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A multipole representation of the experimental electron density distribution for the high-pressure silica
polymorph coesite, using Hirshfeld-type radial functions, has been generated with single-crystal X-ray
diffraction data recorded to a sifi.a/A value of 1.21 A® at 100 K. Unlike an earlier modeling of the
distribution, where a more limited data set was analyzed, deformation electron density maps display banana-
shaped isosurfaces in the lone-pair regions of each of the oxide anions involved in the bent SiOSi angles as
well as teardrop-shaped ones along each of the SiO bond vectors. They also display a ring torus isosurface
about O1, the oxide anion involved in the straight angle. Laplaei®ifp maps display belt-shaped isosurfaces,
centered near the apexes of the bent angles, that wrap about halfway around the oxide anions, with a ring
torus-shaped isosurface surrounding O1. An analysis\&i revealed that the (3,3) critical point associated

with the anions involved in the bent angles are associated in general with larger maxima than that associated
with the straight angle, evidence that the electron density is more locally concentrated on the oxide anions
involved in the bent angles. As such, these anions are asserted to be more susceptible to electrophilic attack
by hydrogen, a feature that provides an experimental basis for why hydrogen in H- and Al-bearing coesite
avoids O1 and is observed to dock in the vicinity of the oxide anions involved in the bent angles. The bond
critical point properties of the experimental multipole representation of the electron density distribution for
coesite together with those for the very high-pressure silica polymorph, stishovite, conform with those calculated
for the SiO bonded interactions for a relatively large number of silicate crystals. Not only are they similar in
value with the theoretical properties, but together they correlate with the observed SiO bond lengths as predicted
by the calculations. The observed SiO bonds display a relatively wide rang®@t) values between-10

e A5 for stishovite and~20 e A5 for coesite. The large¥?o(rc) values recorded for coesite, considered
typical of first row closed-shell ionically bonded atoms, may not be typical for a closed-shell bonded interaction
involving second row atoms such as the four-coordinate Si in coesite. The maxima along the bond vectors
and in the lone-pair regions displayed by the experimexpedind—V2p maps are indicative of shared covalent
bonded interactions. The evidence suggests that the value of the electron density at the bond critical point for
a given bonded interaction is a reliable measure of bond type: the larger thep¢a)uehe greater the

shared covalent interaction.

Introduction calculations show that the bond lengths decrease linearly as the
Experimental and theoretical studies of the silica polymorphs theore_tlcal value of thehelectr_orr: density at t_he bo_nd critical _p0|rl11t,
have been a meeting place where experiment has engaged theorg/(“)’ Increases together wit a concom!tant Increase n the
in advancing our understanding of silica, its physical behavior, urvatures of the electron density at thg point both perpendicular
crystal chemistry and SiO bonded interactiéfslot only have ~ and parallel to the bond path. A mapping of the theoretqal
the studies provided a basis for understanding why there are sgi€formation den5|2ty, the electron localization function, ELF, and
many different stable and metastable forms of silica but also the Laplacian—Vp distributions for the silica polymorphs
why silica has such excellent glass forming propeii€Shey quartz, coesite, and stishovite, have also served to highlight sites
have also provided an underpinning for the proposal that the of potential chemical reacti\{ity aqd favorable d(')cking'sites for
structure of silica is governed in large part by short-ranged hydrogeA®*2in the lone-pair regions of the oxide anions.
molecular-like binding force%.” A connection has also been Together with the theoretical advances, experimental static
established between the SiO bond lengR{SiO), and the bond  Ap maps generated in a multipole refinement of the coesite
critical point propertiekfor theoretical electron density distribu-  structure display bonding maxima along each of the SiO bond

tions, p, for molecular moieties of the silica polymorph3he vectors in the vicinity of the more electronegative oxide anions
- together with a low-lying bridge of density in the interior of
Virginia Tech. i0OSi i
 University of New England. each bent SiOSi angFé.As asserted by Coppefsmaxima
s Department of Geosciences, The University of Arizona. along bond vectors is evidence for a shared covalent bonded
' Department of Chemistry, The University of Arizona. interaction. On this basis it was concludeédarlier that the SiO
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bond in coesite and related silica polymorphs is predominantly observed, the experimental properties fail to corrélatéth
covalent in character. In sharp contrast, it was asserted byR(SiO). It can be argued that this problem is related in part to
Coher® that the maxima displayed along the bond vectors of the limited number of diffraction data used in the multipole
quartz show that bonded interactions in silica are predominantly refinement of the structurfé. The absence of the maxima in
closed-shell ionic, consisting of “nearly fully charged*Sand the Ap maps in the lone-pair regions can accordingly be ascribed
0O?" ions rather than as neutral atoms with covalent bonds.” to the lack of high-angle data. Furthermore, the earlier refine-
However, conspicuously lacking in the experimental maps for mentd317 were incomplete given the intractability and bias of
coesité? are covalent features in the nonbonding regions of each the radial functions used in the multipole modeling of the
of the oxide anions that can be ascribed to lone-pair electron electron density distributio#-22As observed above, the absence
density. With the exception of these missing features, mapsof the trend betweerR(SiO) and the bond critical point
calculated for representative hydroxyacid molecules with SiOSi properties can be arguably due to the small range of the observed
dimers were found to be in close correspondence with static bond lengths. In the case of the very high-pressure silica
Ap maps those observed for coesiteDespite the relatively polymorph stishovite where the SiO bond lengths show twice
small sizes of the molecules, the SiO bond lengths and SiOSithe range of values as observed for coesite, the experimental
angles of the molecules likewise show a close correspondencedcp properties were obsernédo correlate withR(SiO). It was
with those observed for coesite and several other silica poly- also found that the properties of stishovite agree with those
morphs*> The Ap maps for the molecules display well- generated for a variety of geometry optimized hydroxyacid
developed maxima in both the bonding and nonbonding regionssilicate molecules both qualitatively and quantitativ&y?
of the molecule. The close correspondence in the geometry andrurther, the evidenééindicates that the closed-shell nature of
the electron density distributions generated for hydroxyacid the bond increases with increasiR{SiO) and decreasing(rc)
silicate molecules and representative units in the silica poly- and V2p(r).
morphs has been taken as evidence that the atomic interactions To circumvent the problem of a limited data set, a relatively
comprising the structure of coesite are quite similar to those of large set of single-crystal X-ray diffraction data was collected
chemically and structurally similar molecul&s. for this study and used to obtain a multipole representation of
In an experimental determination of the bond critical point, the experimental electron density distribution for coesite (1) to
bcp, properties for coesitd,it was found that the properties  determine whether the features Ap and —V?p maps in the
display a relatively wide range of values despite the smalo bonding and lone-pair regions of the crystal conform with those
range in the observed bond lengths. For example, the value ofgenerated by theory, (2) to explore the extent to which the bcp
o(re), its curvaturesjiy| and|A,|, perpendicular to the bond path  properties of the distribution agree with those generated by
and the Laplaciany?p(rc), each vary by~20% whereas the  theoretical calculations, and (3) to relate the properties of the
curvature ofp(rc) parallel to the pathls, varies by only~10%. SiO bond to its elusive characteand bond length variations.
The bcp properties were also found to be independent of the Coesite is an ideal material for studying SiO bonded
observed SiO bond lengths whereas the properties calculatednteractions. It is centrosymmetric, consisting of two nonequiva-
for H12Sis016 Moieties of the structure vary, as observed above, lent SiQy silicate tetrahedra that share corners in forming a dense
in a regular way with bond lengthln a theoretical stud{8 the framework structure. It contains eight nonequivalent SiO bond
coesite structure was geometry optimized at zero pressure andengths that range between 1.596 and 1.622 A, twelve non-
at several pressures up to 17.4 GPa and the bond critical pointequivalent OSiO angles that range between 108r@ 110.5
properties were determined. The nonequivalent SiO bond lengthsand five nonequivalent SiOSi angles that range between 136.7
and the OSIO and SiOSi angles of the structures were found toand 180.0. Although the bond lengths in coesite are restricted
agree within~1% of those observed up to pressures of 5 GPa. to a small range of value®(SiO) correlates with the SiOSi
In agreement with the molecular orbital calculations, the SiO angle, as observed above, with the shorter bonds involving wider
bond lengths were found to be inversely correlated with the angles, as predicted by theoretical calculatioF1t will also
value of p(rc), the curvatures op(ro) and V2p(r¢). Although be of interest to compare the properties g§f;) with those
the bcp properties for the model structure agree with those observed for stishovit& Finally, it is anticipated that the study
observed to within 5-10%, on average, they show a smaller will not only advance our understanding of the SiO bonded
range of values. Further, the ellipticitpf the bond was found interaction but also provide an experimental basis for under-
to decrease with increasing SiOSi angle with the bond becoming standing why hydrogen adopts the positions that it does in H-
circular in cross sectidrii®at 180, a property, as we shall see  and Al-bearing coesite and stishovite crystals synthesized and

later, that is related to features in the obser¥gdand —V2p formed at high temperature and pressdfed:26.27

electron density distributions. As both the observed and

calculatedv?p(r) values for the SiO bonds in coedités are Experimental Procedure and Details

large,~23 e A5, and agi|/A, ~ 0.18, the bonds necessarily . . .

classify, according to the Bader and Bsseles!® as closed- The coesite crystals used for this stdf\synthesized from

shell ionic bonded interactions. However, Dowhsas argued ~ Powdered amorphous anhydrous silica at 4.5 GPa and®50
that the bond is more intermediate in character given that its "ere kindly supplied by Dr. Charles T. Prewitt of the Carnegie
p(ro) value is substantially larger~1.05 e A3) than that Institute of Washington, D.C. One displaying sharp extinction

observed for the predominantly ionic CaO bond).15 e A3 under the polarizing microscope was selected and was found
in danburite?® CaB,Si,Os. ' to be highly diffracting, yielding very sharp peaks with an

average width of-0.1°. Prior to data collection, the crystal was

ground to a sphere-100 um in diameter to minimize the

absorption of the X-ray beam and to simplify the modeling of
It is apparent that the bcp properties calculated for both coesitethe absorption correction.

and representative moieties display systematic and well-  Single-crystal X-ray diffraction intensity data were recorded

developed trends when plotted agaifR§6iO). Although the at 100 K with a Bruker SMART1000 diffractometer equipped

values obtained in these calculations agree fairly well with those with a CCD area detector, using graphite-monochromated Mo

Statement of Problem
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Kol = 0.710 73 A) radiation. More than 14 690 frames were Apropos to the present study of coesite, it was fddrtat
collected between 0 and 1220 (sin OmadA = 1.21 A1), using k(Si) = 0.990 for SiH and 1.001 for SiO anqO) = 0.987 for

the Bruker SMART software packag®e.Each frame was  OH and 0.971 for SiO. These results provide strong evidence
recorded as am scan of 0.15 with a 10 s run time exposure that the value ok(Si) = 1.43, obtained in the initial multipole
with the detector set at°0and 30 s for the other detector refinement, is unrealistically large and most likely not a
positions. Short runs of 50 frames each were periodically reflection of a real electronic effect. This suggests that the
recorded to monitor the stability of the X-ray beam. The CCD experimental data are lacking the information content necessary
area detector entry was positioned in the experiment at a distanceéo determine a meaningful value fa(Si). To explore one

of 40 mm from the crystal to cover a section ©60° in 26. possible reason for this problem, a plot|afF| = |Fo| — |F¢|

Upon completion of the data collection, the Bruker SAINT against sird/A was found to reveal a large humber of discrep-
software was used to integrate the observed intensities. Theancies at relatively high sifi/A values. Imposing a@ cutoff
starting dimensions of the box weXe= 1.1°, Y = 1.1°, andZ on |Fo| removed the majority of these discrepancies, but a
= 0.4°; however, the size of the box used to integrate the subsequent multipole refinement against the data subject to this
intensities was optimized and a narrow frame algorithm was 3o cutoff yielded no changes in the refined valuex(8i) and
adopted as a integration condition due to the sharpness of thec(O). It was concluded tha4(Si) cannot be determined reliably
peaks. Further, to monitor crystal displacements (none wasfrom the experimental data set despite its large size.
detected), the orientation matrix was updated periodically every  To overcome this problem, a set of theoretical structure factors
303 frames; no symmetry constraints were imposed on the was calculated for coesite and subjected to the same refinement
matrix. For all runs, the dimensions of the box converged to strategy. The CRYSTAL98 cod@é,denoted here as C98, was
the optimized values. The Lp corrections were applied to the ysed together with the atomic coordinates of the geometry
intensities using SAINT of the SMART CCD package. optimized structure generated for coel§ind the (9s5p)/[4s2p]

A total of 18 071 intensities was observed and used to contracted doublé-contracted Gaussian type basis ¥eter
generate twd=,? data sets: one contained all of the 18 071 O together with the (12s8p)/[6s4p] contracted doubleasis
unmergedr.?s (highest and lowest redundancy of 11.05 and sef8 for Si. The basis sets for both Si and O were augmented
4.39, respectively) and the other contained only the nonequiva-with single d-type polarization functions with exponents of 0.85
lent intensities. The second set was generated by averaging thews for O and 0.5 au for Si. To obtain convergence in the
equivalentFy?s for Laue point group type 2, using the Hartree-Fock calculations, it was necessary to remove the
program SORTAV®® Systematic absences were eliminated from diffuse p-type function on Si. From the resulting Hartré®ck
the data set using the limiting diffraction conditions for space model electron density distribution, a complete set of structure
group typeC2/c. In this process, a total of 4018 nonequivalent factors was generated for coesite to a resolution ogig/A

Fo”'s was generated. The observeg's for both data sets were = 1.21 A-%. A multipole modeling of these theoretical data is
corrected for absorption using the program SADABSA ideal for several reasons: (1) the scale factor is exactly known,
regression analysis completed for 6067 obserdesbacing  (2) the data set is free from thermal motion, (3) no corrections
generated the following cell dimensiona:= 7.1325(1) A,b for systematic effects (i.e., extinction, absorption, and anomalous
= 12.3712(2) Ac = 7.1763(1) A, ands = 120.364(1) with dispersion) are required, and (4) there are no experimental errors.
the esds given in the parentheses. Despite the ideal set of structure factors, the refinement resulted
in aR factor of 0.21%, suggesting that the multipole refinement
Multipole Analyses remained deficient in its ability to model every aspect of the

Our first attempt at a multipole refinement, using the 4018 electron density distribution. ]
merged data, was based on a conventional multipole model. TO see how well th? Chc_)se_n m_ultlpole model represents.the
This included density-localized monopole radial functions, as actual electron density distribution, the model deformation
well as single-exponential radial functions, expar), for eIecFron density dls_trlbutlon resulting from the multipole f|.tt.|ng
higher multipoles up to and including the hexadecapole level ofthls set of theoret.lcal struct_ure factors was cpmpared critically
on both Si and O. For Si = 4 for all higher multipoles and with the deformation densny cglcu]ateq directly from the
for O, n = 2, 2, 4, 4, for dipoles through hexadecapoles, Hartree-Fock eIeptron den.sny dlstrlbutlon for the crystal.
respectively. Along with all multipoles, & scaling parameter Although the maxima asgomatgd with the SiO bond vectors are
was refined separately for the Si and O valence monopoles asWell-reproduced, it was immediately apparent that the sharper
well as a single radial exponent for all Si atoms and a separateMaxima in the lone-pair regions (i.e., outside and inside the
exponent for all O atoms. The resulting model static deformation SiOSi angle) were very poorly fit. There are two possible causes
density maps (i_e_, deconvoluted from thermal motion) were for this def|C|enCy: (1) the lack of f|6XIbI|Ity and bias afforded
found to yield the expected maxima along each of the SiO Py the single-exponent radial functions and (2) the limited
vectors and in the nonbonding regions of the oxide anions. resolution of the computed data set.

However, the maps were also found to display a spurious ring  The effect of the resolution of the data was examined by
of maxima~0.25 e A3 in height at distances 0+0.50 A generating sets of theoretical structure factors for given sets of
surrounding each Si atom. The cause of this feature was isolatedsin Oma/A values and computing deformation electron density
to the unusually large value afobtained in the refinement of  maps,ApFourier via Fourier summations qog = — Fiam. Figure

the Si valence monopole. Whereg®) was found to be quite 1 illustrates the results of these calculations obtained using this
sensible at 0.97, the(Si) refined to a value of 1.43, suggesting approach for the Si202Si2 plane in coesite for structure factors
a very large contraction of the Si atom valence monopole. calculated for the six following sifimay/A values: 0.8, 0.9, 1.2,

A useful model study! undertaken for a number of diatomic 1.5, 1.8, and 2.0 AL The figure makes it abundantly clear that
molecules, demonstrates that monopole deformations, deducedhe fine details of the sharper deformations around the oxide
from Hartree-Fock wave functions, can be fitted extremely well anions are not revealed even for the current experimental data
with «-refined valence monopole functions. Typically, the set; with a resolution of sifna/d = 1.21 A1 (which is
values were found to be much less than 1.25 and close to 1.0.unusually high), the data effectively lacks this information. It
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Figure 1. Deformation maps calculated for the Si202Si2 angle with amplitlidBkl)cos — F(hkI)iam With VALRAY 35 for sin OmadA values of
0.8, 0.9, 1.2 (top row, left to right) and 1.5, 1.8, 2.0%bottom row, left to right)F(hkl)ces are structure factors calculated with CRYSTAED8
for the electron density distribution of the geometry optimized structure of cdésitelF(hkl)av are structure factors calculated for the procrystal
representation of the electron density distribution. The contour line interval is 0.05with positive contours solid, negative ones dotted, and the
zero contour dashed.

is only with a resolution near 1.5A that these features become TABLE 1: Atomic Coordinates® and Vibrational
reasonably well-defined in shape and magnitude. It is noteworthy Parameterg

that at a resolution of 0.9 &, as in the case of the earlier data Si1 Si2 o1 02 03 04 o5
13, o
set] v!rtually.no covalent lone-pair features were resolved near " 014001 0.50725 O 12 026453 0.31262 0.01843
the oxide anions. _ _ _ y 0.10856 0.15794 0  0.11548 0.12428 0.10340 0.21178
A comparison of the theoretical deformation Fourier map at z 0.07220 0.54138 0 3/4 0.93864 0.32769 0.47672

the 1.21 A1 resolution (Figure 1) with the static model of Ui, A?> 0.0027 0.0028 0.0048 0.0053 0.0044 0.0051 0.0048

; ; ; Ux, A2 0.0024 0.0026 0.0034 0.0049 0.0059 0.0054 0.0031
electron density derived from the standard multipole model and U AZ 00026 0.0022 0.0053 00033 00051 00030 00060

applied to the same theoretical data, suggested that it should be"{j'/'42 ¢.0004 0.0002 0.0013 0 0.0008 0.0010 0.0005
possible to fit the lone-pair type features with a sufficiently u,;, A2 0.0013 0.0013 0.0022 0.0029 0.0032 0.0009 0.0029
flexible multipole model. It has previously been observed -—Uzs, A2 0.0003 0.0001 0.0005 0 0.0003 0.0007 0.0003

repeatedly in recent electron density studies (cf. ref 22) that Bee A* 0202 0202 0370 0331 0378 0392 0.360
the usual single-exponential radial functions are inadequate for  aGiven at the 0.00005 significance levelGiven at the at the 0.0005
our purposes and a two-term function can provide a significant A2 significance level.

improvement in a refinement. Hirshfeld's original multipole
refinement model, embodied in the FEXP c&facludes two-
term radial functions for dipole and quadrupole multipoles and,
although not commonly used these days, it has previously been

TABLE 2: Bond Lengths (A),2 Angles (deg)® and Selected
Distances (A)

Si101 1596 Si202 1.612 0Si101Si1  180.0

shown tQ be egsential to .provid'e an adequate fit to the 2:182 i:gig g:ggi 1:23? Bg:iggg:g 12421:2
deformation density on the oxide anion in corundtifor these Si105 1.622 Si205 1.620 00Si104Si2  149.7
reasons, the present multipole refinement on coesite was 0Si105Si2 136.7
augmented with extra radial functions added to the dipole and 0O1Si103 110.5 0O0O2Si203 109.7  SilSil 3.192
quadrupole sets on the oxide anion. These extra functions shared91Si104  109.2 [02Si204  109.4  Si2Si2 3.047
the same exponent as the first set but witls 4 in both cases. Bgég:igi igg'g 5852:382 %g'é Z:ig:‘; g'%g
A subsequent multipole refinement with the theoretical data o3sii05 108.0 0O3Si205 1094  Si1Si2 3.013
resultedc values of 0.91 on Si and 0.97 on O, resulting in good [J04Si105 109.0 00O4Si205 109.5
agreement with the values obtained for several diatomic 0103 2.638 0203 2.639
molecules?! exponents for the radial functions converged at 0104 2616 0204 2.626
values ofo(Si) = 2.25 aut anda(O) = 5.18 au™. In the final 8%82 3'223 8582 %'ggg
multipole refinement of the experimental data, the same G35 2619 0305 2.640
additional dipole and quadrupole radial functions were added o405 2634 0405 2.634

to the O atoms and a data cutofflef > 30(F2) was chosen. In
addition,«(Si) was fixed at 0.91 for both Si atoms and the radial
exponents for the higher multipoles were fixed at the values
obtained in the fit to the theoretical structure factors. Monopole eters resulting from the multipole refinement are given in Table
populations were constrained to yield a neutral unit cell. As 1, and the nonequivalent bond lengths, angles, and selected
the extinction in the data was very small, it was modeled with distances are given in Table 2. The bcp properties for the
an isotropic extinction correction (type 1, Gaussian mosaic). multipole representation for the observed electron density
The refinement converged witR, = 2.00%, R(F) = 2.24%, distribution, calculated with VALRAYe® are given in Table 3.
and a goodness of fit of 1.33. Static deformation density maps were generated and display
The maximum extinction encountered in the refinement was maxima along each of the SiO vectors and in the lone-pair region
1.8% for theF(040) reflection. The parameter for the O atoms  of each oxide anion. However, unlike the earlier maps generated
converged to a value a{O) = 0.992(2) and the atomic charges with a more limited data set, the spurious maxima about the Si
obtained by summing over the monopole populations on eachatoms are absent. It is noteworthy that these maxima are
atom type were found to differ little from neutralitg(Si) = displayed in SiOSiAp distributions published by earlier
+0.16(6) andy(O) = —0.08(4). Positional and thermal param- workers36

aGiven at the 0.001 A significance levélGiven at the 0.1
significance level.
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TABLE 3: Bond Critical Point Properties Experimental those generated in the first-principle calculations for a model
F(hkl)ops Multipole Model Representation® of p structure of coesité8 The observed SiO bond lengths are 0.0018
bond R(SIO), A p(ro), e A3 diseAS A6 A5 V2(r), e A5 A longer, on average, than those of the model structure, and
Sit01  1.596(1) 1.02(1) -7.82) 384(3) 22.7(3) the observed SiOSi angles ar_e_°01\8der, on average, than tho_se_
Si202 1.612(1) 1.01(1) -7.7(2) 36.0(4) 20.6(4) of the model structure. In addition, the OSIO angles agree within
Sil03 1.614(2) 1.04(1) -7.8(2) 37.4(4) 21.9(6) 0.2°, on average, with those of the model structure. Given that
Si203 1.616(1)  1.00(1) —7.5(2) 37.7(5) 22.7(5) the model structure was generated at absolute zero with no zero
g:%gj 1-23%3 égg% :;g&g ggggg gigg point vibration, its shorter bond lengths are unexpected, as
Si105 1622(1) 0.96(2) -7.8(2) 34.9(5) 19.4(5) thermal motion results in a decrease in the apparent bond length.
Si205 1.620(1) 0.99(2) -7.2(2) 35.3(5) 21.0(5)
TheoreticalF (hk)ces Multipole Model Representation of Deformation Density Distributions

Si101 1.592 1.01 -7.8 38.6 23.0 , ,
Si202 1.610 0.98 —7.4 35.8 21.1 For purposes of comparison, three different setd @maps
Sil03 1.614 0.98 -7.3 35.1 20.4 were generated for each of the five nonequivalent SiOSi angles
Si203 1.614 0.97 —7.3 35.1 20.5 in coesite (Figure 3): (1) theoreticélpcos = pcos — Piam
Si104  1.611 0.98 —r4 35.1 20.4 deformation maps displayed in column 1 of Figureopdo§ is
Si204 1.605 0.99 7.4 36.5 21.6 . R

; _ the electron density distribution calculated for the observed
Sil05 1.621 0.96 7.2 34.2 19.8 . . .
Si205 1.621 0.96 —79 34.2 19.9 structure of coesite with C98 and pam is the relevant

Theoreticalp-Distribution for the Model Coesite Structdfe procrystql eIecgﬁ?Ogensnn)]/u'gljgrlbutlon), @ thepretlcal s.tatlc

Sil01 1592 100 -67 388 25.4 deformationApgeg™® = pdeg” — pam Maps displayed in
Si202 1.610 0.98 -6.4 36.4 235 column 2 of Figure 3 (generated in a multipole refinements of
Sil03 1.614 0.96 —6.3 35.7 23.2 F(hkl)ces Where F(hkl)cog are the structure factors calculated
Si203  1.614 0.97 —6.3 35.7 23.2 from the pcosg electron density for the model structéffe and
Sil04 1.611 0.97 —6.2 36.0 23.5 . multipole __ _multipole :
Si204 1605 098  —64  37.0 24.1 (3) observed statit\pey, "~ = pexp ~ — piam deformation
Sil05 1.621 0.96 -6.2 34.9 22.5 maps displayed in column 3 of Figure 3 (whe@“p“p"ewas
Si205 1.621 0.96 —-6.1 34.8 22,5 generated in a multipole refinement Bps).

aThe esds are given in parentheses and refer to the digit quoted. ~ Not only do the theoreticakp maps in Figure 3 display well-
) defined maxima along each of the SiO bond vectors and in the

) I i lone-pair regions, but thApZe ™ ones do as well. It is clear

s AL (A that the maxima in the lone-pair regions owe their existence to
the more extensive data set collected in this study. In addition,
the theoreticalApcog maps (Figure 3, column 1) are strikingly
similar to those calculated earlier for the$tO; molecule!?
The positions of the maxima for the bulk crystals are the same
as those in the maps for the molecules, and the heights of the
maxima are virtually the same as well. Also, low-lying bridges
Y of electron density occur on the interior of each SiOSi angle as
observed earlie¥ In each of the theoretical, and in several of
the experimental maps, the maxima along the SiO bond vectors
are displaced off the vectors toward the interior of the SiOSi
angles, an effect that can be ascribed to repulsions between the
localization of the electron density in the lone-pair and bond-
pair regions. Unlike the maps displayed in columns 2 amd 3,
the Apcggs maps show maxima adjacent to the oxide anions inside

Figure 2. Drawing of the structure of coesite viewed dowsf100] the SiOSi angle that sharpen with decreasing angle. The

displaying the 99.999% probability thermal ellipsoid isosurfaces for multipole ; - .
the Si and O atoms. The smaller isosurfaces represent the thermal " C98 maps (F|gurnt?un3idogolumn 2) for coesite are topolog

ellipsoids for Si, and the large ones represent those for O. [010] runs Cally similar to theApe,, ™" maps (Figure 3, column 3), but
vertically and [001] runs horizontally in the drawing. The lines there are differences in the shapes and the heights of the maxima.

connecting adjacent atoms parallel the bond paths between Si and OOverall, despite the limited resolution of the data used to
generate the experimental maps, the systematic errors, the bias
The equivalent isotropic temperature factds, = 872(6?0] introduced by the limited flexibility of the radial functions in
([62Cis the average mean square displaceffgrior the Si and the multipole refinement&;?2and the defects in the multipole
O atoms determined at 100 K are smaller (Table 1), by a factor model itself, the agreement between the two sets of maps is
of ~2, than those observed in an earlier room-temperature considered to be reasonably good.
measuremerif However, the orientations of the thermal el-  In an examination of the features in the lone-pair regions,
lipsoids are in close agreement with those determined at room Apggg‘m'e and Apemxl:)'“m'e maps were constructed for the planes
temperaturé? The largest difference is 20with an average  bisecting the SiOSi angles. As the maps gave little insight into
difference of 3. As observed for the room-temperature data, the shape and spatial distribution of the lone-pair features,
the thermal ellipsoids are prolate uniaxial in shape (Figure 2) isosurface maps at a contour level of 0.35 e3Awvere
with the larger two root-mean-square amplitude displacements constructed for the five nonequivalent oxide anions (Figure 4).
bisecting the SiOSi angles and the shorter ones orientedWith the exception of isosurface maps for Ol and the
perpendicular to the bisector of the angles directed roughly in experimental one for O2, each of the theoretical and experi-
the directions of the SiO bond vectors. Also, the bond lengths mental maps display a banana-shaped isosurface oriented
and angles observed at 100 K are in excellent agreement withroughly perpendicular to the plane of SiOSi angle centered at
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Figure 3. Deformation maps calculated for the planes containing the five nonequivalent SiOSi angles in coesite [Fi31Sil (row 1);
0Si202Si2 (row 2){1Si103Si2 (row 3){1Si104Si2 (row 4){1Si105Si2 (row 5). Columns: column 1, theoretidglcos = pcos — piam deformation

maps; column 2, theoretical static deformatiapZes™® = ples™® — piaw maps; column 3, experimental statpl ™ = pDa™"® — pay

deformation maps. Contours are defined in the legend of Figure 1.

~0.35 A from the oxygen atom. As expected, the banana-shapedoanana-shaped, consists of two symmetrically disposed teardrop-
isosurfaces displayed by the theoreticgblon™"® maps are  shaped isosurfaces. Upon an increase in the contour level, each
more uniform in size and less distorted than the experimental banana-shaped isosurface was found to separate into two

ones. The experimental lone-pair feature on 02, rather beingisosurfaces. The\pl ™ and ApZes ™ isosurfaces about O1
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straight, they both display a ring torus-shaped isosufatmut

the oxygen oriented perpendicular to the SiOSi angle, as
observed in Figure 4. A similar feature was reported for the
oxide anion involved in the relatively wide 18&i0Si angle

in beryl38 The decrease in the ellipticity of the SiO bond with
increasing SiOSi angle described above with the bond becoming
circular in cross section is consistent with the ring torus
distribution of theAp and the valence electron density at 180

01

02

Laplacian Density Distributions

multi

A mapping of the—V2pZes P distribution revealed a single
(3, —3) critical point associated with each of the lone-pair
regions involved with the anions (02, O3, O4, and O5) involved
in the bent SiOSi angles and four distributed at B@lervals in
a ring torus about the anion, O1, involved in the straight angle.
In contrast, a mapping of V2pe"!Po%€ revealed a single critical
point in the lone-pair region on O4 and O5 and two each on
01, 02, and 0O3. As observed by MacDougdind Bader and
MacDougall?° (3, —3) critical points in a—V?2p distribution
define regions where the electron density distribution is locally
concentrated, regions that are ascribed to domains of bonding
and nonbonding electrons. An examination of th&2p maps
for the SiOSi angle of the §i;O; molecule has revealed a
belt-shaped isosurface, crescent-shaped in cross section, capping
the oxide anion and enclosing a single {33) critical point
0.36 A from the apex of the SiOSi andleThe spatial
distribution of the nonbonding domain for the moleddilwas
found to depend on the width of the angle with the isosurface
increasing in its extent around the anion and merging as a ring
torus about the anion as the angle is increased t¢. 186r
purposes of comparison, two sets-6¥?p isosurface maps were
maltpole generated at the 170 e A contour level for theoges " and

Figure 4. Theoretical Apces™  (column 1) and experimental multipole gistributions (Figure 5). As found for the molecule,

ApTuPo (column 2) (o, isosurfaces displayed for the lone-pair P, mulipole ) _
regeixc';ns of the five nonequivalent oxide anions in coesite O1, 02, O3, the Vipce ™ ™ isosurface maps display a beltl-sh.aped Isosurface
04, and 05). The O1 oxide anion is involved in the straight Si101si1 centered at the apex of the angle and encircling 02, O3, 04,
angle whereas the remaining anions are involved in bent angles. Theand O5 about halfway around each anion whereas a ring torus-
0.35 e A% isosurface is displayed. shaped isosurface encircles O1 (Figure 5). Fre2pg ™
are both ring torus-shaped, but again the experimental one is|sosurface maps display similar features with |tthe| exception that
. X ' X . R ; ultipole
more distorted and tilted rather than being perpendicular to the 02 hag two |§osurfaces, as d|splayed byz%ﬁﬁ;me maps for
straight SiOSi angle. Teardrop-shaped isosurfacespfffi™e ~ the anion (Figure 4). Also, unlike the v Peog e EPS: the
maps are displayed along the SiO bond vectors involving 02, lone-pair isosurfaces displayed by thev?pg,™" maps ex-

03, 04, and 05 with the features along the vectors merging tend into the bonding regions and merge in several cases with

with those in the lone-pair regions for O4 and O5. The the maxima along the SiO bond vectors as observed for several
; ltipol

Apilipdle mans fail to show any isosurfaces along the SIO Apggp ' maps.

bond vectors inasmuch as the maxima along these vectors are The (3,—3) local maxima of the lone-pair domains associated
all ~0.33 e A3 or less in height. with 02, 03, 04, and O5 are systematicaif0 e A® greater
The lone-pair features displayed in Figure 4 are strikingly in height than those on O1 for both the experimental and
similar to those displayed by ELF and valence electron density theoretical distributions (see Figure 5 legend). This evidence
isosurface maps calculated in an earlier study of coesite andshows that the electron density is more locally concentrated in
the HsSi,O; moleculet! Both display banana-shaped isosurfaces the lone-pair domains of the anions involved in the bent angles
in the lone-pair regions of the oxide anions involved in the bent and less so in the domain of O1. Accordingly, hydrogen can be
anglesl®! That study also shows that the shape and spatial expected to preferentially dock in the vicinity of the four more
extent of lone-pair features are both dependent on the size ofnucleophilic 02, 03, 04, and O5 anions and to avoid less
the SiOSi angle. When the SiOSi angle-i4(, the ELF maps nucleophilic O1 in a H-bearing coesite crystal, as predicted by
displayed well-developed banana-shaped isosurfaces orientedsibbs et af%!'and established in a concurrent infrared study
perpendicular to the planes of the SiOSi angles, typically located by Koch-Miiler et al?6 who found that hydrogen is bonded to
~0.35 A from the oxide anion. But, with increasing angle, the four of the five nonequivalent oxide anions, forming a defect
isosurfaces became progressively more elongated and com+(OH)s group ( is the vacancy created by a missing Si atom).
pletely surround the anion in a quasi-spherically shaped isos- The oxide anions comprising th€OH), group were established
urface when the angle is 180sosurface maps of the valence to be 02, O3, O4, and O5. Thus, H is observed to avoid O1
electron density distribution antlp for the HSi,O; molecule and preferentially bonds to anions with domains of greater
likewise display banana-shaped isosurfaces in the lone-pairlocally concentrated electron density as predicted. In short, the

region when the angle is bent. However, when the angle is —Vng‘;g“pf"e and —V 2pTuiP" isosurface maps generated in

03

04

05
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lengths and the inflexibility of the radial functions used to
generatepg‘xl;'“p"'e, the agreement between the theoretical and
the experimental properties is considered to be good. It is
noteworthy that in each of these cases the theoretical bond
lengths correlate witho(ro), |A12, 43, and V2p(rc), each
increasing in value with decreasiifSiO).

As observed earlier, stishovifeis the only other silica
polymorph for which the bcp properties have been experimen-
tally determined. The combined experimental properties for
these two silica polymorphs are compared in Figure 6 with those
calculated for a relatively large number of silicate crystédf.

The experimentaR(SiO) vsp(r¢) values for the two polymorphs
fall, for the most part, within the scatter of the trend displayed
by the silicate data set (Figure 6a). As such, the trend generated
for the combined experimental data follows that calculated for
the silicates with the shorter bonds involving the largér)
values. The experiment&(SiO) vs|1; ;| data set parallels that
calculated, but it is systematicallyl e A5 larger than that
calculated (Figure 6b). In addition, the experimegdiO) vs

A3 data set not only parallels but falls close to the silicate trend
(Figure 6¢). The increase ity with decreasing bond length
reflects an increase in the force constant of the SiO bond,
rendering the shorter bonds more resistant to change by
compactior? The R(SiO) vs V2p(r) data set also parallels the
silicate trend, but on average, they tend to be somewhat smaller
overall (Figure 6d). The correlations betweR(SiO) andry-

(O) are not only well-developed for both coesite and stishovite,
but they agree very well with that defined by the silicates (Figure
6e). Given the relatively wide range of bond length§,25 A,
displayed for a givem(r.) value of 1.00 e A3 for the silicates
(Figure 6a), perhaps it is not surprising that the bond lengths
for coesite, with a range of 0.026 A, fail to correlate wiifnc).

On the other hand, given the small scatter of data for the linear
R(SIO) vsr,(O) trend displayed by the silicates, it may not be
surprising that the observé{SiO) vsr,(O) correlation is well-
developed. Overall, however, the agreement displayed in Figure
6 is evidence that computational chemistry and physics have
Figure 5. Theoretical—V2oZea"®® (column 1) and experimentatV both advanced to the stage where they do a reliable job in
2pTao (column 2) isosurfaces displayed for the lone-pair regions of reproducing the electronic structure of the SiO bond. It also
the five nonequivalent oxide anions in coesite, O1, 02, 03, O4 and reflects very well on the quality of the current experimental
05. The 170 e A° isosufaces are displayed. The heights of the (3, gata and the multipole model used in this study. Also, the good
e o oo o oacnmamty, . 207eement between the experimental bep propertes and those
whereas those associated with the experimental lone pairs are 190, 220(,:a|CU|ated_ for the KbSisOs6 mo'et'_es 's_ fu_rthe_r eV'd_ence that
209, 210, and 213 e &, respectively. the experimental electron density distribution displayed by
coesite is strikingly similar to that displayed by representative

this study provide an experimental and theoretical basis for the molecules.
strategy used to determine the positions of hydrogen in As the observed SiO bond lengths decrease for the large

H-bearing coesite, quartz, and stishovité? silicate data set from 1.86 to 1.57 K2p(r.) increases in value
from ~7 to ~27 e A5 with a concomitant increase i(rc)
Bond Critical Point Properties from ~0.5 to ~1.1 e A3 (Figure 6). Also, the ratidi,|/As

decreases linearly from 0.22 to 0.17 for the change in bond
The bond critical point properties determined for the length. As observed above, the large positive valuevia(r.)
poaPo" distribution are given in Table 3. Unlike the experi- ~calculated for these bonds is typical of a closed-shell ionic

mental properties determined earfiéthey show a smaller range  interaction, particularly becausgli|/As is less than 0.25.

of values similar to those calculated for the:SisO1¢ moieties However, the inherent nature of the electron density distributions
of the coesite structuteand the structure itself The experi- of the Si and O atoms in the internuclear region of the interaction
mental values fokz andV2p display a weak negative correlation  virtually guarantees that #&SiO) decreaseds must necessarily
with R(SiO) wherea(r) and |12 = 1/2/A1 + Ao| are both increase in valué}#resulting in a concomitant increase in the

independent of the bond length as found eaffiédn the other value for V2p(rc).
hand, a well-developed correlation is displayed between the As observed by Badérthe formation of a (3;-1) critical

bonded radius of the oxide aniam(O), andR(SiO). In addition, point in the electron density distribution between a pair of
properties were also generated 3. " these together with  bonded atoms such as Si and O indicates that the electron density
those generated for the model structure of co&siee also is localized in the binding region between the nuclei with

given in Table 3. Considering the small range of SiO bond reaching a local maximum value along the bond path. Further,



Electron Density Distributions of Coesite J. Phys. Chem. B

1.90 : : : : , : 1.90 . : : : .
@ | _ (b) .
1854 @ . 1.85 g .
4 mY B8
1.80 "o g 1.80 P .
] &
IE:‘]D DED L]
< 1754 2 . < 175 L 1
o 1 o o 2y
@ 1.70 B @ 1.70 B% b
i o
1.65 1 . 1.65 %’E@% .
] vl
W
1.60 1 . 1.60 By v
4 o
1 55 T T T T T T 1 55 T T T T T
05 06 07 08 09 10 1.1 2 3 4 5 6 7 8
a3 A5
p(r,) e/A | %, | €/A
1 90 T T T T T T 1 90 T T T T
(c) (d)
1854 B . 1854 B .
] B ®
1.80 'b_-.% - 1.80 " &?@ .
4 o o
<L 1.75- =" 1 <L 1.751 o .
o %, Q. _ | %
& 1704 By . & 1.70 % .
@ 1 @ i
1.65 1 . 1.65 1 -
1 v v
1,60 % . 1.60-] M- 1
] o % o
1.55 : : : ; : ; 1.55 ; : . ;
10 15 20 25 30 35 40 45 5 10 15 20 25 30
2
A, e/A° vp(r) e/A’
1.90 ; , . .
e | .
1.85 1 o -
4 fulad
1.80 - g
] &
_D
< 1754 o .
9 1.70 o
@ %
o
1.65- fu ;
1.60 1 .
Dﬁ
1.55 T T T T
0.90 0.95 1.00 1.05 1.10 1.15

r, (O) A
Figure 6. Observed SiO bond lengthB(SiO), plotted against ()(rc), (b) |A12 = 1/2/(A1 + 42)|, () A3, (d) V?p(rc), and (e)ry(O), wherep(rc)
is the value of the electron density at the bcg,|41], and |4, are the curvatures qf(rc) measured perpendicular to the bond pdthis the
curvature ofp(r) measured parallel to the bond path, ap@) is the bonded radius of the oxide anion bonded to Si. The silicate crystal bcp
propertieé together with those for other silicatésre plotted as open squares, the coesite experimental bcp properties are plotted as solid triangles,
and the stishovite experimental bcp propeffiese plotted as solid squares.

when V2o(ro) is negative, the electron density is locally of p(r¢) increases in a regular way (Figure 6a,d). This evidence
concentrated at the bcp, which in turn is asserted to exert a netsuggests that it is the value pfrc) that plays the dominant
attractive force on the nuclei of the bonded atoms, all other role in governing the length of the SiO bond, not the local
things being equal, the larger the magnitude-6¥2o(r.), the depletion ofp(rc) in the binding region. It also suggests that
greater the force and the shorter the bond lefgibwever, as o(rc) can be used as a measure of bond type, the greater its
observed above, the separation between Si and O decreases aslue, the more covalent a bonded interacfiéhindeed, a plot
V2p(rc) increases in value (Figure 6d). AZp(r.) is positive, of the average value qf(rc), [p(rc)Cfor a given MO bond vs

the electron density is locally depleted at theand in its the spectroscopic electronegativifpes for first and second
immediate vicinity!! indicating a reduction of the net attractive row M metal atom® bonded to an oxide anion shows that
force between Si and O. Under these conditions, the SiO bond[p(rc)Odincreases in a regular way Wwitpspes? If traditional

may be expected to lengthen as the electron density isarguments hold between electronegativity and bond type, then
progressively locally depleted in the binding regfddowever, the character of a bonded interaction can be directly related to
concomitant with the increase 62p(r¢), electron density is [p(rc)0 the greater its value, the more covalent the bonded
localized in the binding region between Si and O as the value interaction.
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In the case of the SiO bonded interactions in coesite, the Jr. This study was initiated during the spring of 2002 while
observedp(ro)Cvalue, 1.0 e A3, indicates that the bond is more  G.V.G. was a Visiting NSF Scholar at The University of Arizona
covalent, for example, than KO, NaO, LiO, CaO, MgO, BeO, where the coesite intensity data were collected. The multipole
and AIO bonds, given that these interactions display smaller modeling of the electron density distribution was completed and
[p(roOvalued that range between 0.1 and 0.5 e3A0n the the paper was written while G.V.G. was a NSF Visiting Scholar
other hand, the bond is indicated to be more ionic than PO, in the Chemistry Department at the University of New England,
SO, and CO bonded interactions given that these bonds displayArmidale, Australia. The faculty (M.A.S. and Geoff Ritchie, in
larger [p(ro) Dvalued that range between 1.2 and 2.5 e3AAs particular) and Postdoctoral Fellow Joshua McKinnon and Ph.D.
observed abové and as concluded more than 60 years ®#go, students Xiaoxiong Meng and Andrew Whitten are thanked for
these results suggest that the SiO bond is intermediate intheir kind hospitality and for making the visit a stimulating and
character between these two sets of bonded interactions rathewery worthwhile experience. The Faculty of the Sciences at the

than qualifying as a closed-shell ionic interactfod consisting University of New England is also thanked for awarding G.V.G.
of nearly fully charged and spherical*Siand G~ ions#4 a Visiting Distinguished Professor Scholarship. We thank an

unknown reviewer for a careful reading of the manuscript and
Summary and Comments on Hydrogen Positions in for pointing out a discrepancy in one of the figures.
Stishovite
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