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Crystalline sodium metasilicate, b&iO;, has been investigated BBi, 2Na, and’O MAS NMR spectroscopy.

The'’0 quadrupolar coupling parameters have been measured for the bridging oxygen (BO) and nonbridging
oxygen (NBO) sites. Ab initio calculations have also been performed for clusters modeling these oxygen
sites, as well as other sites in crystalline silicates of known structure. On the bases of ab initio calculations,
parametrized equations are discussed which describe trends in th®©RfDadrupolar coupling parameters.

The agreement between these parametrized equations and reported values for a variety of crystalline
environments is shown to be quite good. The ab initio calculated NBQuadrupolar coupling parameters

are also in agreement with measured results fofSN& and analogous crystalline alkali silicates such as
(X.-NaQSi205 and L|28|205

1. Introduction environments, such as bridging oxygen sites in,@i@ymorphs,
has been quite godtAlthough ab initio calculations have been

A multinuclear NMR investigation can provide a compre- erformed for more complex oxvaen environments which
hensive description of local structure around a variety of atoms P P Y9

in a material, even in the absence of long range order. AdvancesInCIUde modifier cations? it is important to deterrr_\ine how \_/veII

in solid-staté NMR3 during the past decade have greatly these calculated trends are in agreement with experimental
improved this approach, placing quadrupolar nuclei sucfiGas results. ) . .

23Na, and!!B nearly on par with more commonly studied spin The experimentally determinetfO quadrupolar coupling

Y, nuclei such asH, 1°C, 29Si, and3!P. The remaining task, ~Parameters of N&iOs, reported here, allow us to consider
however, is to bring our understanding of the relationships oxygen sites which are more structurally complex. For example,

between the NMR parameters of quadrupolar nuclei and local th%_bndglr}[g oxygenhsnte 'g.'\fs'(% 'Sf ;o:(;dg\ate?j tt\)/?// twlc_)
structure to the same level that currently exists for $ginuclei. sodium cations, each at a distance of <. » an 0 stlicon

Because of the historical difficulties associated with doing gt_(irgs,dt_)otth ata ?lstagc_es gf 1'6|2 A, corr]13|dera;1bly Iongertthan
170 solid-state NMR, relatively little is known of the relation- ' istances found in SiOpolymorphs such as quartz,
ships between'’0 NMR parameters and structure when cristobalite, or coesite. The nonbridging oxygen site is also
compared to the more commonly used shinprobes. Inves- remarkable because it is, to our knowledge, a rare example of
tigations by Tossell and co-workér§ were one of the earliest a nonbridging oxygen site in an all_<a|i silicate for which a I;nown
to have shown that ab initio quantum mechanical calculations chly\/ASFgal sr;[ruc_turtla e);'.?tts and da relllable mealt'surementt o%tme d
can be a powerful tool for researchers trying to connect chemical shift, guadrupolar coupling constant,  an
measured’O NMR parameters to structural features. Indeed, asymmetry parameter may be readily obtained since the bridging
the ab initio trends predicted iW’O quadrupolar coupling oxygen and “Oﬂbf'dg'“g OXygen resonances are well rgsc_:lved.
parameters with SiO—Si bond angle by Tossell and co-workers In previous S.tUd'éé severe ove_rlap of prldglng and nonb_rlfjglng
have been experimentally verified usit DAS; and these resonances in combination with the inherent low sensitivity of

! 17, id- i i _
theoretically derived trends have been indispensable in quantify- O solid state NMR made the determm_atlon of NMR param
ing structural distributions in silicate glasses. eters, particularly the_ quadrupolar coupling asymmetry param-

A crucial step in confirming theoretically derived trends eterhsomewhgt s_uspolluollIJs. ited T . L hich
between NMR parameters and structure is to compare experi- | NUS, N?]S'O3 IS eafy suited for an |nve”st|gat|0n W‘i Ic
mental results obtained for crystalline compounds with those continues the process of joining experimentally determ
predicted by calculations. At present, the agreement betweenduadrupolar coupling parameters, ab initio calculations, and a

experimental and theoretical results for relatively simple oxygen discussion of local structure at oxygen sites. In the present
multinuclear NMR investigatior?’Si and?3Na results also serve

* Corresponding author. FAX: 614-292-1685. E-mail: grandinettil@ O confirm the identity of the sample. THéO results for the
osu.edu. bridging and nonbridging oxygen sites in 103 are then
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TABLE 1: Experimental NMR Parameters in NaSiO3
Obtained from Lineshape Analyse3

chemical shift quadrupole coupling
parameters parameters
nucleus site O%, ppm A% ppm 5 Cq MHz g
2Na 22.1+£ 05 1.40+ 0.1 0.7+ 0.1
29Gj —76.7+0.2 =76+ 10 0.7+ 0.3
"0  BO 63+ 2 4.20+ 0.2 0.58+ 0.05
NBO 39+2 2.43+£ 0.1 0.17+£ 0.05 —

aThe simulations of the experimental spectra were performed using
a modified version of the Bruker WinFit software packag8imulation
conditions included second-order quadrupolar broadened line shapedrigure 1. Experimental?Na MAS NMR spectrum (upper line) of
under infinite spinning speed conditions. Gaussian distributior; in crystalline NaSiO; shown along with numerical simulation. Details
with a standard deviation af = 0.19 and 0.09 MHz were used for  of the numerical simulation are given in the caption of Table 1.
simulating the NBG’O and?*Na resonances, respectively. A Herzfeld
Berger analysi$ of the spinning sidebands for ti&i spectrum was 3. Theoretical Methods
performed to obtained the chemical shift anisotropy (CSA) parameters.

Frequency (ppm)

Ab initio calculations were performed using GAUSSIAN'94
at a restricted Hartreeg~ock level with a 6-31+G(d) basis set
discussed in relation to previous experimental results on otherused for all atoms. GAUSSIAN 94 calculates the traceless
crystalline alkali silicates, such a&NaSi»Os and LiSi;Os. electric field gradient (efg) tensor and outputs its Cartesian tensor
Ab initio calculations for the bridging and nonbridging oxygen elements. These calculated efg tensor elements are related to
sites are also considered and compared with results fromthe quadrupolar coupling constaty and quadrupolar coupling
crystalline alkali silicates. asymmetry parametey, according to

2. Experimental Methods Cy= ezQEhZZMh, and 7, = - g, 0,0 (1)

2.1. Sample SynthesisApproximately 40%*’O-enriched
SiO, powder was prepared by the hydrolysis of Si@lith
H,170. Crystalline NaSiOswas prepared by initially decarbon- : :
ating a mixture of’O-enriched Si@ with a stoichiometric - |[Gx«JandQis the nuclear electric quadrupole moment. For

quantity of NaCO; and 0.1% cobalt oxide (to decrease @t 10, a value of?Q/h = —6.11 MHz a.u? was used to convert
1033 K for 15 h. The sample was then melted at 1473 K and theg,, output from Gaussian into tHéO quadrupolar coupling
crystallized by slow cooling to 1053 K. The sample was then constant.

reground and recrystallized at the same temperature for 15 h. AS noted by Xue and Kanzaki, the nuclear quadrupole
All heating took place under Ar gas. Due to the hygroscopic moment cannot be directly measured and is typically derived
nature of the product, care was taken to avoid exposing the from the experimentaCq value and the calculated EFG for the

sample to the atmosphere and an Ar-gas substituted glovebox€€ atom. TheQvalue is therefore dependent on the manner
was utilized during the handling of the sample, i.e., the rotor " which the EFG is calculated, i.e., the basis set(s) and method

packing for the nuclear magnetic resonance (NMR) measure-&Mployed, and it has been common in many ab initio studies
ments. This synthesis procedure results in single phase poly-to treat theeQvalue as an adjustable parameter when calculating

crystalline NaSiOs, as confirmed by X-ray diffraction, and the ~ the guadrupolar coupling const&i:1°In this work we have
identity and purity of the crystalline sample used in this chosen to c_allbrate the absol_lﬁgvalues obtained by ab initio
investigation has been confirmed by magic angle spinning methods.wnh seve;ral e.xperlr.nen.tal results, an approach con-
(MAS) NMR spectroscopic results. sistent with a previous investigatioh.

2.2. NMR Spectroscopy.2Na, 2°Si, and70 magic angle Model clustgrs were constructe_d_ to represent the oxygen
spinning NMR experiments experiments were performed at 9.4 environments in Ng5iO; and other silicates. The clusters used

T on a Chemagnetics CMX Il spectrometer using a home-built 10 Medel bridging oxygen environments are similar to those
probe. Experiments were done at ambient temperature with described previoust with hydrogen atoms being added to

sample spinning rates between 12 and 14 kHz, unless otherwisd€'Minate dangling oxygen bonds. A variety of clusters were
noted. Samples were contained in a silicon nitride rotor with a ,emP',Oye_d for the study of nonbndgmg oxygen sites. The
4 mm diameter. Recycle times were obtained using a saturationlustification for the construction of these model clusters is
recovery experiment. Chemical shift data references are 1M addressed below.

NaCl for 2Na, TMS for2°Si and tap water fot’O. The23Na
spectrum was acquired using a Bloch decay sequence with
flip angle below™g (pulse length of 0.5 microseconds), arecycle  4.1. Sodium-23TheZNa MAS NMR spectrum obtained in
delay of 1.0 s, and a spectral width of 50 kHz. PA8i spectrum the present investigation is shown in Figure 1. On the bases of
was also acquired using a Bloch decay sequence with adiffraction studies/ we expect one sodium site in p&Os,
nonselective pulse length of 0.54 microseconds, a recycle delaycoordinated by five oxygen atoms with N® distances ranging

of 15.0 s, and a spectral width of 25 kHz. An echo sequence from 2.2 to 2.5 A. This site has a geometry of a distorted trigonal
(90—7—180—acquire) was used to collect th& spectra with bipyramidal and four of the oxygen coordinated to the sodium
a ", and & pulse lengths of 7.0 and 14.0 microseconds, are nonbridging oxygen with the fifth being a bridging oxygen.
respectively, an echo shift of 9.0 milliseconds, a recycle delay Fitting the 23Na spectrum to a single site, however, gives a
of 660 s, and a spectral width of 20 kHz. The experimental somewhat unsatisfactory result and suggests a sodium site which
NMR spin coupling parameters obtained from line shape is at least partially disordered. A spectrum similar in appearance
analyses of these three spectra are given in Table 1. was reported by Xue and Stebbihand the line shape attributed

whereeldy, L] elgyy[] andeld,,Care the principal components of
the electric field gradient tensor defined such {ixgt > |G,

a4. Experimental Results and Discussion
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Figure 2. 2°Si MAS NMR spectrum collected for crystalline p&Os at high and low spinning speeds, approximately 12 and 2.1 kHz, respectively.

In (a) a narrow region of the spectrum at high spinning speed is shown which includes the resonance from the siliconSii@irilNa spectrum

(b), at low speed, includes signal from the silicon nitride rotor and the sample. In each plot the experimental data is shown along with a simulation
fitting the data. Components of the simulation are shown below the spectrum.

to partial disordering of sodium or to multiple crystallographi- asymmetry parameter gf, = 0.7 +0.1. Although the agreement
cally unique sodium sites. Subsequent work, however, hasbetween these reported values are good, the apparent disorder
indicated that NgSiOs is prone to breaking into needle-shaped evident from the?3Na spectrum precludes a more precise
fragments when crush&tlnd so the line shape distortion may determination of the parameters. Qualitatively, the quadrupolar
be partly attributed to preferred crystalline orientations due to coupling constant and asymmetry parameter are expected to be
anisotropic particle shapes in the crushed sample. In either casenear zero for regular tetrahedra or octahedral coordinations, and
the derived parameters are in good approximation and agreenonzero for trigonal bipyramidal or quadratic pyramidal sym-
with reported valued? metries, with the largestq values present for planar geom-
Previous investigations have correlated fida isotropic etries?® Thus, the observed®Na C; and 54 values are
chemical shiftoy3 with the structural features of sodium sites qualitatively consistent with this prediction. In general, however,
in alkali silicate4®2021and mixed-alkali silicate® Ab initio correlations between structure and quadrupolar coupling pa-
methods, employed to compliment these findidtisave noted rameters for sodium in silicates may be ambiguous since the
that o2 in these systems is primarily dependent on the-Ra  contribution of even the most asymmetric first coordination
distance, the coordination number of the sodium, and the sphere structures around sodium to #idla electric field
bonding character of the oxygen. An empirical relationship gradient can be comparable to contributions from higher

betweenol? and the Na-O distance in crystalline silicate ~ coordination sphere structures, making it difficult to more

compounds has been repofted and indicates thady in- precisely predict the local structure of sodium sites based solely
creases in an approximately linear manner with decreasing©n the quadrupolar coupling parameters.
dna—o. This is consistent with the relatively larghs, value 4.2. Silicon-29. The only silicon site in Ng5i0; is a

reported here since the N® distances for N&iO; are rather tetrahedrally coordinated @ site. A high spinning speed (12
small (in comparison with other sodium silicates), having an kHz) spectrum showing only the region containing the resonance
averagedna—o value of only 2.38 A. In addition, as discussed from the silicon site in Nz5iOz is shown in Figure 2a. The full

in an ab initio study o2 increases with increasing sodium  spectrum collected at a low spinning speed of 2.1 kHz is shown
coordination numbers when the N® distance is constant.  in Figure 2b and includes an additional peak at approximately
Structurally, however, an increase in coordination number is —50 ppm attributed to the silicon nitride rotor. THSI isotropic
typically accompanied by an increasedi.—o; thus, these two ~ chemical shift, chemical shift tensor axiality, and chemical shift
influences orR2 are competing. The result of this competition  tensor asymmetry parametersigf, = —76.7 ppmAS = —76

ISO

is that the largest™2 values occur for sodium coordination & 10 ppm, andys, = 0.7 + 0.3, respectively, were measured
numbers near four or fiv& a finding in agreement with that ~ for the NaSiO; sample from the high speed spectrum and by
observed for the sodium in M&iO; with 5-fold coordination.  fitting of the sidebands present in the low spinning speed
The nature of the oxygen coordinated to the sodium is also anspectrum. The previously reported chemical shift parameters
important factor. Thed"2 value is somewhat larger when for NaSiOs, i.e., 83, = —77.6 ppm,AS' = —78 ppm, andy3,
sodium is coordinated by nonbridging oxygen versus bridging = 0.52+ 0.32°are in good agreement with the values reported
oxygen!® Therefore, the degree of depolymerization of the here.
silicate network plays a role in determining the sodium chemical  In general, silicon tetrahedrally coordinated by oxygen have
shift. Increasing depolymerization of the network leads to 52‘0 values in the range of60 to —120 ppm, and those in a
sodium primarily coordinated by nonbridging oxygen and thus Q@ environment within the range of74 to —95 ppm?2® The
having largerola values. This influence may be exemplified axiality and the asymmetry parameters, which are defined
by comparing theﬁgg values of 22.1 ppm for N&iO; versus elsewheré? are sensitive to the Q-species of the silicon atoms.
16.9 ppm foroa-NaSi,Os.18 In both cases the coordination For example, both @ and G* species have lowAS values
number of the sodium is five and the averafyg o values are due to their highly symmetric environments. It is also possible
approximately equal. The silicate network, however, differ with to distinguish @ species, which have largevalues, from @
NaSiO; and o-Na,Si-Os containing @ and @ tetrahedra, or @3 environments which hawgvalues near zero. AS'value
respectively. between—50 and—90 ppm and the largg value reported for
The quadrupolar coupling parametersdat= 1.46 MHz and the silicon site in NgSiOs is typical of Q2 sites in alkali
7q = 0.71 have been previously reported for the sodium site in silicates?” As expected, all thre®Si chemical shift parameters
NaSi0:.2° From the spectrum in Figure 1 we obtain a in NaSiO; are in good agreement with those of othe®Q
quadrupole coupling constant 6f = 1.404+0.1 MHz and an environments.
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assuming a single site, a less than satisfactory fit to a single
site was obtained for the nonbridging oxygen line shape. An
improved fit to the nonbridging oxygen line shape, shown in
Figure 3, was obtained using a Gaussian distributiclyivalues
centered about 2.43 MHz with a standard deviation of 0.15
MHz. This implies that there may be partial disordering of
sodium primarily about the nonbridging oxygen, and would also
be consistent with the disorder implied by th&a spectrum.

In general, the quadrupolar coupling constant of the non-
bridging oxygen is expected to be approximately half of that
for the bridging oxygen in silicates. This factor of 2 difference
follows from a simple point charge model of the electric field
gradient where the nonbridging oxygen is coordinated by one
silicon instead of two. Much more subtle structural details
around each of these sites, however, can be determined from
the quadrupolar coupling parameters, and this will be discussed
in the next section.

As with the 2°Si chemical shift, it is expected that the
paramagnetic contribution to th& chemical shift will be more
sensitive to structural changes around oxygen than the diamag-
netic contributior?® Thus it is not surprising that, just liké&Si,

4.3. Oxygen-17.There are two oxygen sites in p&iOs, a strong linear correlations exist betwe€® chemical shift and
bridging oxygen site and a nonbridging oxygen site, present in bond distances in the first coordination sphere. This trend is
the BO/NBO ratio of 33/67. The bridging oxygen links two  strongly pronounced for oxygen coordinated by alkaline earth
SiOy tetrahedra and is also coordinated by two sodium cations cations in the series BeO, MgO, CaO, SrO, and BaO, or for the
that are each 2.4 A from the bridging oxygen. The nonbridging group IIB oxides in the series ZnO, CdO, H§OTimken et
oxygen is coordinated by four sodium cations and these cations,al 32 first observed this trend in a series of alkaline earth
together with the silicon, form a distorted trigonal bipyramidal metasilicates for both bridging and nonbridging oxygen, al-
structure. The SiNBO distance is 1.592 A, a value typical of though the effect was more pronounced for the nonbridging
Si atoms in a @ environment. oxygen. A similar trend appears for oxygen coordinated by alkali

The "0 MAS NMR spectrum is presented in Figure 3 and cations, although the effect is less pronounced, as demonstrated
the chemical shift and quadrupolar coupling parameters derivedby Maekawa et al! in a series of crystalline and glassy alkali
from the line shape simulation for the bridging and nonbridging disilicates. This trend in alkali silicates is most apparent in the
oxygen sites are given in Table 1. The spectrum is characterized’0 DAS results for a series of mixed alkali (sodium or
by a broad, lower intensity resonance witlCavalue of 4.20 potassium) disilicate glasses by Vermillion eZ%These results,
MHz and adj;, value of 63 ppm, and a narrow higher intensity which are summarized in Figure 4 for bridging and nonbridging
resonance with & value of 2.43 MHz and &, value of 39 oxygen sites modified by alkali and alkaline earth cations, clearly
ppm. The ratio of integrated intensities of the two line shapes demonstrate the strong correlation between i@ chemical
is approximately 40/60 and are assigned to the bridging and shift and structural features in the first coordination sphere.
nonbridging oxygen sites, respectively. This assignment is also  In contrast tol’O quadrupolar coupling parameters, the use
consistent with the respective quadrupolar coupling constantsof 7O isotropic chemical shifts as a probe of more subtle
and chemical shifts for the two resonanéés:2>2831 While a structural features has been elusive as it is becoming apparent
good fit to the bridging oxygen line shape was obtained that structural variations out to third coordination sphere can

-

B
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Figure 3. YO MAS NMR spectrum for Ng5iOs. The experimental
data is shown along with a simulation fitting the data. Components of

the simulation are shown below the spectrum. Details of the numerical
simulation are given in the caption of Table 1.
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Figure 4. Plot of 17O chemical shift versus average metal-ion radius in (a) alkali and (b) alkaline earth silicates. Bridging and nonbridging oxygen
are shown as open and filled symbols, respectively, in both plots. Tki®aresults from this investigation are represented as a star. Results for
(NakK1-4)2Si0s glasse® and crystalline alkali disilicatésand for crystalliné®32 and glass$? alkaline earth silicates are shown as squares. The
nonbridging oxygen site in k8i-Os (an outlier) is shown as an open square. Best fit lines for the BO and NBQ=ar&3.6x + 46.4 (2 = 0.972)

andy = 105 — 83.5 {2 = 0.985), respectively, for the alkali silicates, ape= 15.2 + 52.8 (2 = 0.905) andy = 128 — 50.4 {2 = 0.875),
respectively, for the alkaline earth silicates. Effective ionic radii data are from ref 34.
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TABLE 2: 70O Experimental and ab Initio Calculated Results for the Bridging Oxygen Sites in Crystalline Silica Polymorphs
and Alkali Silicates?

bridging oxygen environment

d(Si—0), no. of coord. d(M—O), experimental NMR parameters ab initio predicted
compound OSi—O-Si A modifiers A ref e, ppm  Cy/MHZz n ref  Cq n ratio
o-quartz 143.6 1.60,1.61 none n/a 38 302 525+0.1 0.18+0.02 39 —-5.81 0.202 0.90
cristobalite 146.47 1.60, 1.60 none n/a 40 462 53+0.1 0.125+ 0.005 41 -5.82 0.144 0.9% 0.02
coesite 180.00 1.59,1.59 none n/a 42 291 6.05+0.05 0.000+0.005 7 —6.31 0.020 0.96-0.01
14256 1.61,1.61 none n/a 42 441 5.43+0.05 0.166-0.005 7 —5.78 0.215 0.94-0.01
14953 1.61,1.60 none n/a 42 531 5.52+0.05 0.16%0.005 7 —6.04 0.144 0.9% 0.01
144.46 1.61,1.61 none n/a 42 5F1 5.45+0.05 0.168:0.005 7 —5.95 0.208 0.9% 0.01
137.22 1.62,1.62 none n/a 42 581 5.16+0.05 0.292-0.005 7 -—5.74 0.30 0.9G:0.01
Li,Si,Os 156 1.60, 1.60 none n/a 43 16810 5.6+0.3 0.55+0.2 11 -6.43 0.05 0.8 0.05
128 1.64,1.65 1Li 2.04 43 3% 10 4.05+0.3 0.05+0.1 11 —-4.94 0.74 0.82:0.06
NaSiOs 133.7 1.67,1.68 2 Na 240,240 17 @32 4.20+£0.2 0.584+0.05 this —5.2 049 0.82:0.04
work
o-NaSiOs 160.04 1.61,1.61 none n/a 44 510 5.74+02 0.2+0.1 11 -6.46 0.05 0.8%:0.03
138.93 1.64,1.64 1Na 2.39 44 7410 4.67+£0.2 0.3+0.1 11 -5.64 0.37 0.830.04
K2SisOqg 134.7 1.64,1.66 2K 298,298 45 6261 4.45+0.05 0.35+0.05 31 —-5.56 0.41 0.86:0.01
141.7 1.59,1.78 2K 2.79,3.00 45 9¥1 4.90+0.05 0.20+0.05 31 —-5.00 0.22 0.98:0.01

aModel clusters used in the ab initio calculations are denoted in column 6, and the ratio value in last column rEéfefsxfrerimental)/
C,y (calculated).

also have a significant influence on the chemical shift. For reasonable models for the different oxygen sites. With a few
example, in coesitehe experimentally measuré@ isotropic notable exceptions there is generally good agreement between
chemical shifts for the bridging oxygen appear to be entirely the experimental and ab initio predicted quadrupolar coupling
uncorrelated to StO—Si angle and StO distance. Xue and  parameters for each site. There is good agreement between
Kanzak? performed ab initio calculations employing clusters calculated;q values and experiment for all the crystalline silica
expanded out to four coordination spheres to model each of polymorphs, and again with a few notable exceptions, there is
the silicate bridging oxygen linkages in coesite and found that also good agreement between calculated and experimeptal
while the 1O Cy and 74 values converged within the first  values for all alkali silicates. The exceptions occur in cases
coordination sphere of each oxygen, it was necessary to extendvhere severe overlap of bridging and nonbridging resonances
the cluster calculations out to higher coordination spheres to in combination with the inherent low sensitivity fO solid-
obtain qualitative agreement with tHéO isotropic chemical state NMR made the experimental determination@fprob-
shifts. In work by Bull et af’” four complete coordination  lematic.
spheres around each oxygen site were needed in an ab initio 51 1. General Trendsin general, there are a number of
calculations to obtain reasonable agreement with experimentallystryctural features that play a role in determining @
Observed70 chemical shifts in siliceous zeolite faujaSite. As a quadrupolar Coup“ng parameters Of the br|dg|ng oxygen, with
result of this strong dependence 10 chemical shifts on  the most significant features occurring in the first coordination
structural variations beyond the first coordination sphere, we gphere of the bridging oxygen. The relevant features are the
have limited our theoretical investigations in the next section nature of the two coordinating network forming catiéA4s47
to the’O quadrupolar coupling parameters. Further theoretical the T-O—T' linkage anglé; ¢ the T-O bond distance® and
work on O chemical shifts is currently in progress. the nature and number of coordinating network modifier
cations!® For the quadrupolar coupling parameters contributions
from beyond the first coordination sphere of the bridging oxygen
We employed ab initio calculations on model clusters appear to be secondary in importance. For example, Xue and
depicting the bridging oxygen and the nonbridging oxygen sites Kanzak? performed ab initio calculations employing clusters
and compared these #0 quadrupolar coupling parameters expanded out to four coordination spheres to model each of
measured in crystalline compounds of known structure. Thus, the silicate bridging oxygen linkages in coesite and obtained a
in addition to NaSiOs results presented here, we have used the slightly improved agreement with the experimental trends, with
specific oxygen geometries found in the crystalline compounds corrections on the order of a few percent in #® Cy andzq
o-quartz, cristobalite, coesite;NaSiOs, Li>SiOs, and KoSisOg, values.
whose crystal structures are known and the NMR parameters Taking these first coordination sphere structural features into
for the oxygen sites have been experimentally determihed.  account, we employ the following general expression for the
5.1. Bridging Oxygen. Clusters modeling the bridging 170 quadrupolar coupling parameters of a bridging oxygen in
oxygen sites were constructed by placing atoms in their an alkali silicate:
crystallographic lattice positions and capping dangling oxygen
with hydrogen atoms. These clusters were used, after geometry 1 coR
optimization of hydrogen positions only, in ab initio calculations Co(S2iny) = a(§ + m) + nMACQ" @
to obtain the bridging oxyge@, and»ny parameters. Selected
structural parameters for the bridging oxygen sites are given in 1 © v
Table 2. —p/z__CO M
As expected, the calculateg); values need to be scaled to (€2 ) b(2 cos2 — 1)  A7q (Mw) 3)
bring them into agreement with the experiments. All scalings,
shown in Table 2, fall into a narrow range centered around 0.89, HereQ is the Si-O—Si angleny is the number of coordinating
indicating that the clusters used in these calculations are alkali metal cations, andcg" andAng" are the shifts irCq and

5. Theoretical Results and Discussion
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Figure 5. Molecular geometries used to investigate the effect 6f(&+Si bond angle variation and the presence of alkali cations near the bridging
oxygen atom on itd’O quadrupolar coupling parameters. (a) Staggered configuration without modifier cations present,(b) staggered configuration
with one modifier in the plane of the SD—Si angle and in the plane that bisects the-Gi-Si angle, (c) staggered configuration with two
modifier cations in the plane that bisects the-6—Si angle and each at an angle®4fway from the plane of the SO—Si angle.

TABLE 3: Best Fit Parameters for Equations 2 and 3, and the Linear Fit to theCq4 and 4 ab Initio Data (C, Scaled by 0.88)
for Clusters with Zero, One, or Two Coordinating Alkali Cations

C, dependence 14 dependence Cq, 174 COrrelation
cation(s) a, MHz a ACY, MHz b B Any slope, MHz intercept, MHz
none —5.85 1.78 0.00 5.03 1.09 0.000 2.28 —5.82
1Li* (duo = 2.0 A) —5.85 1.70 —0.66 6.58 1.18 0.364 2.17 —5.95
2Li* (duio =2.0A —5.85 1.71 —0.68 7.46 1.23 0.116 1.90 —4.65
1 Na" (dvao= 2.5 A) —5.85 1.69 —0.43 6.13 1.18 0.235 211 —5.86
2 Na" (dvao= 2.5 A) —5.85 1.71 —0.43 6.03 1.18 0.061 2.13 —5.07
1K" (dko = 2.8 A) -5.85 1.70 -0.21 5.76 1.17 0.131 2.15 —5.79
2K* (deo=2.8A) —5.85 1.72 —0.24 5.55 1.15 0.000 2.29 —5.33

nq due to the presence of these alkali cations coordinated atin alkali silicate compounds. For comparison, results are also
their equilibrium distances. The parametersy, b, andj are provided for silicate samples which do not have modifiers
additional adjustable parameters that have been calibrated usingresent, i.e., coesitand cristobalité!

both experiment and ab initio calculations. Of course, these  With the exception of the O2 site in 28409 (Which is
expressions are by no means unique in their ability to describe structurally unique, joining tetrahedrally and octahedrally
these relationships, and other expressions have been usedoordinated Si-atoms), there is excellent agreement between the
previously®849On the bases of these relationships, a plot of experimentalC, values and the predicted general trends. As
Cq versusyq is also expected to be nearly linear for bridging shown in Figure 6, the experimental values are in agreement
oxygen clusters, with th€q-intercept decreasing in magnitude  with the predicted trend i€, i.e., the experimental points are

with increasing modifier field strength and coordination. near the solid line which incorporates the best fit parameters
As discussed by Clark and Grandingttthe quadrupolar listed in Table 3. For a variety of bridging oxygen sites G
coupling constant is also linearly dependent on the (i parameter is systematically reduced in magnitude when modify-

distance. This dependence, however, is not explicitly indicated ing alkali cations are present, with this decrease being related
in equations 2 and 3, but rather is included implicitly by to the cation’s field-strength.

assuming that the SiO distance is energetically constrained Given that the general trends, which calculated using highly
by the Si-O—Si angle as described by Newton and Gibbs. symmetric model clusters (shown in Figure 5), still apply to
Thus its effect is included in the adjustable parameters of the the wide range of structures found in crystalline compounds
two expressions. This implies, however, thattf@ quadrupolar suggests that th€y parameter is primarily dependent on the
coupling constant of bridging oxygen linking highly “strained”  Si—O-Si angle, and the type and number of modifier cations
tetrahedra with StO distances deviating from the local energy present. Within the range of geometries characteristic of
minimum associated with a given bridging oxygen angle may crystalline alkali silicates, other structural features, such as cation
not be well described by these equations. In such cases, theorientation, appear to have a relatively minor influenceCg°
quadrupolar asymmetry parameter would serve as a better probé&hus these results confirm that tig parameter can serve as a

of the Si-O—Si angle. reliable probe of the SiO—Si angle and the number of
These relationships were calibrated by performing ab initio coordinating modifiers for the bridging oxygen in alkali silicates

calculations for the model clusters (Q§3)—O—Si(OH), over a wide range of geometries.

M[(OH)3Si—O—Si(OH);] ", and M[(OH)3Si—O—Si(OH)]? *, In general, the experimental results for the asymmetry

where M= Na, Li, or K. A graphical representation of these parameter follow the general trends with the magnitudgqof
various clusters are shown in Figure 5. Although previous results increasing for a given SiO—Si bond angle when alkali

were obtained for clusters containing Li- and Na-cati8nge modifiers are present. There are, however, a few notable
have extended these calculations to include the effects of exceptions. Both of thgq values for bridging oxygen sites in
coordination by K-cations. In each case, the-Gi~Si angle Li,Si,Os are far from the expected values; the experimental

was varied between 12Gand 180. Modifying cations were value for the bridging oxygen site with a single Li modifier is
placed at a distance typically observed in crystalline alkali much too low (Figure 6b) and the second site, which does not
silicates, i.e., 2.0 A for the Li-cluster, 2.5 A for the Na-cluster, include a modifying cation, has an experimental value much
and 2.8 A for the K-cluster. The best fit of the ab initio data to too high (Figure 6b). The experimental results for these
egs 2 and 3 yields the parameters in Table 3, and the associate@articular sites also diverge significantly from the predicted
best fit curves are shown as solid lines in Figure 6. Experimental trends when plotting versusCq (Figure 6b). Not surprisingly,
and calculated results are also included for bridging oxygen sitesthe ab initio calculategq values for bridging oxygen in clusters
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Figure 6. Comparison of general trends (solid lines), experimental (filled symbols), and calculated ab initio results (open s@nbudsed by

0.88). Experimental and ab initio predicted quadrupolar coupling parameters for specific bridging oxygen sites coordinated to no alkalecations ar
represented as squares, to one alkali cation as circles, and to two alkali cations as diamonds. In (a) are plots of quadrupolar coupling parameters
of the silica polymorphs, in (b) are plots for the lithium silicatggi;Os, in (c) sodium silicates NaS#)a-NaSi,Os, and (d) potassium silicate O2

site in KySisOq.

designed to match the exact geometries of the bridging oxygenthe number of experimental results becomes even smafigfl

in each crystal structure are in excellent agreement with the For this reason it is more difficult to establish trends between
general trends in every example considered, including the sitesstructure and NMR parameters in the same manner as was done
whose experimentajq values are in poor agreement with the for bridging oxygen sites, although a few general trends are
general trends. This supports our argument that the experimentabpparent. As discussed above, the chemical shift values for
values for the outliers may be suspect. In general it is more nonbridging oxygen atoms in silicates are sensitive to the type
difficult to extract preciseyq values tharC, values, suggesting  of metal cation modifying the network. Also, the, €alue for

that while theC, parameters for these sites may be correct, many nonbridging oxygen sites is approximately one-half the mag-
1q values may require reconsideration. Indeed, inspection of thenitude (near 2.3 MHz) of that for bridging oxygen sites.
published experimental MAS spectrum for the3i}Os samplé! The NMR parameters are given in Table 4 for the nonbridging
reveals that the bridging oxygen site resonances are broadenedyxygen site in NgSiO;. Parameters are also given for non-
overlapping, and display marginal signal/noise, and thus are bridging oxygen sites in-NaSiOs and LbSiOs. The experi-
difficult to completely resolve. By combining recent advances mentally determine@, values for these sites range from 2.4 to
such as RAPT with dynamic-angle spinnirfg?or FASTER? 2.45(0.1) MHz andyq values range from 0.1 to 0.2. TheSg

with multiple-quantum magic-angle spinnitthese compounds  values are similar to reported values for NBO in crystalline or

should be revisited for a more accuraiggmeasurement. glassy alkali silicate$!2%31 A salient characteristic for NBO
5.2. Nonbridging Oxygen.A limited number of!’O experi- sites, exemplified here and in the literature, is their narrow range

mental results are found in the literature for nonbridging oxygen of Cq values. Theyq values are also similar to each other, being

sites in silicates, borosilicates, and aluminosilica#es: 33,5455 nonzero and within the reported standard error. This similarity

If one considers only nonbridging oxygen sites in alkali silicates, in quadrupole coupling parameters for JS&s, o-N&Si;Os,
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TABLE 4: 0O Experimental and ab Initio Calculated Results for the Nonbridging Oxygen Sites in Alkali Silicate3

experimental NMR parameters ab initio predicted

compound O (ppm) Cq (MH2) n model cluster Cq n ratio
N&SiOs 39+ 2 2.43+0.1 0.17£ 0.05 [(OHXSIi—O—Nay] " —3.00 0.42 0.80
[(OH)sSi—O—(Na-O-H)] ! -3.35 0.17 0.72
[(OH)3Si—0—(Na-O-H)(H,0);)] * —3.50 0.11 0.70
o-NaSi0s 36+ 2 2.40+ 0.1 0.20+ 0.1 [(OHYSi—0—(Na-O-H)] ! ~3.09 0.17 0.77
Li-Si,Os 38+ 2 2.45+ 0.01 0.10+ 0.1 [(OH)Si—O—(Li-O-H)4] —3.24 0.17 0.76

a Experimental results for-N&Si,Os and LbSi;Os are from ref 11. Model clusters used in the ab initio calculations are denoted in column 5,
and the ratio value in the last column refersGg(experimental)Z, (calculated).

: "_\f

calculated quadrupolar coupling parameters are shown in Table
4. Hydrogen atoms were also added to this structure to terminate

® b gi dangling oxygen bonds and bring the charge of the cluster close
® o to neutral. In a similar manner, clusters representing the
_ Na nonbridging oxygen sites i-Na;SiOs and LipSi,Os were

constructed. For each of these clusters four alkali cations are
located near the nonbridging oxygen and these cations, along
with the silicon, form a distorted trigonal bipyramidal geometry.
The calculate, values for the nonbridging oxygen clusters
expanded to include oxygen atoms coordinated to the modifying
cations are in reasonable agreement, after scaling, with the

and LpSi:Os is not unexpected since the NBO sites in these experimental data. All scalings, shown in Table 4, fall into a
structures are comparable, i.e., they each have four modifiernarrow range, again indicating that the clusters used in these
cations. calculations are reasonable models for the different oxygen sites.
In crystalline alkali silicates, nonbridging oxygen atoms are ~ When examining the calculateg, values for the Nz5iOs-
typically coordinated to three, four, or five modifier caticids. ~ clusters it becomes apparent that the ab initio results are
The resulting geometry of cations about the nonbridging oxygen dependent on the cluster used to model the nonbridging oxygen
is commonly trigonal bipyramidal or octahedral. In rare site. For the cluster [(OH$i—O—Nay*3 a nonzeroyq value
instances, a distorted trigonal bipyramidal structure is observedof 0.42 is obtained, in agreement with the point charge model,
such that only three modifier cations are closely coordinated to but much larger than the experimentally determined value of
the nonbridging oxygen. These geometries are the result of0.17. With an increase of cluster size to [(QS8i}-O—(Na—
several constraints, including the need of the cations to O—H)4 ™%, 74 decreases to a value of 0.17 and is in closer
compensate the charge of the anion and also steric factors. Tcagreement with the experimental result. Calculations for even
understand the qualitative differences in quadrupolar coupling larger model clusters, such as [(QH)-O—(Na—O—H)s-
parameters when NBO are coordinated by three, four, or five (H20)7)] 7%, also produced results within the standard error of

Figure 7. Model clusters depicting the non-bridging oxygen site in
Na:SiOs: (a) Model cluster [(OH)Si—O—Nay]*3 and (b) model cluster
[(OH)3Si—O—(Na—0O—H)4 .

alkali cations, we can assume that #fomponent for the NBO
efg principal axis system lies along the-%) bond and treat

the experimental data and significantly increased the compu-
tational cost. These findings were also noted for the disilicate

the coordinating alkali cations as classical point charges. In suchclusters, with calculategq values being difficult to reconcile

a simple point charge calculation one finds that@evalue is

with experimental results for the clusters which do not include

largest for an octahedral geometry with five Na modifiers, oxygen atoms coordinated to the modifying cations.
decreases for a tetrahedral geometry with three Na modifiers, It is not surprising that ab initio calculateg values for
and is smallest for clusters with four modifiers. Differences in clusters which are extended to include the second nearest
the asymmetry parameter are also present, witheing near neighbors about the nonbridging oxygen are in better agreement
zero for all of these geometries except the trigonal bipyramidal with the experimental results than those which ignore the larger
structure with four modifiers. Deviations from these regular coordination sphere. The need for larger clusters around
coordination geometries and differences in the charges of thenonbridging compared to bridging oxygen is reasonable since
cations will affect both quadrupolar coupling parameters. the first coordination sphere’s contribution to the nonbridging
To explore these effects in a more quantitative fashion one oxygen efg is approximately half that of the bridging oxygen.
needs to adopt a more rigorous theoretical approach. ForThat is, higher coordination sphere structures have a greater
example, using periodic Hartre€&ock ab initio theoretical perturbative effect on the nonbridging oxygen efg than on the
methods Winkler et &i® calculated the electric field gradient  bridging oxygen efg. Thus a larger cluster is required to properly
tensors for the three nonbridging oxygen sites in crystalline model the nonbridging oxygen efg. This is also a likely
forsterite, Mg@SiO,, and obtained excellent agreement with explanation for the need to use slightly different scaling factors
experimen®* As an alternative, we have taken the approach to obtain agreement with experiment@, values for the
employed for the bridging oxygen in the previous section, nonbridging oxygen compared to the bridging oxygen sites. In
namely, the nonbridging oxygen environment in,8ig; was general, the clusters used to model the nonbridging oxygen sites
modeled by examining the clusters shown in Figure 7. Using in this investigation are comparable in size to those employed
the cluster [(OHySi—O—Nay] ™2 (Figure 7a) we examined the in other investigation® Although additional experimental data
effect of the first coordination sphere of the nonbridging oxygen for alkali silicates are required to more fully understand the
on its electric field gradient. The cluster [(O§$)—O—(Na— influence of modifying cations oA’O quadrupolar coupling
O—H)4]~1 (Figure 7b) is larger and includes oxygen in the parameters, itis clear that that quadrupolar coupling parameters
second coordination sphere which are approximately 3.5 A from are calculable for both bridging and nonbridging oxygen sites
the nonbridging oxygen and also interstitial to the sodium. The if the model cluster is of sufficient size.
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Conclusions

Using 2®Na, 2°Si, and’O NMR the local environments of

sodium, silicon and oxygen sites have been probed and the

results discussed in relation to the reported crystal structure.
By joining experimental and ab initio calculated results, we have
described the relationship between structure and NMR param-
eters for bridging oxygen sites in alkali silicates. As suggested
in an earlier investigatidf, the magnitude of thé’O quadru-
polar coupling constant and asymmetry parameter for bridging
oxygen sites in alkali silicates is primarily influenced by the
Si—0O—Si bond angle. Alkali cations systematically shift the
Cq value for a given SiO—Si bond angle lower in magnitude.
This shift increases in magnitude as the field strength of the
cation increases, or when the number of modifying increases
from one to two. For a given SiO—Si bond angleq is
increased in magnitude by the presence of modifier cations. This
increase is more pronounced when a single modifier cation
(rather than two cations) is coordinated to the bridging oxygen.
Parametrized equations fG andzq, calibrated using ab initio
calculations on simple model clusters, have been confirmed by
examining a variety of bridging oxygen environments in
crystalline alkali silicates, including N&iOs, a-Na,Si;Os, and
Li»Si,Os. We have also demonstrated that clusters, expanded
out to the second coordination sphere of a nonbridging oxygen
can also serve as effective models in ab initio calculations of
170 quadrupolar coupling parameters for nonbridging oxygen
in solids.
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