triplet, with a splitting of 6.5 Hz (Figs. 3a). Since th87.31
ppm resonance is also correlated with th€39.66 ppm
resonance, it may be inferred that the oligomer contains units
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Figure 12. Proposed silicon network of oligom@with theJ and chemical 2 ) 2
shift parameters of the simulation that was the best match to the experimental 5 [
COSY spectrum. The network has the same internuclear connectivities as ‘ .)\.
the tricyclic hexamer |, and is assumed to be a stereoisomer. .. @) . @ ’
6.5:0.5, _-88.41 6.5:0.5, _-88.50 .3 2 e, o o J# ~®
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Figure 13. Proposed silicon networks of oligomesgleft) and9 (right) Q)O
with the J and chemical shift parameters of the simulations that were the o
best matches to the experimental COSY spectrum. The structures are
stereoisomers of each other. 711

. Figure 14. Energy-minimized structures of the tricyclic hexamer Il
of the form—Q?(A) —Q*—Q?(B)—Q3*—Q*A) —, with the (F(B) diastereomers, with total energies in kcal/mol.

site corresponding to the-88.41 ppm resonance. The@)

resonance exhibits no other correlations, so we conclude that it @
is connected to another?@) site or to a @ site. In addition, a Y "y -
the intensities of the three peaks are in a range comparable to [ [ } 9 *J . 9o
the intensities of oligomers with 5 and 6 Si atoms. ‘5 ) “J ¢ ¥
Figure 13 displays an oligomer that is consistent with these (- ] ’J ® D
findings. Simulated cross-peak patterns that agree well with the d 9 o ® -‘
experimentally observed ones are obtained with the parameters [ o
shown in this figure. However, it is also possible to explain gig ‘;‘é"g

these results and obtain simulations that match experimental
spectra by assigning to the bridged cyclic tetramer (Figure
1). Although it is usually assumed that the? Qites of this
oligomer are magnetically equivalent, we have identified energy are 31.1 kcal/mol or higher than the lowest two, which are
minima corresponding to structures in which the symmetry is separated by only 3.1 kcal/mol. Thus, if the diastereomer
removed. If the sites do not interconvert rapidly on the time populations are thermally equilibrated at room temperature, the
scale of the measurement, the NMR signals of tRei@s will oligomer’s total population would be dominated by the two
appear as separated lines. lowest-lying diastereomers, as is observed experimentally.
The oligomer9 2-D correlation spectrum resembles that of A similar argument can explain other instances of undetected
oligomer8, both in the chemical shifts of correlated resonances diastereomers. As one example, we consider the bicyclic
and in the cross-peak patterns. The same reasoning that led t@entamer, which in principle can have two diastereomers (Figure
the deduction of the structure of oligom@itherefore applies 15). Our calculations show that energy minima can be found
to 9. Because the bridged cyclic tetramer Il structure contains for both diastereomers, but the separation in energy is so large
two potential chiral centers, diastereomers as well as conformersthat the population of thé&rans form will be an undetectable
are a topological possibility, and simulations that correspond fraction of thecis isomer.
closely to the experimental spectra can be obtained by assuming Energy calculations of oligomers that are not necessarily
9is a diastereomer & (Figure 13). However, as for the tricyclic ~ stereoisomers also results in interesting comparisons. The
hexamer |, geometry optimization of the unsolvated, neutral tricyclic hexamer | is the most stable six-silicon molecule
oligomer reveals the existence of only one stable stereoisomer,followed by the tricyclic hexamer IIA and IIB, which are 2.5
and solvation or charge effects may need to be invoked to and 5.7 kcal/mol higher in energy, respectively. The doubly
identify other stable structures of this oligomer just as Tor bridged cyclic tetramer is 3.3 kcal/mol higher in energy. The
Isomerism and Relative Energies of Other Oligomers. observation of the higher energy species in solution can have
Harris and Knight found experimental evidence for two dia- two explanations. The first is that silicate species formation is
stereomers of the oligomer they called the tricyclic hexamer being controlled kinetically. The second is that the energies of
11,1526 even though five diastereomers can be constructed with the different structures are more nearly equal when solvation
this network (Figure 14). We have determined that energy and ionic states (loss of protons) are taken into consideration.
minima exist for all five diastereomers, but three of the energies Similarly, for the bicyclic hexamers, the bridged cyclic tetramer

Figure 15. Energy-minimized structures of the bicyclic pentamer’s
diastereomers, with total energies in kcal/mol.
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Table 4: Calculated 2°Si Chemical Shifts (ppm from DSS) and Their Deviations from Experimentally Determined Values dexp — Ocac (in
parentheses)

OIigomer Ql QZ ta Q:!( Q3
chain ring

dimer —78.5 (=3.0)

linear trimer —80.6 (-0.5) —88.0 (-1.7)

cyclic trimer —85.9 (3.0)

linear tetramer —79.1(=2.0) —86.3 (-3.0)

cyclic tetramer —89.4 (0.4)

monosubstituted cyclic trimer —77.5(3.5) —84.7 (2.1) —88.9 (-2.1)

monosubstituted cyclic tetramer —77.0 (-3.8) —88.4 (=0.4) (A) —97.9(0.8)

—92.4 (3.2) (B)

bicyclic pentamer —88.4 (—1.0) —84.1(1.5) —91.7 (1.8)

bridged cyclic tetramer —89.7 (2.7) —99.6 (4.9)

prismatic hexamer —93.2(3.3)

tricyclic hexamer | —93.1(4.1) —93.7 (3.4) (A) —99.8(2.2)
—91.7 (2.4) (B)

tricyclic hexamer llaisoid) —86.3 (3.1) —95.3(5.9)

tricyclic hexamer lb {ransoid —84.4(1.0) —87.9(2.7)

doubly bridged cyclic tetramer —90.9 (3.6) —99.3(5.2)

pentacyclic heptamer —90.3 (-0.1) —89.1 (-2.8)
—89.1 (-1.6)

cubic octamer —105.2 (7.0)

hexacyclic octamer —98 (4.8) (A) —105.3(5.8)
—95.1 (4.5) (B)

trisubstituted monomer —79.6 —1.1) —99.5(1.9)

bicyclic tetramer —82.1(0.9) —84.6 (-6.3)

linear pentamer —80.0 -1.2) —88.6 (—0.6)

—86.6 (—2.8)

bicyclic hexamer | —85.4(2.7) —97.4 (6.5)

bicyclic hexamer I —91.7 (2.4) —101.4 (3.6)

bicyclic hexamer lla —88.2 (—1.0) —92.7 4.3)

bridged cyclic tetramer lla —82.4 (-6.1) —94.4 (-2.4)

—87.71.7)
|0 exg—Ocaid 2.1 2.0 2.2 2.0 3.7 3.8

aExcludes @ atoms in three-silicon rings (next column).

Il is the most stable species, followed by ttisandtransforms low. A skewing of the calculated shifts for certain Q sites might
of the bicyclic hexamer Il (0.3 and 6.6 kcal/mol higher, therefore reflect the systematic effects of solvation and different
respectively) and the bicyclic hexamer | (9.8 kcal/mol higher). ionization sites. The magnitude of the ionization effect alone is
As other examples, the cyclic tetramer is 4.5 kcal/mol more illustrated by the chemical shift behavior of the monomer, which
stable as compared to the monosubstituted cyclic trimer, thewe and other¥ have found to move in the positive direction
cubic octamer is 8.2 kcal/mol more stable as compared to theby a few ppm when a proton is removed from the neutral
hexacyclic octamer, and the bridged cyclic tetramer is 2.6 kcal/ monomer to form the-1 ion.

mol more stable as compared to the bicyclic pentamer. Thus if  The actual geometries in solution could be different from
all of these structures are formed, kinetic control is the dominant optimized gas-phase structures due to different hydrogen

effect. ) . o ) bonding patterns and charge states. In particular, differences in
Companson O,f Expgrlmental and Calculated**Si Chemi- the bond angles in the free molecule and the molecule in solution
cal Shifts. Chemical shifts calculated by the GIAO method and ¢, ;14 explain most of the differences in the experimental and

averaged as described in the Computational section are listed,;|c\jated chemical shifts. This is consistent with the depen-
in Table 4. Also presented in the bottom row of the Table is dence of the chemical shifts on the local DET and B3LYP
the average magnitude of the deviation of the calculated andgeometries as noted earlier

measured shifts. This Table reveals that the difference between™ __ . .
Silicon-29 Homonuclear Scalar Couplings. Two-bond

the measured and computed shifts is consistently larger¥or Q . . . .

sites and @ sites as compared to other types of Q species. scalar CO!JP"”QS determined ifSi-enriched sq_amples are

Furthermore, the calculated shifts fot @d @& chain sites are compiled in Taple 5 The.i values of the new pllgomers we
have proposed in this Article are seen to lie within or near the

uniformly higher than the experimental values, whereas fér Q ) i A6

sites the theoretical results are skewed low, suggesting that theréar:gei established by previous measure For some
may be a systematic error in the way the shifts or local Q Q" interacting pairs theJ couplings are found to be
environments are determined for these sites. characterized by narrow limits, while for other pairs the

It has been demonstrated both experimentally and theoreti-diSPersion inJ values is much larger among oligomers. As a
cally that the?*Si chemical shift in silicates is quite sensitive to  9roup; the largest scalar couplings are those involving ohe Q
the Si-O—Si bond angle and decreases with increasing digle. Sit€: which are clustered between 6.6 and 8.0 Hz. The smallest

This angle is also easy to vary as the bending potential is very Intéractions are those between Si atoms in the same three-Si
ring, e.g., @—Q?3, which lie from 3.3 to 4.5 Hz.

(51) Engelhardt, G.; Radeglia, Rhem. Phys. Letll984 108 271-274. Tossell, ; icati ; i
J. A Lazzeretti, PPhys. Chem. Mineral988 15, 564-569. Xue, X.. The implication of these observations is that the parameters
Kanzaki, M.Phys. Chem. Mineral&998 26, 14—30. governingJ couplings have a narrower range of allowed values
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Table 5: Two-bond 2°Si—29Si Scalar Couplings (Hz) in Silicates: Dependence on Interacting Q Species

oligomer Ql_QZ Ql_Q3 Ql_QSl QQ_QZ QZ_Q3 QZ_QS( QZ[_QQ[ a QS_Q3 QB_Q3[ Q St_QSI a Q 3t_Q3[ b
linear trimef 6.9
linear tetramet 6.7 7.9
monosubstituted cyclic trimér 6.6 3.6
monosubstituted cyclic tetranter 6.8 6.5 6.5
bicyclic pentamer 8.0 5.4 3.8 3.4
bridged cyclic tetramér 5.4
tricyclic hexamer 7.6 5.6 4.8 33,44
tricyclic hexamer lla ¢isoid)® 3.9 3.3 5.7
tricyclic hexamer llb {ransoid® 3.9 3.3 5.7
doubly bridged cyclic tetramér 5.6 4.4
pentacyclic heptamer 7.5 4.3,3.3 5.7
hexacyclic octamér 5.0 5.8 43,33 9.8
trisubstituted monomer 7.5
bicyclic tetramer 4.2
linear pentamer 8.0 7.5
bicyclic hexamer | 4.5 3.0
bicyclic hexamer Il 5.0 7.0 4.5
bicyclic hexamer lla 5.0 6.5 4.0
tricyclic hexamer la 55 55 3.2 4.0,4.5
bridged cyclic tetramer Il 8.0 8.0,6.5
bridged cyclic tetramer lla 8.0 7.5,6.5
Mean 7.2 7.2 6.6 7.0 6.6 6.0 4.0 4.5 4.6 3.8 6.0
Standard deviation 0.7 0.5 1.3 0.9 1.0 0.3 0.4 1.3 0.5 2.4

aCoupled nuclei are in the same three-Si rik@.oupled nuclei are in different three-Si ringData from Harris and Knight:26

in some structural units than in others. In some cases, the narrowchemically inequivalent silicon sites, in most cases three or less.
limits are associated with an inflexible, closed structure that In addition, from the integrated 1-D peak intensities it can be
permits little variation in bond angles and lengths. The narrow inferred that the new oligomers are comparable in concentration
Jranges for @sites can be attributed to the absence of networks, to the small oligomers discovered in the past. These observations
i.e., oxygen bridges to two or three Si neighbors, that can force imply that the new oligomers should have relatively simple,
the local bonding into a variety of extreme geometries. small, symmetric structures. From a survey of traditional ball-
Table 5 also shows a correlation between local structure andand-stick drawings of oligomer structures, it might appear that
the magnitude of thd coupling, wherein StO—Si units that there are too few plausible candidate structures Wigh< 6 to
are able to relax into favorable “ideal” geometries halve  support this conclusion, but such drawings fail to adequately
couplings that are approximately twice as large as those-of Si  represent the multiplicity of isomeric forms a silicate network
O—Si units in more strained configurations. Examples of the can assume, especially when the potential chirality had

former include Si pairs involving one'Gite, and @—Q? or Q°t sites is considered. Computational models confirm that
Q%>—@?® linkages in either a linear arrangement or four-Si ring, several oligomers have several stereoisomers that are stable
whereas the latter group consists mainly of-8i~Si units in energy minima, and thus are satisfactory structures.

a three-Si ring. Thé®Si-?°Si two-bondJ coupling, like the?*Si The chirality of certain silicon sites greatly expands the

chemical shift, can thus be regarded as a sensitive empiricalspectrum of geometries that a silicate network can have, both

measure of local structure in silicate networks. Several studiesin solution state species and in solid lattices. These diastereomers

have confirmed the strong dependence of an electronic propertywill have different NMR parameters, chemical properties, and

on the Si-O—Si bond angle, viz., thé®Si chemical shift,5! structures, which suggests greater attention will be needed in

but to our knowledge a theoretical analysis at a comparable levelfuture experimental and theoretical studies in the specification

on the two-bond scalar interaction has not been undertaken. of silicate structures with the potential for configurational and
conformational isomerism.
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A notable finding of the correlation experiments is that the
newly detected oligomers contain only a small number of JA0559202

5. Conclusion
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