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A detailed study of the vibrational structure of the silasesquioxanr8&&®h, and HSiicO;5 based on INS,

IR, and Raman spectra and on a normal-coordinate analysis is reported. The inelastic neutron scattering
(INS) spectrum of crystalline §$igO;2 is in good agreement with the optical data and allowed the assignment

of optically forbidden transitions. The previously published force field, determined from IR and Raman data
of HgSigO1, and 3SisO1», provided a good fit to the INS frequencies and intensities except in th&i-©H

bending region, which is sensitive to intermolecular interactions. The INS spectrum, a comparison of the
Raman spectra of dissolved and soligbidO,,, and published diffraction data were used to analyse the influence

of crystal packing. A modified force field was developed which is adapted to crystallis®®, and
distinguishes between-€5i—H bending force constants for the axial and the equatorial hydrogen atoms.
Excellent agreement with all spectra was thus obtained. This force field was also applied to the INS spectra
of H10Si1¢015 and 3SisO1,. Based on a normal-coordinate analysis of the INS data, the total mean-square
displacements (msd) of the hydrogen atoms gikD1, were extracted as well as limits for the total msd of

the silicon atoms. The msd’s and the neutron diffraction values are in good agreement, showing that no or
very little static disorder is present in crystalling$#0,,. Based on the msd’s, the lowest internal torsional
frequency was estimated to be 417 cnit.

Introduction synthesizing mono- and higher substituted octanuclear sila-
sesquioxanek:17-24 |n addition, hydrosilasesquioxanes can be

Silicon, for a long time confined to material science (tradi- X 5 X .
fruitfully viewed as readily available model compounds for

tional glass and electronics industries), has now spread out into ) - X
all domains of modern chemistry. Oligosiloxanes which have studying specific aspects of zeolites. Several recent approaches

attracted much interest in the past few yéame among these to understanding the electronic, vibrational, and crystal structures
silicon-based molecules. Especially promising compounds are Of infinitely extended zeolite and silicate frameworks involve

the cage-shaped oligosilasesquioxamshe general formula  Studying their molecular subunits (such as sod#t8, related
(RSiOs2)2m (N = 2, 3, 4, ...)% their wide use ranges from the Molecules, and cluste?$:** Silasesquioxanes fulfill the struc-

preparation of high-performance optical fiber to applications tural requirements for this purpose as they exhibit polyhedral
in cosmetic$~¢ Their attraction stems from the appealing Si—O s_keletons which fit closely characteristic building elemen_ts
combination of unusual structural features (inorganic moiety) Of zeolites; furthermore, they are rather stable molecules which
with potentially useful chemical functionalities (organic part). can be thoroughly investigated. Specifically, silasesquioxanes
We actually distinguish between organo- or organometallo- have been used to generate a force field for zeolit® As
functionalized silasesquioxanes @R alkyl, aryl, halide, or ~ models for studying pore-opening vibrations in zeofiteend
organometallics) and the hydrido species=RH). The first structural distortions in D4R units of zeolité%s.These systems
are discussed as sources for new organosiliceous polyarels ~ Will become yet more important as the synthesis and charac-
as precursors to organolithic macromolecular materials (OM®I's) ~ terization of new metallasiloxanes increases the number of
or porous hybrid inorganieorganic materiald® They are suitable molecules with which to model the different kinds of
considered as “building blocks” or structuralizing agents for the zeolite$> 37 and silica-supported transition-metal complexes or
sol—gel preparation of ceramic or polymeric materials showing catalysts®® There are links to similar cage compounds in which
specific features reminiscent of the cubic precurdbiis; the some of the Si are replaced by Al, P, Ga, o?F#® Moreover,
field of supramolecular chemistry, novel octasilasesquioxane- this series of pseudospherical (Hgif»,» compounds offer the
based 3-D cores for dendritic supermolecules have also beenopportunities to clarify the subtle but determining role of some
described? Metal organic derivatives are involved in the driving forces which govern the packing and the cage properties
generation of catalysts such as siliceous matrix-encapsulatedof such highly symmetrical species within the bulk molecular-
cobalt carbide nanoparticles R Co(CO))*2 or in the design based materials.

of new electrochemical devices Rferrocenyl)}* The hydrido Octahydrosilasesquioxaneg®kO12, can be easily prepared
species are exploited for different applicationssSlgO12is used by the hydrolytic polycondensation of SiHCin a biphasic

in material technology for Si©film depositiort>% and in medium. In this reaction, HSioOs is also formed as a
molecular science as an appropriate starting molecule for pyproduct® and we report an isolation procedure based on

* To whom correspondence should be addressed.
T Dedicated to Prof. Rolf Gleiter on the occasion of his 60th birthday.
® Abstract published i\dvance ACS AbstractSanuary 1, 1997.

sublimation, which represents a useful alternative to the more
usual size-exclusion chromatography Properties of several
hydrosilasesquioxanes have been well studied in the last years.

S1089-5647(96)02742-3 CCC: $14.00 © 1997 American Chemical Society



1172 J. Phys. Chem. B, Vol. 101, No. 7, 1997

The crystal structures of ¢$igO12,4243 H10Si1¢015,* and H -
Si;2016%° were analyzed in detail, and those of the two isomers
of H14Si140,1 were reported® Their electronic structure and
the Si-H + Y—Z — Si—Y + H—Z reaction mechanism under
retention of the cage have been studiedlrhe IR and the FT-
Raman spectra of §$isO1, and D3SigO1, were measured and
analyzed, and a harmonic force field in terms of internal
coordinates was determinétl.It was shown that the force field
determined for igSigO12 is appropriate to describe the funda-
mentals of HgSi10O15. Results obtained in these studies led to
the notion of ring-opening vibrations, which are an appropriate
starting point for the study of pore-opening vibrations in
microporous materia¥. The concept of ring-opening vibrations

Marcolli et al.

suspension subsequently filtered off with a Millipore filter (type
GV, 0.22um). The solvent was evaporated and the white solid
residue recrystallized from hot cyclohexane. This deuteration
step was repeated four times; the completion of deuteration was
verified by NMR and FTIR. The final compound showed no
remaining St+H or C—H group (from possibly cocrystallized
solvent molecules) signals. A total of 340 mg of crystalline
DgSigO12 (>99.5 % purity) was obtained.

INS Measurements. The INS spectra were taken on the
time-of-flight crystal analyzer spectrometer (TFXA) on the
pulsed neutron source ISIS at the Rutherford Appleton Labora-
tory, Chilton, UK. In this spectrometer a white beam of
neutrons illuminates the sample held at 12 m from the neutron

was recently extended to monosubstituted silasesquioxanes 0kgurce. Some of those neutrons with enough energy to excite

the type RHh—1(SiOyr5)on, N =4, 547 As HgSigOs2 is a highly
symmetric molecule, 14 fundamental vibrations are optically
inactive and yet to be firmly located. Because inelastic neutron
scattering (INS) is not subject to optical selection rules, the
technique offers the possibility of locating the optically inactive
modes and refining the previous force field.

We report in this paper a comparative study between the IR
(solution), the Raman (solid state and solution), and the INS
(solid state) spectra of¢3igO;2, as well as a normal-coordinate

analysis of the experimental data. This approach allows the
assignment of optically forbidden frequencies and the observa-

vibrations within the sample, and yet having a final energy of
about 40 cm?, will be scattered toward the secondary spec-
trometer. At this step a separation is made between particles
with the correct final energy, which are transmitted to the
detectors and all others, which are adsorbed. Data are collected
over the entire range of fundamental molecular vibrations, from
20 to 4000 cm?, with a resolutioAE/E 2%. The spectrometer
has been described in detail elsewhtre.

The samples were contained in an aluminum can and held in

a cryostat during data collectiong8igO;, (1 g) was measured
for 1 day below 40 K; HoSi;0015 (300 mg) was measured for

tion of crystal packing influences, mainly on the hydrogen - days &7 K and D:SigO12 (330 mg) was measured for 4 days

atoms. Based on this analysis the previously developed force

field of HgSigO12 is modified for crystalline HSisO1, by
introducing different G-Si—H bending force constants for the
axial and equatorial hydrogen atoms. This force field is then
applied to the INS spectra of1b8i10015 and 3SigO12.  Since

the INS spectroscopy is particularly sensitive to displacements
of the hydrogen atoms, it gives access to their total mean-square
displacements. The total mean-square displacements of the
hydrogen atoms can therefore be calculated and compared with

the values determined by neutron diffraction. Based on the
normal-coordinate analysis and the diffraction data, the fre-
quency of the lowest internal torsion is estimated.

Experimental Section

Synthesis of BSigO12 and H10Si10015. Octa- and decahy-
drosilasesquioxane,d8isO12 and H¢SiigO15 were synthesized
as described in ref 40. From the resulting mixture of oligohy-
drosilasesquioxanes, gHigO12 can be directly obtained by
recrystallization fromn-hexane. The purity was99.5 %
(determined by gas chromatography).

Purification of H 16SiigO1s. H10Si10015 cannot be obtained
in pure form by recrystallization from the mother mixture of
HsSigO12 and H0Sii0015 and was up to now purified by size-
exclusion chromatograpHy. However, a useful alternative is
to remove HSigO;, from the mixture by sublimation. Typically,
a dried mixture of HSigO12 and HSiiO15 (200 mg,~80%
H10Si10015) was heated to 85C. After 4 h, 175 mg of a crude
residue which consisted of 94.8%¢3i;0015 remained in the

at 4 K. The spectra were corrected for background scattering
by subtracting the spectrum of the empty aluminum can in the
cryostat. The INS spectrum, of neutron counts versus time of
flight, was converted into the conventional scattering law,
SQ,w), versus frequency, cm, by standard programs.

IR and Raman Spectra. The Raman spectra of the solids
and solutions in cyclohexane as well as the IR spectra of
solutions in carbon tetrachloride were measured as described
elsewhere®

Calculations. The normal-mode calculations were performed
by the Wilson GF matrix meth&8using the computer program
package QCMPO67 and the INS spectral analysis package
CLIMAX. 52 The mean-square atomic displacements, as cal-
culated by CLIMAX and weighted by the atom’s incoherent
scattering cross section, are directly related to the reported
intensities,S(Q,w). The cross section of hydrogen, 80 barns,
is much larger than for any other atom and the observed INS
spectrum of hydrogenous material is dominated by hydrogen
displacements. The CLIMAX program also performs several
important, but nowadays straightforward, calculations which
permit direct comparison of the observed and calculated INS
spectra. These calculations have been discussed elséiiiere
and only the role of “phonon wings” needs outlining here. These
are combinations between the internal and the external, or lattice,
vibrations of the molecule. They become active whenever
significant momentum transfe, is involved when exciting
the transition. Because of the neutron’s mass, momentum
transfer is always implied. However, they are also visible in

flask. This sublimation step was repeated three times until a the optical spectra of molecular impurities in crystals, where

purity suitable for sensitive spectroscopic measuremeriSb)
was reached.

Synthesis of RSig0;,. Deuteration of HSigO1, was per-
formed in accordance with the literature procedi®r® using
degassed solvents (Merck, p.a.).
solution of HSigO12 (400 mg) in pentane (300 mL) was added
dropwise to a suspension of Pd/C 10% catalyst (100 mg) in

the restriction to the Brillouin zone centre is raised. In our case
the wings appear to the high-energy side of the internal
transition. The relative intensity of the wingy, to the intensity
remaining at the band origirs,, depends on the mean-square

In a typical experiment a displacement of the scattering atom due to the external vibra-

tions,Ug2. INS therefore gives access to the individual internal
vibrational displacementsUg) through the total intensity

pentane (20 mL), under an inert atmosphere. Before use, theobserved in a bandf), as well as to the external displacements,

catalyst was heated to 20C€ under vacuum (1 Pa) for 6 h.,D
bubbling while stirring was carried out fo8 h and the

through the intensity of its phonon wing. The total atomic
displacementlUt2, determined in this manner is the same as
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TABLE 1: Bond Lengths (A) and Bond Angles (deg) TABLE 2: Fundamentals of HgSigO1,
internal coordinates #$is012 H10Si10015 experimental calculated type of
R(Si—H) 1.48 1.48 sym IR Ramah INS I Id vibration
;g::gg 162 oy Asg 2302 2301 2290 2290 ]

_gi— ) Tog 2286/2296 2301 2290 2290 -
oo 109> 1092 T 2277 2301 2290 2200 [ VM)
5(0-Si—0) 109.5 T1g 1161 1161
D(Si~O—Si) 148.4 150.5 = 1158 1158 e
W(Si-0-Si) 156.1 Ty, 1141 1143 1142 v2dSi—0—Si)

Tag 1117 1116 1114/1113
SCHEME 1: Structure and Internal Coordinates of 'é:u 932 o16 1098222 1%71% #
HgSigO12 and H10SioO1s Tau 916 918 914/904
T 2 Tag 897/883 890/879 894 893/881 5(0—Si—H)
T, 881 879/870 881 878/869
Tig 811 870/817 865 862/820
E, 817 862 818
Ey 697 688 691 704
Tou 675 682 692/690 p v{(Si—O—Si)
Tag 610 608 613 617/614
Ay 580 563 576 553 0(0—Si—0)
T 566 563 569 569/561 1
T 465 458 481 473/461 p v{Si—0O—Si)
. ) Axg 456 458 446 446
H,Si,0:, HiuSiOs E, 423 415 423 422
Tog 414 405/400 418 407/397
that measured by diffraction techniques, provided that there is Pu 399 a5 ggg ggg 322/390
no static disorder in the crystal. A129 314 304 303 5(0—Si—0)
. e . . u
The structure a_nd definition of the internal coordinates of T, 286 303 301/290
HgSigO12 and H¢Si1gO015 are shown in Scheme 1. The bond Ty 171 178/175 168 168
lengths and bond angles @i, HgSigO12 and Ds, H10Si1001s Eu 172 166 168
used for the normal-coordinate analysis are reported in Table Eo 84 88 83 83 5(Si—O—Si
ot - : ; T 65 68 68 (Si=0-Si)
1. The vibrational analysis of ¢$igO12, DsSigO12, and Hg A2“ 4147 Si-O—Si
Si1gO15 was based on the modified general valence force field "2 7ad Sl )
from IR and Raman data of g3igO;> and xSig012.28 The 2In CCly. bCrystallin_e powder¢ Calculated with the force field from
experimental and the calculated fundamentals g8ig®D;, are ref 28.9 Calculated with the force field adapted ta$#O:2 in the
crystal.

reported in Table 2, and the force constants used are listed in
Table 3. According to molecular symmetry (see Table 5inref Tag|E 3: Internal Force Constants of HgSigO1s
28), some of the internal force constants are linearly dependent
and 3 of the 13 off-diagonal elements had to be eliminated.

force const ref28 thiswork force condt ref28 this work

One way to solve this problem was to gt, fss, andf',, equal ;R g-cl)o g-flJo ;[B 62-2416 601'2%,6
T 1 i it i r . . B . .
to zerc(j). The fits finally obtained were not sensitive to this fax 0.606 f 0.036 0.036
procedure. oo 0.601  0.533 foe 0 0
s 0.895  0.895 fa 0 0
Crystal Structure and Symmetry fo 0.091  0.091 fos —0.095 —0.095
_ _ — _ i 0.275  0.275 f™ 0
The structure of crystalline ¢$isO:> was examined in detail £ 0153 0153 frogea 175 Z5.109
by X-ray*? and neutrof® diffraction. Both techniques sho fra 0.188  0.188 foo 0.0188  0.0188
(3) crystallographic symmetry anfl, symmetry for the S0D1» fra 0 0 fpo 0.0026  0.0026
framework. The ideaD, symmetry is only realized in solution, aForce constants units: stretching constants, mdyn/A; bending

since the'H and?°Si NMR spectra each consist of a single peak, constants, mdyn A/rddstretch bend interactions, mdyn/rad.
and the IR spectrum of §$igO;, is compatible with th€y, point ] ]
group?® The clearest manifestation of tAig molecular sym- ~ SCHEME 2: Symmetry of HgSigO12 (a) and Hi10Si1001s
metry in the crystal is the difference between the O distances  (b) in the Crystal

across the faces of thegSiube 0.31 A). The symmetry G, . _
lowering actually originates from intermolecular interactions as U “‘il' —dw -

. . . . sims W TH ad HZ g
revealed when inspecting the packing. Four relatively short e P | - ""-.'\.-'* LI
O---Si contacts between each pair of molecules are observed. be * * 5 ,."" ] . i
These have been interpreted as reminiscent of an incipient Ay . i
nucleophilic attack of O on 3% Low-temperature neutron S5 i A ¥ o
diffraction®? located the H atom positions and showed that all e a Hz

L] b

Si—H distances are the same within experimental error. The
symmetry reduction fror®dy to S leads to two sets of equivalent  Analysis of the G--H distances between neighboring molecules
H atoms, the first set consisting of the two axial H(1) lying on in the crystal showed three short-@H(1) distances (2.942 A)
the threefold axis, and the other one consisting of the six and one rather short-©H(2) distance (3.023 A); see Figure 1.
equatorial H(2) as shown in Scheme 2a. The deviation of the The deviations from the ided, symmetry are small and
H(2) set of atoms from ideal tetrahedral angle§@—Si—H): the spectra measured in solution are fully compatible with this
109.86, 109.07, 109.77) is caused by interatomic interaction. symmetry. Therefore, the vibrations are described within the
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Figure 1. H(1) atom (on the left-hand side) and H(2) atom (on the right-hand side)Sif®h. as located in the crystal with RMS amplitudes from
neutron diffraction (the shortest-HO distances are indicated).

wM el e

800 1000 2200 2400

Wavenumbers / cm”'
Figure 3. Raman spectra of the solid (a) and of the solution in
cyclohexane (b) of the SiH stretching and ©Si—H bending region.
the solution, can be strictly understood in term©gkymmetry.
It consists of the six IR active], modes and four combination
or difference bands. Though the Raman spectrum shown in
Figure 2 was taken from the solid, most features can be
understood in terms dD, symmetry. Thirteen vibrations are

—

0 1000 . 2000 Raman active irD, symmetry and can be without exception
_ Wavenumbers / cm o assigned to peaks in the Raman spectrum. Additional peaks,
Figure 2. INS and Raman spectra of crystallin@Si#O:2 and IR \yhjich are of low intensity in comparison with the Raman active

transmission spectrum of the solution in GCl fundamentals, are assigned to combination bands or to funda-

O point group and deviations from this symmetry are discussed menFaIs a}ctivatgd by symmetry reduction in the' crystal. A
separately. Based ddy, the 78 vibrational degrees of freedom detailed discussion of these spectra can be found in refs 28 and

of HgSigO,, are distributed between the irreducible representa- 34. The influence Of the_ sym_metry_reduction in the crystal is
tions as follows: most apparent for vibrations involving hydrogen atoms. We

therefore compare in Figure 3 the-Gi—H bending and the
Puio = 31gR) + Agilin) + 45(R) + 3Tagfin) + dissolved. (oyceherane) ifOrs Solid samples. show
. . . 8\J12-
BT,(R) + 3Az(in) + 3E(in) + 6Ty, (IR) + 4T, (in) splitting of the triply degenerate,Jmodes. Thus, thes§ Si—H
. _ ) stretching vibration is split into a doublet §A&and E) at 2296
Among the.33 d|fferer!t fundamental vibrations@f HgSlgOlz, and 2283 cmt and the -Eg O—Si—H bendir;ég vibrE;zion into a
14 are optically inactive, but all should be INS active. The 4, et at 883 and 897 crh In addition to these splittings,
only limiting factors are the resolution of the INS technique  ghifq o higher wavenumbers are observed in the crystal. In
apd the intrinsic peqk intensity, related to the hydrogen ¢q iion the T, (2275 cntl) and the A (2281 cnl) modes
displacement present in a vibration 0§$£O;. are detected at 20 crhlower energy than in the crystal, close
to the position of the T, v»(Si—H) (2277 cn?) in the IR
spectrum. A similar shift is observed for the, B—Si—H
Qualitative Comparison of the Spectra. The INS spectrum bending mode, which appears for the solid at 15 timigher
of HgSigO12 is shown together with the optical (IR and Raman) energy than for the solution.
spectra in Figure 2, and the frequencies of the fundamentals The INS spectrum of kBigO;2 should include the six IR and
are listed in Table 2. The IR spectrum, which was taken from 13 Raman active as well as the 14 inactive vibrations. Inspec-

INS, IR, and Raman Spectra
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intensity / a.u.
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Figure 4. Measured (straight line) and calculated (dotted line) INS spectras8isGh.. The calculation was carried out with the same force
constants as for the IR and Raman data.

tion of the INS spectrum shows that it is indeed the richest and SigO;2 in this region: three IR active, seven Raman active, and
consists of both broad and sharp features. The broad featuredive inactive. All optically inactive vibrations are detected in
are due to overlapping bands, overtones, and combinations. Thehe INS spectrum and the assignment is given in Table 2. The
fundamentals appear as sharp peaks (full width at half-height T,y (O—Si—0) is Raman inactive i@, symmetry but becomes
of 10—20 cnt?) over the whole spectral range. All IR- or active inS symmetry. It appears as a weak Raman peak at
Raman-active fundamentals, with the exception of the antisym- 356 cnt!in the crystalline material and is observed at 330°tm
metric SO—Si stretches, could be detected in the INS in the INS spectrum and displays the largest wavenumber
spectrum, and the comparison with the IR and Raman spectradifference between the Raman and the INS spectrum for solid
shows agreement within about 10 Tt This quality of HgSigO12. In the range from 490 to 390 crhthe ring-opening
agreement together with the fact that the bandwidth is compa- vibrations occur, which give rise to characteristic IR and Raman
rable with the instrument resolution demonstrates that dispersionbands, mainly to the strong and totally symmetric Raman peak
is irrelevant in HSigOy,. All optically inactive bands could be  at 456 cmil. The INS spectrum of the ring-opening modes is
detected in the INS spectrum, again with the exception of the weak as only small hydrogen displacements are involved in these
antisymmetric Si-O—Si stretches. Based on a potential energy vibrations. They are partly responsible for the intensities of
distribution (PED) analysi&->3the vibrations of HSigO;, can the peaks located at ca. 400 and 458 &m
be conveniently described as follows(Si—H), va{Si—O—Si), The TFXA spectrometer provides access down to about 20
0(O—Si—H), v«Si—0—Si), 6(0—Si—0), 6(Si—O0—Si). Fora cm™?, covering the external or lattice mode region below 100
consistent assignment in terms of group frequencies, however,cm™1. The INS spectrum in this region is a broad but structured
it was necessary to introduce the notion of ring opening feature between 30 and 100 chand reaches a maximum at
vibrations34 50 cntl. Three internal modes are also expected in this region
The Si-H stretching vibrationsy(Si—H), are the highest  and one of them, thed(Si—O—Si), is observed in the Raman
fundamentals of kBigO1,. They are not resolved in the INS  spectrum at 84 crt, but the other two, the i 6(Si—O—Si)
spectrum and appear as a single broad band at 2304 (eridlth, and the Ag torsion, are still to be firmly located.
80 cnt?). In the Raman spectrum of the solid they appear at  Force Field. The force field determined from the IR and
a similar position. Additional features, only observed in the Raman data of kBigO;2 and ySigO1,28 was used together with
INS spectrum, are the bands between 1200 and 2008, dihey the high-symmetry geometry{, Table 1) as input to the INS
are readily assigned to the first overtones and combinations ofanalysis program CLIMAX? The experimentally available

the O—-Si—H bending motions. The antisymmetric-SD—Si information imposed a restricted number of interaction force
stretching regiony,{Si—0—Si) between 1000 and 1200 cty constants (Table 3). Indeed, most interactions which were not
contributes only a weak band at 1059@m Above 1100 cmt, between coordinates within the same H&i€rahedron were

where the IR- and Raman-active-%)—Si stretches are detected neglected. Figure 4 demonstrates that this force field provides
no INS intensity was measured. This is not unexpected as thesea good fit of the observed neutron features over the whole
vibrations involve no displacement of the hydrogen atoms and spectral range with the exception of the strong peak at 817 cm
are therefore of weak intensity. The whole INS spectrum is and the weak feature at 1059 thwhich are both missing
dominated by the two strong bands with maxima at 890 and from the calculated spectrum. This agreement confirms that
817 cntl. Because of their intensity and position they are the dynamics of kSigO;» can be well described by flexibly
assigned to ©Si—H bending vibrations. Unded, symmetry jointed HSIQ units with Cz, symmetry. Intensity is also
six O—Si—H bending modes are expected; one of them is IR missing in the frequency region below 100 thindicating
active, two are Raman active, with three optically inactive that the intensity in this region stems mainly from external
modes. While, because of its position the band at 890'cm modes. The CLIMAX calculation shown in Figure 4 includes
must contain the IR and the Raman active modes, the intenseovertones and combinations to first order and is therefore able
peak at 817 cm! consists of the optically inactive modes. to fit the first overtones and combinations of the-8i—H
Between 100 and 800 crhthe symmetric SiO—Si stretches bending vibrations between 1200 and 2000-&mThe broad
(750-550 cntl) and the G-Si—0O bending vibrations (500 feature above 3000 crh arises from the combination bands of
150 cnt?l) occur. Fifteen vibrations are expected oy Hs- the Si-H stretching and the ©Si—H bending modes. The
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Ty > Ag+ Eq
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1./ mdyn A rad”
Figure 5. Splitting of the Ty (O—Si—H) (at 865 cm* for On He-
SigO12) and theT,g 6(O—Si—H) (at 894 cn1? for O HgSigO12) modes
as a function of ;@

intensity observed in the region between 2100 and 2800tcm
underlying the Si-H stretch at 2300 cm is due to second-
order combinations and overtones of the 8i—H deformation
modes and does not appear in the calculated spectrum.

To explain the discrepancies between the calculated and the

observed spectrum ofg3igO,, in the O-Si—H bending region

of Figure 4, the reduced symmetry of the crystal was taken into
account. It can be seen from the Raman spectrum that the
intermolecular interactions, due to the relatively short-B
distances in the crystal, lead to considerable splitting in the
O—Si—H bending and in the SiH stretching regions. The
CLIMAX calculation was repeated with the same force constants
as previously but with the atomic coordinates as determined by
neutron diffraction. However, this led only to small changes
in the spectrum and could not reproduce the splitting observed
in the Raman spectrum. We therefore renounced replacing th
idealized coordinates by the true atomic positions and focused
on the force constant values.

The crystal geometrys together with the relatively short
O:++H contacts between neighboring molecules imply that the
force constants of the axial hydrogen atoms, H(1) can have
different values from their equatorial counterparts, H(2). We
therefore distinguished between the-8i—H bending force
constants of the H(1},®, and the H(2)f.*% The results of
the systematic investigation of varyifg™ are shown in Figure
5; the splitting of By 6(O—Si—H) and Ty 6(O—Si—H) are
plotted as a function of,® (f,#4 remained fixed at 0.60 mdyn
A rad™?. It is seen that both modes split intogAnd E
components. The splitting of the;d6(O—Si—H) is always
greater than that of the,J (O—Si—H). At ;2= 0.50 mdyn
A rad2 this splitting is 50 cm?, while for the g 6(0O—Si—

H) mode is similar to that observed in the Raman spectrum,
i.e., about 13 cm!. In addition, the optically inactive [Fd-
(O—Si—H) is shifted down by 50 cm’. This means that
differentiating between,# and {,#9leads to the splitting of the
Toq 6(O—Si—H) experimentally obseed in the Raman spectrum
of the crystal as well as to the appearance of the $-H
bending modes as two distinct features in the INS specttum
similar distinction between the axial and the equatoriatts$i
stretching force constants leads to the splitting of they{Si—

H), which is observed in the Raman spectrum of crystalline
HsSigO12. Based on Figure 5, approximate magnituded§®r
andf,®9 were estimated and used as initial values for a fit to
the INS spectrum using CLIMAX. The best fit to the INS
intensities was obtained when the distinction betwiggh* and
%% analogous to that betwedg® andf,®9, was introduced.
Only thef' %9, 1,2, andf,® force constants were allowed to
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Figure 6. Measured (straight line) and calculated (dotted line) INS
spectra of HSisO;2 () and HeSi1gO15 (b). The calculation was carried
out with different values for nonequivalent-€i—H bending force
constants as reported in Table 3.

vary during the fit. The finally accepted force field is given in
Table 3 and the calculated spectrum is shown in Figure 6a in
the region from 500 to 1200 crh

It can be seen that the fit is much improved in the £—H
bending region, which now displays two strong bands. In Table
2, column 11, the frequencies are listed, showing a considerable
splitting for all triply degenerate ©Si—H bending vibrations.
The restricted number of variables and the CLIMAX fitting
procedure, which optimizes both INS intensities and positions,
made the frequency agreement for the 675 timand worse.
Nevertheless, this is acceptable to obtain a good INS intensity
agreement with frequencies remaining as close as possible to
the earlier force field of ref 28. The weak but sharp feature at
1059 cnt! assigned to the lowest,{Si—O—Si) mode (A,
character) is not well represented by the calculated spectrum.
This mode only has intensity by virtue of interactions with
hydrogen modes of other character. The interaction with the
O—-Si—H bending modes, as they contain no vibration gf A
symmetry, is absent fdd, HgSigO1, but becomes active in the
lower S point group. To account for this peak in the calculated
spectrum, a more explicit treatment of the intermolecular
interactions in the crystal would be necessary.

Overtones and Combinations. The additional features in
the INS spectrum above 1200 cforiginate from overtones
and combination bands, which are known to give much more
intense features in the INS spectrum than in the corresponding
optical spectra. Although only first-order overtone and com-
bination processes are calculated in CLIMAX, their relative
intensities are in good agreement with observation.
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TABLE 4: Total Mean-Square Displacements (msd’s) along

a
the Principal Axes/A?
INS neutron diffractiof
H(1)
Osi—n 0.0279 (5) 0.0273 (15)
[|si-H 0.0136 (5) 0.0122 (15)
b H(2)
Osi-n 0.0267 (5) 0.0262 (10)
[Isi—H 0.0135 (5) 0.0087 (10)
Si(1), isotropic 0.0045 (5)
I 0.0063 (5 0.0049 (5)
Si(2), isotropic 0.0045 (5)
100 200 0.0063 (5 0.0048 (3)

Wavenumbers / cm”’
aReference 43 Calculated with an external contribution of 0.0050
(5) A2 ©Lower limit, calculated with external contribution for the purely
librational case (0.0032 (5)% ¢ Upper limit, calculated with external
contribution for the purely translational case (0.0050 (3). A

Figure 7. Comparison of the INS (a) and the Raman spectrum (b) of
H10Si10015 in the low-frequency region. The INS spectrum shows two
splittings not observed in the Raman spectrum.

H10Si10015. The modified general valence force field deter-

mined forOp HgSigO12 proved to be readily transferable tad spectrum, the splitting of 2 cm at 295 K is increased to 5
SiigO15 and led to an accurate description of the IR and Raman cm! at 180 K. Routine X-ray monitoring of the crystal during
data®* When applied to the INS spectrum of crystallingsH cooling revealed a reversible phase change f@sShyO;s
Si10015 we found the same discrepancies in the-$)-H between 155 and 165 #. We attribute differences in the
bending region as for §6igO1. This indicates that the force  magnitude of the splittings as seen by INS and Raman spectrum
constants describing the dynamics of the hydrogen atoms into the different measuring temperatures.
H10Si1d015 show.a similar dependence on the. molecular papking DgSigO12. DsSigO12 gives a much noisier INS spectrum than
as those of BS5igO1>. Indeed X-ray analysis shows similar  the hydrido derivatives because of two reasons. First, the
situations for both crystals, with a symmetry reductiono  geyterium scattering cross section is smaller than for hydrogen
for H1oSiiO15* However, the solution IR spectrum is fully (3 factor 20) and, second, only 340 mg was available. However,
compatible with aDs, symmetry** Considerable deviations  yithin the limits of available data, the force field reported in
from idealDs, symmetry have been attributed to relatively short 15p1e 3 was found to be in good agreement with this spectrum.
O---Si contacts on packing eight- and ten-membered rings. The T . . :

otal Mean-Square Displacements.The interpretation of

O:---H distances between neighboringHi;0015 molecules, . .
. . . . the total mean-square displacements (msd), a parameter routinely
calculated with Si-H distances of 1.48 A and-€Si—H angles . N -

) . obtained from crystal structure analysis, is often difficult because
of 109.T, are of the same order as ing®kO1>. With C, numerous kinds of disorder (static and dynamic) are responsible
symmetry the H atoms form five sets of equivalent atoms, as L Y! P

for the observed atomic displacements in a crystal. The INS

shown in Scheme 2b. The shortest-® distances are technique offers an alternative possibility of calculating a value
measured for H(2), where the closest oxygen contact (2.636 A) for the total msd’s of hydrogen, which only includes the dynamic

lies on the prolongation of the SH bond axis. The influence ibuti This value i dofanint | "
of molecular packing is also observed in the Raman spectra ofcontributions. This value Is composed of an intérnal component,
which is a result of the normal-coordinate analysis, and an

H10Si10015. A comparison of the Raman spectra of dissolved . :
and solid materials shows a shift to higher wavenumber for the external comppnent prqwded by the CLIMAX evaluation of
the phonon wings (typical features of the INS spectra, as

Si—H stretches in the solid and splittings in the-Gi—H di d i W heref h | msd
bending region. We therefore applied the force field developed iscussed earlier). We can there ore compare the total msd's
of the hydrogen atoms as determined by inelastic and elastic

above to crystalline i3Si 0015, For H(2) the values df® and : . S
442 were used and for the other H atoms, the value,df experiments. For the s_|I|con atoms th_e external contr_lbutlon to
andf',s°d are those listed in Table 3. Figure 6b shows the fit the total msd is not directly accessible; however, it can be
between 500 and 1200 cfh The main features in the-€8i—H calculated for Fhe two limiting cases pf purely librational and
bending region are described correctly but the intensity distribu- PUrély translational external contributions.
tion between the split peaks (here 889 and 822 9ris less The contribution from the external hydrogen displacements
satisfactory than for ESigO12. Although the situation in k- of HgSigO12 Was estimated by fitting the phonon wing of the
Si;o015is more complex, the description in terms of the limited  Strongest feature namely the-Gi—H bending vibrations. The
number of interaction constants is correct and suggests thatvalue thus obtained, 0.0050 (57 Avas added to the internal
similar forces are active in both crystals. vibrational contribution to provide the total msd’'s of the
Figure 7 shows a part of the low-frequency region of the INS hydrogen atoms. Since the INS (7 K) and diffractib(29 K)
(a) and the Raman (b) spectrum ofc8i;c0;5. The bands at measurements were performed at similar temperatures, a direct
168 and 176 cmt in the INS spectrum are Raman inactive. comparison is now possible. The total msd’s reported in Table
Interestingly, the & 6(O—Si—0) and the E; 6(0O—Si—0) at 4 refer to a principal axis system whdrkg;— is perpendicular
202 and 152 cmt, respectively, in the Raman spectrum afH and ||si-y parallel to the SiH bond. This axis system is
Si;gO15, appear as doublets in the INS spectrum. The CLIMAX appropriate for the H(1) set but only approximate for the H(2)
calculation of HeSiigO15 was carried out (using the force set, which has a deviation of°4> We observe excellent
constants determined fromg8isO1) with the two sets of atomic ~ agreement of the hydrogen total msd’s, perpendicular to the
coordinates available from X-ray data, one measured at 180 andSi—H bond. The neutron diffraction values, parallel to the Si
the other at 295 K. Although both led to splittings below 700 bond, are significantly smaller than the INS values and show a
cm1, these are larger with the 180 K coordinates. The band considerable difference between H(1) and H(2), which is not
at ca. 200 cm! (E'; 6(O—Si—0)) shows at 28 K a splitting observed in our INS estimate. These discrepancies are partly
of 2 cnT? and at 180 K a splitting of 4 cmd. For E'y 6(O— due to the “isotropic” approximations used in the CLIMAX
Si—0), measured as a doublet at 141 and 158'cimthe INS calculations and also to the fitting of a single parameter for all
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types of atoms. The size of the differences between the H(1)
and H(2) displacements (from diffraction data) cannot be
attributed to different StH stretching contributions, since these
coordinates give rise to very small contributions to the atomic
displacements.

Because the external contribution to the total msd’s of the
silicon atoms is not directly accessible from our INS spectra,
we evaluate it from the external components of the hydrogen
atom displacements for two limiting cases, i.e., the purely
translational and the purely librational. In the purely transla-
tional case the external displacements of hydrogen and silicon
atoms are the same (0.0050 (53)A For the librational case
the shorter radius of gyration of the silicon atoms must be taken
into consideration, leading to a silicon external displacement
of 0.0032 (5) R. In Table 4 the values for these two limiting

cases are added to the internal contribution to give an estimate

of the total msd’s, which can be compared with those given by
the diffraction study. We see that the total msd’s measured by
diffraction are within the limits given by the two cases of purely
librational and purely translational external motions. The total
msd’s of silicon atoms are dominated by the external displace-
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as a function of the torsional frequency. The bold arrow indicates the
value of [TrlUo) — Tr(U)s)]ai corresponding to 0.0095 (9)2A

Concluding Remarks

ments. This is in sharp contrast to the hydrogen displacements Based on INS, IR, and Raman data and on a normal-
and reflects the disparity of the atomic masses. The accuracycoordinate analysis, a detailed study of the vibrational structure

of our estimated silicon displacements is therefore limited by

of the silasesquioxanes8isO1, and HSiigO15 was presented.

the approximations used to extract the external displacements|iNS spectroscopy was used to locate the optically inactive

for hydrogen atoms. We conclude that the normal-coordinate
analysis is in agreement with the diffraction data and leads to
an accurate description of the internal displacements of the

vibrations of the highly symmetric ¢$igO12. A comparison
of the spectra taken from the crystalline solid (Raman and INS)
and the solution (IR and Raman) showed the influence of the

silicon atoms. This good agreement reflects the soundness ofcrystal packing, which is strongest in the-Si—H bending

our approach and the quality of the reported force field.

Torsion. Oy HgSigO12 has one Agtorsional vibration which
is optically inactive but anticipated to be its lowest lying
fundamental mode. This torsion is simultaneously about all
Si—H bonds and involves predominantly a motion of the oxygen
atoms. Because it includes very little hydrogen motion it is
expected to be weak in the INS spectrum. This is confirmed
by the CLIMAX analysis which calculated it as a very weak

region with splittings up to 50 cri. Similar splittings as in
HgSigO,12 were also found for the ©Si—H bending vibrations

of crystalline HeSiigO15. This indicates that analogous forces
are active in both crystals. A force field adapted to the
crystalline solid, with different © Si—H bending force constants
for nonequivalent hydrogen atoms, provided a good fit of the
INS frequencies and intensities in the whole spectral range,
including the G-Si—H bending region. This good agreement

feature in the external region, assuming any reasonable valueconfirms that the dynamics ofg3igO12 and HieSihoO1s are in

for f.. Although we have no direct access to this torsional

first order well described by a restricted set of interaction force

frequency we can estimate it by making use of its contribution constants, which includes mainly coordinates within the same
to the total msd’s. This procedure is meaningful because of HSIOs tetrahedron.

the good agreement between the INS and the diffraction results Based on the normal-coordinate analysis, values for the total
for both H and Si atoms, and because the torsional contribution mean-square displacements of the hydrogen atoms were ex-
to the total msd of the oxygen atoms is expected to be tracted. The good agreement with the values determined by

significantly larger than the errors of measurement. Instead of

diffraction showed that none or very little static disorder is

calculating oxygen displacements in absolute terms the extrapresent in crystalline §8isO1>. The total mean-square displace-

displacements of oxygen compared to silicon were evaluated.
We thus took advantage of the similarity between the radii of
gyration of O and Si to suppress contributions arising from the
external displacements. The extra displacement of oxygen
compared to silicon atoms was determined by evaluating the
difference of thdJo andUs; traces, [TrUo) — Tr(Us))], where

U is the anisotropic displacement tensor. Based on the mean-|

ments as determined by inelastic and elastic experiments were
compared to provide a value of the lowest internal torsional
frequency,tas 414 7 cnTL

It is worth noting that the dynamics of (SigH)s should relate
not only to higher order polyhedra, like (SigH)10, but also
silica. In silica of course the terminal hydrogen atoms are
replaced by bridging oxygen atoms, the regularity collapses,

square displacements determined by the normal-coordinateand a glass is formed. The assignment of thgta 40 cnt

analysis, [TrUo) — Tr(Us;j)]specWas calculated as a function of
the torsional frequency at 29 K, as shown in Figure 8. These
values were compared with [TW6) — Tr(Us)]qix determined

by diffraction (averaged over atom types 1 and 2) and indicated
in the figure by the bold arrow. Figure 8 shows that the value
of [Tr(Uo) — Tr(Us)]aitr, 0.0095 (9) &, corresponds to an
torsional frequency of 4% 7 cnt? (the calculation was repeated
with the X-ray diffraction data measured at 100 K, leading to
a very similar value of 42 2 cnt). These values are in
agreement with a rigid body analysis of X-ray data, which
indicated a value of 49 cm (4o region: 42-63 cnt1).32

underlines this relationship since it is precisely in this region
of the spectrum that the equivalent oscillation of Si@its were
observed in silic& Furthermore, it allows us to suggest that
the oscillation occurring in silica is highly localized and might
be fruitfully studied by using kBisO12 as a model fragment of
glass.
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