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Lattice-dynamical study of the structure and elasticity of dodecasil-& at elevated temperatures

K. de Boer, A. P. J. Jansen, and R. A. van Santen
Laboratory for Inorganic Chemistry and Catalysis, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

S. C. Parker
School of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom
(Received 14 December 1905

Using free-energy minimizations and three interatomic potentials, we calculated the structure of dodecasil-
3C without guest molecules at several temperatures. For this structure, the interatomic potentials predict
substantially different free energies relatived@uartz. We find that dodecasilc3without guest molecules is
triclinic for temperatures between 0 and 1200 K. The positions of the O atoms in the experimental structure of
calcined dodecasil<B may not be well resolved. Furthermore, we present predictions for the elastic constants
Ci1, C1p andCy, that are in reasonable agreement with experiment on material with guest molecules. As we
find that the symmetry of dodecasi3is lower than cubic which was reported at the time of the elasticity
measurements, it might be interesting to perform additional measurements on this compound to compare them
with our predictions[S0163-182806)00121-X

I. INTRODUCTION dodecasil-& could not be determined because distance least
squares simulations in subgroupsFd3m failed, or could
In 1982 Gies, Liebau, and Gerkéntroduced a class of not explain the observed disord8rThe x-ray-diffraction
all-silica structures, the so-called clathrasils, which are isosand 2°Si NMR results of Tseet al,'! indicate that calcined
tructural to clathrate gas hydrates. Those frameworks havdodecasil-& remains a single phase between 80 and 400 K.
been extensively studied since tifefIn all these structures, Konneckeet al. reported, that this compound undergoes a
corner-connected tetrahedra form cages, large enough to osmall displacive phase transition @451 K, which was
clude organic molecules during synthesis. One of these condetected using differential scanning calorimetry. We are not
pounds is dodecasil@. This clathrasil is characterized by aware of other authors that report phase transitions of cal-
two types of cages: a dodecahedron built from 12 five-ringsined dodecasil-G. Furthermore,?°Si NMR spectra that
([5'%)) and a larger one, consisting of 12 five-rings and fourwere reportedi*? for dodecasil-& after calcination at vari-
six-rings ([5*2 6*)). A simplified picture of dodecasil, ous temperatures above 400 K are similar, indicating that the
showing only straight lines between adjacent Si atoms, igmpty structure changes only slightly with temperature.
given in Fig. 1. Thd5%] cage can contain smaller molecules  Therefore, we have done a theoretical study, using free-
such as N, CH, or CO,.2~" The larger[5'%6*] cage, can energy minimizations, to determine the local symmetry of
occlude molecules such as pyridine, adamtylamine ododecasil-& without guest molecules at variable tempera-
trimethylamine~” Many different phases, dependent ontures and to investigate temperature-induced phase transi-
temperature and the trapped guest molecules, have been t®ns of this material. This work extends a previous study on
ported for dodecasil-B.” The relative stability of those dodecasil-& that was based on calculations B0 K.1®
phases and their transition temperatures are strongly depe®@ur free-energy calculations require the use of interatomic
dent on the guest molecules enclathrdtéthe structure of potentials. Calculations are done with two shell-model po-
as-synthesized dodecasiC3at low temperatures has not
been resolved completefyThe x-ray powder-diffraction ex-
periments of Gunawardahéndicate that the symmetry of
dodecasil-&, with guest molecules enclathrated, is main-
tained when the sample is calcinated, i.e., when the guest
molecules are removed by heating the sample. According to
the 2°Si NMR measurements of Groenenal.® the structure
of dodecasil-& changes slightly on calcination. This is un-
derstandable because dodecas$il-3 stable up to 1200 K,
far beyond the temperature that causes breakdown of the
guest molecule®.Recently, Kmnecke, Miche, and Fueds
reported that the structure of calcined dodeca€il-at
T~523 K has space groupd3m. These authors concluded
that Fd3m was merely the space group for the averaged
structure, which they attributed to static disorder of the O FIG. 1. Simplified picture of dodecasil3 showing only
atoms in the lattice. The lower local symmetry of calcinedstraight lines between adjacent Si atoms.
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tentials and a rigid-ion model potential. According to the 32" H -2
shell-model predictions, dodecasiG3without guest mol- kn:m-
ecules is triclinic for temperatures ranging from 0 to 1200 K.
The rigid-ion model predictions, indicating a different struc- | this formulaN denotes the number of grid points in the
ture, will be shown to be less reliable than the shell mOde'reciprocaI lattice anch=1,2,..N. In our calculations we
Our calculations also indicate that the experimentally deterysed the above grid with eiglit points. This yields Gibbs
mined positions of the O atoms in calcined dodeca€il-3 free energies with an accuracy of T0eV. The stability of
may be not well resolved. Furthermore, we will comparethe structures with minimal Gibbs free energy was tested by
predicted elastic constants of empty dodecallBith ex-  checking if all phonon frequencies were real on a gricin
periment. One of the shell-model potentials used predictgpace of 125 grid points. Furthermore, the calculations have
values forCy;, C;, andCy, that are in reasonable agreementpeen done on the structures without guest molecules. In our
with experiment. Experimental values for other elastic cona|culations we have employed the rigid-ion model potential
stants were not determined because when those experimenfgrived by Krameet al?° denoted as the Kramer-Farragher-
were performed, dodecasiE3was reported to be cubi€.  yan Beest-van SantekFBS) potential. We have used the
As our calculations indicate that the symmetry of calcinedspell-model potential of Jackson and Catfovand theab
dodecasil-& is lower than cubic, we conclude that it might jnitio shell-model potential of de Boer, Jansen, and van
be interesting to perform additional elasticity measurementganterf? referred to as the JC and BJS potentials, respec-
on this material, in comparison with our predictions. tively. Cutoffs applied in calculations using the KFBS and
JC potential are 10 A% The covalent O-O interactions of the
BJS potential are applied with a cutoff of 3.5 A, because for
larger distances all covalent potential terms are effectively
Free-energy minimizations have been done with the codeero. The covalent SiO interaction of this potential is applied
PARAPOCS'® which can be used to calculate physical proper-with a cutoff of 2.5 A(i.e., in between the nearest and next-
ties of solids at variable temperatures and pressures. To calearest Si and O neighbor® simulate a real Si-O bond.
culate thermodynamical properties, the vibrational frequenThe electrostatic interactions are calculated using the Ewald
cies of the solid have to be computed. The calculationsummation.
assume that vibrational motions in the solid are described by
independent quantized harmonic oscillators the frequency of lIl. RESULTS
which varies with cell volumé’ Minimization of the Gibbs
free energy can be achieved by varying the cell volume and We will first discuss predictions for the relative stabilities
the positions of the ions until the configuration satisfies theof the dodecasil-€ structures. Subsequently, we will com-

following equilibrium conditions for a given temperature and pare predicted elastic constants of the most stable structures
pressure: with experiment. Finally, we will discuss the comparison

between predicted structures and experiment.

Il. METHOD AND COMPUTATIONAL DETAILS

A
N P apps 1) A. Free energies of dodecasil-G at variable temperatures
Several experimental structures are used as starting struc-
oU tures in the minimizations. We used the cubid3 structure
sat_ 0. 2) that was proposed by Grefor dodecasil-& at room tem-
or perature with Kr, Xe, and [{CH;); as guest molecules. This

structure will further on be denoted B3C,. We employed

In Eq. (1) A denotes the Helmholz free energythe cell  the tetragonal 12d structure reportéd at ambient condi-
volume andP,,, the applied pressure. In E@R) Uy de- tions for d.odecasn—e Wh|ch contains pyridine as guest mol-
notes the static energy due to the interatomic interactions areule. This structure will be denoted BSC, . Finally, we
r denotes the atomic coordinates. Equatibnstates that the Used the orthorhombic structure with space grbejuid that
pressure exerted by the systéimternal pressujemust equal Was proposed for dodecasil-€ at low temperatures. This
the applied pressurgEquation(1) is only valid for cubic ~ Structure will further_qn pe feferred to &3C,. We first
crystals. For more general cases the derivatives of the GibgzerformedT=0 K minimizations on the above structures.
free energy with respect to the strain must be computed Or €ach potential used both the8C, andD3C, structure
Details can be found in Ref. I8Equation(2) states that the relaxed to essentially the same cubic structure with space
net force on each atom must vanish. After the Gibbs fre@roup Fd3. The cubic structures are saddle-point structures
energy is minimized, thermodynamical properties, elasti@s some of the frequencies, close to theoint, are imagi-
constants, dielectric constants and the structure of the soligary. When the tetragon®3C, structure is minimized at
can be computed. Calculation of the Helmholz free energyl =0 K both the BJS and JC potential predict that this struc-
and other thermodynamical properties requires computatioture is a saddle-point structure with space grod®d. Mini-
of the vibrational frequencies for all wave vectors in themization atT=0 K of the D3C; structure with the KFBS
Brillouin zone. This is done by computation of the frequen-potential gives a tetragonal structure without change of sym-
cies on a three-dimensional grid within the Brillouin zone. Inmetry. The latter structure corresponds to a true minimum
our calculations we used the grid of Pav@siith each of the  structure, because there are no imaginary frequencies. The
three coordinates having values saddle-point structures, obtained from the0 K calcula-
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TABLE I. Predicted energies of the local minima structures at vari@bleree energy, denoted 84T),
with T in K, is in eV. Internal energy, denoted &kis also in eV.

Symmetry u(0) G(200) G(300) G(400) G(500)
BJS
c2 —2304.974 —2296.523 —2298.000 —2300.050
P1 —2304.989 —2296.538 —2298.013 —2300.054 —2302.591
P1 —2305.138 —2296.654 —2298.127 —2300.157 —2302.681
KFBS
14,/a —1970.382 —1959.702 —1960.832 —1962.442 —1964.493
142d —1970.465 —1959.738 —1960.866 —1962.476 —1964.530
JC
P1 —4372.280 —4363.322 —4364.703 —4366.633
P1 —4372.353 —4363.345 —4364.703 —4366.606 —4368.994

tions, are used to calculate local minima structures, accorddicted by both other potentials. Predictions for the geometry
ing to a well-known procedurE:* Although many starting of the most stable structures at 300 K are listed in Table II.
structures were used in this procedure, only a few local To investigate which predictions are the most reliable, we
minima structures ak=0 K were obtained. Those structures calculated the Gibbs free energies of the most stable struc-
are listed in Table I. tures, at variable temperatures, relative to the value predicted

To investigate whether those local minima might corre-for a-quartz. The results are illustrated in Fig. 2. The relative
spond to different phases of dodecadil-ait elevated tem- Gibbs free energy will further on be denoted®G,,.. The
peratures, we calculated the Gibbs free energy of those struBJS and KFBS potentials predict correéflyhat dodecasil-
tures at several temperatures up to 1200 K. Dodec#®iis3 3C is metastable with respect t@-quartz for temperatures
thermally stable below 1200 KDifferences of the Gibbs ranging from 0 to 800 K. The JC-predicted structure, that is
free energies between the local minima structures are verpermally stable up to 400 K, is predicted to be metastable
small. Table | lists those energies in the temperature rang@ith respect toa-quartz for temperature ranging from 0 to
for which phase transitions of as-synthesized dodecail-3 400 K. At temperatures between 848 and 1200 K dodecasil-
have been reportédThe BJS potential predicts that the most 3C must be metastable with respect gequartz?’ At 1200
stable phase of dodecasiG3is triclinic with space group K, dodecasil-& must be less stable thag-cristobalite’’
P1 in the temperature range 0 to 1200 K. Although the cal-The relative Gibbs energy with respect to thg8ephases
culated Gibbs free energies of the local minima structure§ould not be calculated because, according to all three poten-
differ only slightly, the BJS potential predicts no phase tran-tials, both phases are no true minima structures at any tem-
sitions in the studied temperature range. perature.

The JC potential predicts for temperatures below 300 K The JC and BJS potential predict similar values for the
that a triclinic structure with space gropl is the most A GuansOf dodecasil-&, whereas the KFBS predicted values

stable. Abovel' =300 K the triclinicP1 structure becomes TABLE II. Predicted geometries of dodecasiGaat T=300 K.
more stable, indicating a phase transition at 30@&e Table pijstances are in A and angles in degrees. As the JC potential pre-
). This prediction might correspond to the small displacivegicts theP1 andP1 structures withA G, values that are essen-
phase transition ak=451 K, reported by Konecke, Miehe,  tially equal at room temperature, we have listed them both.

and Fues&® As the structural changes associated with this
transition have not been reported, we cannot verify the J®roperty BJS KFBS JC JC
prediction in more detail. For the1l structure the JC poten-
tial predicts atT=410 K imaginary frequencies at several
points in the Brillouin zone, that are not close to Theoint.
This indicates that th&1 structure becomes thermally un-

18.751 19.780 19.265 19.207
18.655 19.780 19.219 19.197
18.824 19.929 19.140 19.412

™R O T

stable atT=410 K. We emphasize that, although the JC- 89.73 90.00 90.47 89.964
predictedP1 structure is thermally stable for temperatures 90.10 90.00 89.85 90.127
above 410 K, it isnetastablavith respect to thé@1 structure Y 89.34 90.00 89.95 89.974
for temperatures above 300 Ksee Table )l The JC- dsio, 1.589 1.595 1.586 1.587
predicted P1 structure becomes thermally unstable at dsiq 1.623 1.616 1.609 1.608
T=410 K. Thus, the JC potential essentially predicts that the (dsi.o) 1.606 1.606 1.599 1.597
structure of dodecasil@ is triclinic with space grougP1l Zsio-si 131.6 159.6 143.7 140.8
and that this structure becomes thermally unstable=a410 £ si0-j 155.5 177.1 166.4 175.6
K. This temperature is too low when compared to the experi- (Zg.o.s 142.7 170.2 153.2 155.1
mental value of 1200 K. The KFBS potential predicts that £ o.sio, 102.3 107.7 105.2 105.6
the tetragonal42d structure is the most stable inthe range 0 2 5.6 115.1 111.4 112.9 113.2
to 1200 K. No phase transition is predicted. Thus, the KFBS- Symmetry P1 142d P1 P1

predicted structure differs substantially from that as pre
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the KFBS predictions. Furthermore, the large differences be-
tween the KFBS predicted values i6G,,,,sand those of the
other potentials are mainly due to the predicted value of
AGy 0 at absolute zero. ThAG, s at 0 K isequal to the
lattice energy relative ta-quartz, denoted ad U, be-
cause theApV term is negligible for solids at ambient pres-
sure. We have shown in a previous sttitihat BJS and JC
calculated values for thAU,,,s of several all-silica poly-
morphs are much closer to experiment than those of the
KFBS potential, the latter values being substantially differ-
ent. This, as shown earliét might be due to the fact that the
KFBS potential is based on the rigid-ion model, in contrast
to both other potentials. The above arguments indicate that
the JC and BJS predictions for the stability of dodeca€il-3
are more reliable than those of the KFBS potential. The JC

peratures. Crosses: BJS prediction. Closed triangles: KFBS predigotential is only able to model the thermal stability of
tion. Closed points: JC predictions. Vertical bar at 300 K depicts thedodecasil-& up to 400 K. We conclude that the BJS and JC
range of experimentdRef. 28 AG,,svalues for several all-silica predictions for the stability of dodecasilE3without guest

frameworks in which the silicon is tetrahedrally coordinated.

molecules are the most accurate below 400 K. Above that
temperature, we consider that of the BJS potential as most

are substantially highefsee Fig. 2 We are not aware of reliable.

experimental values oAG,,, for calcined dodecasil-G.
Experimental daf& on other materials, ranging from the mo-
lecular sieve silicalite to the dense coesite, indicate that
AGyansValues of all-silica frameworks with tetrahedrally co-
ordinated silicons lie in a narrow rangeertical bar in Fig.
2). The BJS and JC predictions for thes,,,, of dodecasil-

B. Comparison of predicted elastic constants of dodecasil€3
with experiment

In Table Il we compare calculated elastic constants of the
most stable structures dt=300 K (see Table I with ex-

3C at room temperature are much closer to that range thaperimental values, obtained by Friemann angpers®® The

TABLE Ill. Predictions for elastic constants of dodecad-at T=300 K compared with experimental
data of Freimann and Kipers(Ref. 15. Values not mentioned in the table are zero. Elastic constants are
denoted a<C;; and are in 18 N m™L. Values in square brackets are elastic constants that have changed
significantly due to increase of the cell volume with 1% as discussed in the text.

Cj; Expt. BJS KFBS JC JC
Cy 5.5 5.58[6.41] 8.62 [9.01] 8.74 7.70
Cyy 55 6.44 8.62[9.01]] 7.99 8.08
Css 55 7.93 14.54 7.61 7.486.84]
Cus 2.4 2.87 2.12 3.39 3.23
Css 2.4 3.16 2.12 3.30 2.92
Ces 2.4 3.12 4.08 3.55 3.65
Cio 1.1 1.46[1.19| 0.50 [0.77] 1.14 1.11
Cis 1.1 0.62 3.72 1.071.00] 1.29 [1.59]
Cua -0.07 —0.40 0.02
Cys —-0.83 0.13 0.18
Cis 0.03 0.03 0.19
Cos 1.1 0.63[0.53] 3.72 1.35[1.25] 1.79[1.39]
Cos 0.43 -0.10 0.04
Cos 0.15 0.08 0.15
Cos 0.21 ~0.25 -0.07
Cas 0.04 -0.23 0.14
Cas 0.00 0.28 0.17
Cas 0.43 0.00 0.05
Cus 0.02 0.02 0.15
Cus -0.01 0.01 0.05
Css 0.02 -0.01 0.12
Symmetry a P1 142d P1 P1

#Freimann and Kipers have not determined the space group of the compound they used in the elasticity

measurements.
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elastic constants were measured at ambient conditions for TABLE IV. Predictions for the structure of dodecasiGZom-
dodecasil-& with guest molecules Nand Ar in the small  pared with experimentaisplit position refinedl data for calcined
and NCH,); in the large framework cages. We are not awaredodeca_siI-IG: at T=523+15 K (Ref. 10. Distances are in A and
of elasticity measurements on calcined dodecagil-Birst, ~ 2ndles in degrees.

we notice that the elastic constants were determined frorBr
sound velocities measured with Brillouin-zone spectroscopy

operty Expt. BJS | KFBS JC

along the[010], [110], and[111] direction. Equations which a 19.369 18.796 19.758 19.239
hold for cubic crystal$>?® the reported symmetry of b 19.369 18.694 19.758 19.247
dodecasil-& at the time of the experiments, where applied c 19.369 18.860 19.925 19.455
to calculate the elastic constants from the sound velocities. a 90.00 89.75 90.00 89.98
This method yield€C,,, C45, andC,, as independent elastic B 90.00 90.08 90.00 90.13
constants. For crystals with a lower symmetry sound veloci- ¥ 90.00 89.36 90.00 89.95
ties in more directions are needed to determine the elastic ¢, 1.569 1.589 1.595 1.588
constants.(See, e.g., Ref. 3D.Thus, in this experiment it dSi-Ols 1.598 1.622 1.616 1.607
could not be detected if the local symmetry of the gégmple (deo) 1.581 1.605 1.606 1.597
was perhaps lower than cubic, as indicated by recesi Lsios, 150.9 132.6 158.6 141.3
;\IMR rr;easuremﬁnts‘lﬁn Ias-s;r/]nthesued roofm—templerature Lsios 175.8 156.6 177.0 175.9
orms o dodeca§| -8.%* Also, t e symmetry of our calcu- (/s 1635 1435 169.8 156.1
lated structures is lower than cubic. Therefore, we compare
, . Zo-si0 104.3 102.7 107.7 109.5
the calculatedC,,, C,,, andC,, with experiment and con- s
\ 11 . Zosiq 114.4 115.1 111.4 113.0
sider the remaining computed constants as predictises
. dsisi 3.066 2.989 3.140 3.031
Table lll). Furthermore, we compare calculated elastic con- 5 3 156 3,105 3.998 2976
stants of empty dodecasilE3with experimental datd of dS"Si 3'123 3'051 3'188 3'113
dodecasil-& that contains the guest molecules mentioned (dsis) i el = ‘
earlier. The x-ray powder diagrams of Hofman and Stétzel Symmety  Fd3m Pl 142d Pl

indicated that as-synthesized dodecasil-@ntracts slightly
upon calcination. This might affect our comparison between .
calculated elastic constants of the empty framework and thélicts a large range of all-silica structures very accurately.
experimental data. To estimate this effect, we expanded th@lso, for zsm5 andssz24 it has been showi* that the
unit cells of our calculated structures with 1% by applying aKFBS predicted symmetries are not in accordance with ex-
small negative pressure in our minimizations. The latter vol-Periment, in contrast to the BJS and JC predictions.
ume change is above the value obtained from the unit-cell
data of calcined dodecasilc3 (Ref. 10 and those of the
material used by Freimann and ppers'® For the expanded
structures we recalculated the elastic constants. Elastic con-
stants that have changed more than a few percent are listed in The BJS potential predicts that dodecadil-3vithout
Table Ill. These data imply that the presence of guest molguest molecules is triclinic with space groBg for tempera-
ecules has only a small effect on the elastic constants of theires ranging from 0 to 1200 K. In this temperature range the
framework. KEBS predicted structure is tetragonal with space group
The BJS potential predicts values f@r,, C,, andC,, 142d. The JC potential predicts that the structure of
that are in reasonable agreement with experiment. Both thdodecasil-& is triclinic with space groug1, which is ther-
KFBS and JC potentials predict these constants less accmally stable up to 400 K. We compare the predicted struc-
rately than the BJS potentidsee Table Il. The worse tures with(split position refiney single-crystal data of Ko
KFBS predictions for the elasticity of dodecasiG3seem necke, Miehe, and Fuedshat were obtained for a calcined
peculiar when compared with predictions for other silicatessample afT~523 K. As we are not aware of single-crystal
Predictions of the KFBS potential for the elastic constants oflata on the structure of calcined dodecasil-&t lower tem-
coesite and stishovite are more accurate than those of botferatures, we will also compare the JC predicted structure at
other potentials(See Appendix. Similar results were ob- 400 K with the data of Konecke, Miehe, and Fuess, thereby
tained for predictions on high-pressure elasticity ofassuming that the structure does not change much in the
a-quartz®? Therefore, we would not expect that the KFBS range 400500 K. Table IV presents the experimental data in
predicted elastic constants of dodecagil-8re less accurate comparison with the JC predicted structure at 400 K and the
than the JC and BJS predictions)lessthe KFBS prediction  predictions of both other potentials at 500 K. The unit-cell
for this structure is less accurate. The following argumentparameters, as predicted by the JC potential, are much closer
indicate that the latter must be the case. We have seen thit experiment than those of the other potentials. All three
the KFBS predicted symmetry for dodecas{-3differs  potentials predict Si-O distances that are considerably larger
much from the BJS and JC predictions. The latter potentialshan the experimental values. The KFBS predicted Si-O-Si
predict similar symmetries for dodecasiG3 although they bond angles are closest to the experiment, while both the BJS
are parametrized in completely different ways: The JC poand JC potential seem to underestimate these values. The
tential is derived from empirical data amquartz, whereas predictions for dodecasil@ are peculiar when compared
the BJS potential is solely derived fromb initio data of  with the performance of the potentials presented in a study
small silicious clusters. Furthermore, the JC potential preen a large number abther all-silica structure$® According

C. Comparison of predictions for the dodecasil-& structure
with experiment
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TABLE V. Calculations of the structure and elastic constants of TABLE VI. Calculations of the elasticity and structure of stisho-
coesite at room temperature, compared with experiment. Experiite at room temperature, compared with experiment. Experimental
mental values for the elastic constants are from Ref. 30. Experimenralues for the elastic constants and the structure are from Refs. 36
tal data for the structure are from Ref. 35. Lengths are in A andand 37, respectively. Distances are in A and angles in degrees.
angl;es in degrees. Elastic constants, denoted:i,as are in 18° Elastic constants, denoted ag, are in 16° N/m2
N/m=.

Property Expt. BJS KFBS JC
Property Expt. BJS KFBS JC
a 4.177 4.102 4.164 4.034
a 7.137 6.851 7.157 6.816 c 2.665 2.595 2.667 2.776
b 12.37 12.15 12.51 12.29 dsiq, 1.757 1.753 1.758 1.784
c 7.174 7.026 7.275 7.118 dSi-o, 1.809 1.722 1.799 1.733
B 120.3 120.0 120.7 119.4 {dsi.o) 1.774 1.742 1.771 1.767
dsi.o, 1.595 1.567 1.581 1.570 /siosi 1307 132.3 130.7 128.9
dsig 1.621 1.637 1.621 1.628 Losio, 81.3 84.5 81.3 77.8
(dsi.o) 1.609 1.614 1.605 1.611 £ o.si0, 180.0 180.0 180.0 180.0
£ si-o-sj, 137.2 127.1 145.1 132.8 Zosiq, 90.0 90.0 90.0 90.0
Lsios 180.0 179.99 179.99 180.00 Losio, 98.7 95.5 98.7 102.2
(ZLsio-s? 150.8 140.3 154.6 143.9 Cpn 45.3 67.8 62.5 475
ZLosiq 108.0 104.8 104.3 105.0 C 21.1 34.8 22.8 30.4
Zosiq 110.4 114.6 115.6 112.7 Cis 20.3 41.2 26.8 36.1
Cu1 16.08 11.97 17.30 9.32 Cas 77.6 98.9 93.3 86.6
(o 8.21 6.15 8.21 6.26 Cua 25.2 26.8 26.9 14.7
Cis 10.29 6.45 10.60 7.42 Ces 30.2 37.9 26.1 39.6
Cis —3.62 -1.17 —2.93 0.47 Symmetry P4,/mnm  Bl,/mnm  Ri,/mnm  P,/mnm
Cy 23.04 21.37 24.89 21.05
223 g‘gg i?g g'gz 2(133 predictions for the nearest-neighbor Si-Si distances difter
25 : : ' ' much from the experimental values. The KFBS and BJS pre-
Cas 23.16 22.20 27.83 2396  (ictions for the Si-Si distances are consistent with those pre-
Css —3.93 —551 —4.80 —6.03 dicted for a large number of all-silica frameworKsThis
Cua 6.78 5.13 2.77 336 suggests that in the actual structure the O atoms may be
Cus 0.99 1.24 -0.83 0.70 further away from the line connecting nearest-neighbor Si-Si
Css 7.33 4.49 5.90 4.77 atoms, than indicated by experiment. Thus, the experimen-
Ces 5.88 4.13 3.92 3.95 tally determined O positions in calcined dodeca<il-thay
Symmetry C2lc C2lc C2lc C2/c not be well-resolved. Our conclusions agree with the

observatio’ that refinement in space groupd3m of the
calcined dodecasilG structure, with O atoms on split posi-

to that study’® predictions of the three potentials for the Si-O tions, already lowered the average Si-O-Si bond angle and
distances in the latter frameworks are much closer to experincreased the average Si-O bond distances, compared to
ment than those predicted for dodecagl-3-urthermore, for  those obtained from conventional refinement in that space
all silicas studied? the Si-O-Si bond angles in those frame- group.

works are overestimated by the KFBS potential, underesti-

mated by the BJS potential, and most accurately predicted by IV. CONCLUSIONS

the JC potential. Howevehoth the JC and BJS potential . I
seem to underestimate the Si-O-Si bond angles in dodecasil- The shell-model calculations indicate that the local sym-

; i ; try of dodecasil-8@ without guest molecules is triclinic
3C, while the KFBS prediction is closest to experiment. Fur-Me€
thermore, the BJS predicted Si-O-Si bond angles infor temperatures between 0 and 1200 K. For the KFBS pre-

dodecasil-& deviate much more from experiment than thedriCtioﬂs’ that Iindicatﬁ zldi?gen;gtructurg,lwe g_ave ihowhn
predictions for other all-silica polymorpl&|f the BJS pre-  hat they are less reliable. The JC potential predicts that the

dicted dodecasil-3 structure really deviates that much from triclinic StI’UC'.[L'JI’e undergoes dt=300 K a small displacive
experiment, then it is peculiar that the potential still predictsphase transition where the symmetry of the framework
the elastic constants for this framework reasonatdge changes fronP1 to P1. According to the BJS potential, this
Table Ill). Also, if the KFBS predicted structure is accurate, structure remains a single phase with space g@lipn the
then it is peculiar that this potential does not predict elastidemperature range studied. More experiments are needed to
constants that are in agreement with experiment, which wadetermine the accuracy of these predictions. Our calculations
argued in Sec. Il B. The predictions of each potential for theindicate that the experimental values reported for the Si-O-Si
structure of dodecasil@3 would be consistent with those for bond angle might be too large whereas that for the Si-O bond
other all-silica frameworks, when in treetual dodecasil-& distances might be too small. This may be due to less accu-
structure the Si-O-Si bond angle would be smaller and theately measured positions of the O atoms in the framework.
Si-O bond distance would be larger than the experimentafFurthermore, the BJS potential predicts elastic constapts
values that have been reported so'fawe notice that JC C,,, andC,, that are in reasonable agreement with experi-
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mental values. The latter values were obtained by the applthe Netherlands Organization of Pure and Applied research
cation of cubic symmetry in the equations that relate thgNWO). One of us(K.d.B.) thanks Dr. A. J. M. de Man at

elastic constants to the measured sound velocities. As Oyge Department of Chemistry University of Delaware, for
calculations indicate that the local symmetry of empt '

y . .
dodecasil-& might be lower than cubic, it might be inter- many useful discussions.
esting to perform additional elasticity measurements on cal-

cined dodecasil-@ and to compare the results with the BJS
predictions. APPENDIX

Tables V and VI present structure and elasticity calcula-
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