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The ring-opening vibrations of the spherosilasesquioxanes of the general formulasgHSi®= 2, 3, 4,

etc., are normal modes in which all-8D stretching and/or ©Si—0 bending displacements of the considered
ring are in phase. We have investigated the vibrational structure of the experimentally well-kpSia@:H

and HSi;0015 and oflp-Hz0Si0030 and On-H24Si4O036, Which are not yet known as isolated molecules. The
energy range of the 11 IR active, the 15 Raman active, and the three inactive ring-opening modes which
belong to the 4-, 5-, and 6-ring vibrations @fngSigOlz, D5h—HloSi10015, |h-H2()SizoO3o, andOh—H24Si24036
decreases from 4990 to 440-250 to 346-219 cm. The 4-, 5-, and 6-rings are in fact built of four,

five, and six Si atoms plus four, five, and six O atoms, respectively. The totally symmetric vibrations show
predominantly stretching character with one exceptiongd{@-Si—O) line at 451 cm? of H24Si24036. They

occur in specific regions, namely, at 46040 cn? for the 4-ring, at 346250 cm'! for the 5-ring, and at
220-210 cntt for the 6-ring. We show that the ring-opening vibrations of the hydrosilasesquioxanes suggest
a new way to study the pore-opening vibrations of zeolites, which simplifies the problem remarkably and

thus leads to a better understanding of the more complex extended structures. The vibrations of the investigated

spherosiloxanes can be divided into six distinct regions denotedSasH), v.{Si—O—Si), 6(O—Si—H),
v{Si—0—Si), (0—Si—0), anddé(Si—0O—Si). This means that the concept of group frequencies makes sense.
However 10 modes were observed which do not fit into this general scheme, namely, the modes at 481 and
446 cnt? (HgSigO1), at 455, 450, and 334 cth (H10Si1001s), at 336, 284, and 251 crh (H20Si0030), and
at 219 and 214 crt (H24Si24036). All of them can be identified as ring-opening vibrations.

I. Introduction SCHEME 1: HgSigO12 (top left), H10Sii001s (top right),

] ) H20Six0030 (bottom left), and H24Si>4O36 (bottom right) in
The cage-shaped hydrosilasesquioxanes of the general forthe polyhedral Representation

mula (HSiQ)2n, N = 2, 3, etc., are appealing molecules for

studying structural, electronic, and vibrational properties of ‘
silicon dioxide cage structures. Some of them may be consid-
ered as molecular models of the building units found in infinitely

extended zeolite and silicate frameworks. The crystal structures
of H88i8012,173 HloSi10015,4 and I—h28i120185 were studied in
detail, and those of the two isomers of;4/8i140,:° were
reported. These molecules have recently been discussed as

precursors for atomic scale control of the Si/Si@terface’ ——

HgSisO12 has shown to be a suitable starting molecule to

synthesize morfoand highet substituted octanuclear silases-

quioxanes. lIts electronic structure and the-Bi+ Y—Z —

Si—Y + H—Z reaction mechanism under retention of the cage

have been studiedd. Some of the BSigO;» molecules have been '

discussed as building blocks for the preparation of highly silicic
materials or as starting molecules for new organosiliceous
materials'! Amazingly, stable encapsulation of atomic hydro- of zeolites. We explain this fobp-HgSigO12, Dsn-H10Si1gO1s,
gen upony-irradiation of [(CH)sSiOsSisO12 was reported Ih-H20Si20030, andOp-H24S124036. Their geometry is illustrated
recently*? in Scheme 1. The corners represent the positions of the Si
We measured and analyzed the IR, the FT-Raman, and theatoms, while the bridging oxygen and the terminal hydrogen
INS spectra of BSigO;, in detail’>1> and the correlation  atoms are not shownly-Hz0SigO30 and On-H24Si24036 are not
between idealize®, oligomeric (HSiQ/)2n (= 3, 4, 5, and yet known as isolated molecules. We introduce the ring-opening
6) was reported in a preliminary communicatiénit was shown vibrations as normal modes in which all-8D stretching and/
that the force field determined forg8igO;12 is appropriate to ~ or O—Si—O bending displacements of the considered ring are
describe the fundamentals ofi¢$i10015. When carrying out in phase, and we analyze their properties for the 4-, 5-, and
this work, we observed that these molecules are suited as model$-rings, which in fact are built of four, five, and six Si atoms
for studying pore-opening vibrations, which are believed to play plus four, five, and six O atoms, respectively.
an important role in the dynamics and the transport properties  The aluminosilicate framework of zeolite A can be built of
double 4-rings (D4R) connected by oxygen bridgesA
* Author to whom correspondence should be addressed. detailed comparison between silasesquioxane molecules and
® Abstract published irAdvzance ACS Abstractdanuary 1, 1996. LTA zeolites was presented recentfy We described gSigO1.
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SCHEME 2: Relation between the Structure of Zeolite TABLE 1: Bond Lengths (A) and Bond Angles (deg) Used
A and HgSigO1» (right) and H 24Si»4O36 (left) for HgSigO12 and HyoShoO1s
- internal coordinate EBigO12 H10Si10015

R(Si—H) 1.48 1.48
r(Si—0) 1.62 1.61
s(Si—0) 1.60
a(O—Si—H) 109.5 109.5
B(0O—Si—0) 109.5 109.5
7(0—Si—H) 109.5
6(0-Si—0) 109.5
®(Si—0-Si) 148.4 150.5
W(Si—0-Si) 156.1

72 Si—0 bond-stretching and in 72 €6i—H, 72 O-Si—0,
and 36 Si-O—Si valence angle bending coordinates fon-H
Sih4O36 with F and G matrices of dimension 276. The
corresponding dimension of tireandG matrices for HeSix¢O30
is 230. The bond lengths and bond angle®©gHsSisO1, and
of Dsp-H10Si10015 used in this study are reported in Table 1.
The vibrational analysis of all (HSK2)., oligomers was
performed using the modified general valence force field
determined for gSig012.1* According to Table 5 of ref 14,
not all internal force constants are linearly independent because
of symmetry. Three of the 13 off-diagonal elements must
therefore be eliminated. We have done this by setlingfss,
andf'i, equal to 0 when carrying out the calculations. This
arbitrary choice does not influence any of our results. The
molecules HSigOlz, DgSigOlz, H103i10015, and QOSimOls were
prepared and purified as described in refs 9e and3®l and
their IR and Raman spectra were measured as described in refs
14, 33, and 34.

lll. Correlation of the Vibrational Spectra of H gSigO12
and H1Sii0015

Structure and Irreducible Representations. HgSigO;, and
as a model for the vibrational structure of zeolite!A.A H10Si100s5 Single crystals shows andC, molecular symmetry,

) . ) i ) H _4 o o [1H 9;

consequence of these ideas is shown in Scheme 2, in which thd€SPectively:® The deviation from the “idealOy and Dsy
hydrosilasesquioxanessBigO:2 and HbsSiOss are related to symmetry is s'mall, and spectra measured in so!utlon are.fully
the structure of zeolite A. SinceSi4Oss bears the structure ~ compatible withOy and Dsn symmetry, respectively. It is

of the sodalite cage, it may be used as a link to the many zeolitestherefore convenient and useful to describe the vibrations of
in which this structure is presett. A similar link to clathrasil3® these molecules within th@©, and the Ds, point groups,
can be tried via the kSidOs. Several attempts have been respectively, and to discuss dgwatlops of thIS. symmetry
made to assign the observed vibrational modes to specific localSeParately; see refs 5. On this basis the 78 vibrational
structural features of zeolites and especially to pore-opening d€grees of freedom ofd3igO12 and the 99 ones of 185i10O1s
vibrations2-27 We now show that the ring-opening vibrations &€ divided among the irreducible representations as follows

of the hydrosilasesquioxanes suggest a new way to study the(R = Raman active, IR= infrared active, in= inactive).
pore-opening vibrations of zeolites. This approach simplifies H.Si.O. -
the problem remarkably and thus leads to a better understanding™ 8~ 812

of the more complex extended structures. T = 3Ai(R) + Ay fin) + 4E(R) + 3T fin) +

vib T
Il. Experimental Section BT,(R) + 3A,(in) + 3E(in) + 6T, (IR) + 4T, (in) (1)

The normal mode calculations were performed by the Wilson
GF matrix methoé using the computer program package
QCMPO067%° The point charge model for describing molecular , L , ,
dipole moments was used to calculate relative infrared intensi- Ly =7A/(R) + 3A;(in) + 10E/(IR) + 11E/(R) +
ties. The atom charges, Si +0.498, O= —0.305, and H= 3A,"(in) + 6A"(IR) + 9E,"(R) + 10E,"(in) (2)
—0.040, were obtained from an extendedekel molecular
orbital calculatiod® of HgSigO1, with the parameters reported  From this follows that the IR spectrum 6%-HgSigO1, consists
inref 8b. The bands of the calculated IR spectra were generatedof six and that ofDs,-H10Sii0O15 of 16 fundamentals. The
using a 1:1 mixture of a Lorentzian and a Gaussian curve which Raman spectrum dDy-HgSigO;2 consists of 13 fundamentals,
were adapted to the experimental bandwidths. The structurewhereas 27 lines are expected f@4-H10Si1001s.
and the definition of the internal coordinates of the (H$ifah Dnh-Dn+1)h Correlation. We consider the members of the
(n= 4,5, 10, and 12) are illustrated in Schemes 3S and 4S. oligomeric (HSiQ/,).» molecules as a series of double-ring units
For details we refer to ref 14. This definition of the internal with Dy, symmetry. This is illustrated in Figure 1. SinBay
coordinates is consistent with the usual conventions. It is is a subgroup of th®;, point group, we apply a small distortion
applicable to all spherosiloxanes and results in 24Hsiand to theOn-HgSigO12 S0 that it fits into this series. The correlation

Dgn-H105i10015°
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therefore be used to correlate all experimental fundamentals of
HgSigO12 with those of HeSi10015 and to predict the vibrational
H,Si,0, D., properties of the yet unknows, and Dg, Species.

Spectra and Normal Coordinate Analysis. The vibrational
spectra of HSigO;, and 3SisO12 have been interpreted in detail
by means of a normal coordinate analysis in terms of symmetry
coordinated314 We now report in Table 3 the results of a
normal mode analysis of §3isO1> and HSii¢Os5 in terms of
internal coordinates based on the modified general valence force
field described in ref 14. The classification of the vibrations is
based on the potential energy distribution (PED) of each normal
mode in terms of internal coordinates as proposed by Morino
and Kuchitst?” Some of the normal vibrations show similar
contributions ofy andd movements. In these few cases the
assignment to a type of vibration based on the greatest
contribution to the PED is somewhat arbitrary but still reason-
H,,Si,0, D,, able and useful.

In Figure 2 we compare the experimental IR spectra ¢f H
) ] ] ) ) SigOy2 (left) with that of HipSiipO15 (most right). We first
Figure 1. Oligomeric (HSiQp)zn (1= 3, 4, 5, and 6) spherosiloxanes  opsarye that they bear a similar pattern and a similar intensity
in the polyhedral representation as double-ring units. ST AT . . .
distribution. The similarity is easier to recognize in the

for this symmetry lowering is straightforwa8l. The irreducible ~ calculated spectra because they contain no overtone and
representations for the fundamentals of the four structures arecombination bands. The calculated spectra are in close agree-

H,Si;0., D.,

HmSiwo|5 D5n

as follows: ment with the observed frequencies and the relative intensities.
Harmonic correction of the experimental -$i stretching

F-I?Eh =7A, + 3A, + 10E + 3A," + 6A," + 9E" frequencies shifts them cIose_to the calculate_d values; see ref
14, Table 6. Symmetry lowering and correlation according to
Table 2 leads t®4,-HgSigO12 and from there t®sp-H10Si1¢01s,

F_Il?gh = TAyy+ 3A,y+ 5By, + 6B,y + 9E, + 3A,, + in which all IR and Raman active degenerate modeS:aifig-

SigO12 appear as doublets and some of the inactive modes
6A,, + 6B, + 4B, + 10E, become IR or Raman active. Figure 2 illustrates that all
experimentally observed fundamentals can be identified but that
F?gh =7A, + 3A,) + 10E' + 11E, + 3A," + 6A," + some are not resolved and a few are missing. The data in Table
v 9E." + 10E" (3 3 show that missing lines have zero or very low intensity and
S &' () that the splitting of nonresolved bands is smaller than the line
Der widths of the corresponding absorptions. The assignment of
rTifz = 7Alg + 3A2g + 4Blg + 6529 + 9E1g + 11E29 + the Hi0Si10015 bands is based on the calculated frequencies and
3A,,+ 6A,,+ 6B, + 5B,,+ 10E,, + 10E,, relative IR intensities. It was checked by evaluating the Teller
Redlich product ruf&3° and by comparing the result to the
Each point groufDn, correlates withDw, as reported fon = experimental spectrum ofg8i10015.3% The calculated splitting
3, 4, 5, and 6 in Table 2, in which the number of symmetry Of the twoOn-HgSigO1 Ty, vibrations at 2381 and 1143 cth
species is included. The horizontal lines separate the irreducibleto the Dsh-H10Si10015 E1' plus Ae” modes is too small to be
representations relevant for the investigated molecules from theobserved under the applied conditions. The fouy lhes at
others. Each row shows an equal number of irreducible 881, 569, 481, and 397 crhare split by 10, 40, 122, and 48
representations for all molecules. Thg Bnd Bystarttoplay ~ cm % respectively. However, at 569 and 481 Cnonly one
arole atDsn. The Bgand B, start atDg,. This result allows absorption was observed because of the low intensity of the
us to correlate the fundamentals row by row. The group A2' modes. Out of the fouDn-HgSigO12 T2y Normal modes
theoretical correlation between neighboribg, point groups ~ two components become IR active in the casBfH10Si10015.
was obtained by considering the maximum common symmetry They show very weak intensity, in agreement with experiment.
elements of the two groups and the activity of the vibrati¥ns. The experimental Raman spectra ofSi#O,, (left) and of
Symmetry lowering fromOp-HgSigO12 to Dgn-HgSigO12 can H10SiigO015 (right) in Figure 3 show a similar pattern and a

TABLE 2: Correlation Table of the Dny, Subgroups fi = 3, 4, 5, and 6) with Respect to the Point GrouDon,

Deoh Dan Dan Dsn Den

Ay =3 7A/(R) 7AiR) 7A/(R) 7AifR)
Asg=3, 3A;(in) 3Axin) 3A7(in) 3As4in)
Eyq= I, 9E"(R) 9E,(R) 9E"(R) 9E(R)

29 =g E 5B1¢(R) + 6B2¢(R) 11E'(R) 11E4(R)
Eag= Py AL+ Ay E, " | 4Byg(in) + 6Byg(in)
An=3" éAg"(!R) éAzU(!R) éAZ"(!R) éAzu(_lR)
Ay=3, 3A."(in) 3Ax(in) 3A:"(in) 3A1(in)
Eso= I, 10E(IR, R) 10E(IR) 10E/(IR) 10Ey(IR)
Eau= Ay E | 6B1(in) + 4Bpu(in) 10E,"(in) 10E(in)

Esu= ®, Al + A Eu E> | 6B1,(in) + 5Bay(in)
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E (cm™)

1500

1000

500

N s e - — IR active

0O,-H,Si,0;, D,-H,Si;0,, D5-H0Si0015 — inactive

Figure 2. Correlation diagram of the IR active fundamentals @BlgO., (left) and HoSiigO1s (right). The transmission IR spectra were measured
in CCl, with a resolution of 0.5 crmt and interpolated between 720 and 840-¢mThe middle part shows the calculated spectra and the correlation
of the lines.

E (cm™)
2500 —|

o4 —— Raman active
0,-H,Si;0., D,-HSi,0,, Dy -H,;Si,,045 inactive

Figure 3. Correlation diagram of the Raman active fundamentalss&idd:, (left) and HoSioOss5 (right). The FT-Raman spectra were measured
as crystalline powders with a resolution of 1 ¢

similar intensity distribution. The present program version does is small, in agreement with experiment. The lines at 423 and
not allow one to calculate reliable Raman intensities. For this 168 cnt! are exceptions and are split by 82 and 63 ém
reason we restrict the discussion to the correlation diagram inrespectively, in close agreement with experiment. The inactive
the middle of Figure 3 and to the data collected in Table 3. We Op-HgSigO12 T1gand Ay modes become Raman active ;-
observe that the calculated frequencies agree well with the H10SiigO;5 but show very weak intensity.

experimental values. The assignment of the lines @8k015 Discussion. The small splitting of most of the degenerate
was checked by evaluating the TelidRedlich product rul&g3° modes, the weak intensity of the lines which become IR or
based on the experimentahdSi;¢O;5 spectrun?* The calcu- Raman active in the case Bisy-H10Si10015 and the identical

lated splitting of the six Igand the four g On-HgSigO1, modes force field are the reasons for the close similarity of the
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TABLE 4: Group Frequencies (cm™?t) of as follows:
Hydrosilasesquioxanes
range of frequency I-H,SiOs¢:
type of vibration  this work and ref 14 literatdre ref
(Si—H) >2200 2266-2100st 43 Liip = 3Ag + 3Tg+ 4Tq + 7G; + 10H; + 6T, + 7T, +
vad Si—O—Si) 1200-1100 1136-1000st 40, 41 7G,+ 7H, (4)
0(0O—Si—H) 950—-850 96G-800 m 43
v{(Si—0—Si) 750-550 625-480w 42,44
8(0—Si—0) 500-150 580-250 45 0,-H,,Sb,046
o(Si—0-Si) <100 12G6-50 45
#st= strong, m= medium, w= weak. Lyp = 7TA,;+ 6A,,+ 13E, + 13T, + 15T, + 3A,, +

vibrational spectra of ESigO12 and HSiigO15. HgSigOi2 SAg+ B8R, + 17Ty, + 16T, (5)

contains six 4-rings and 4Si100;5 five 4- and two 5-rings; . . .

see Figure 1. Inspection of the PED analysis reported in Table From the selection rules follows that sixF— Ag transitions
3 lays open the nature of the splitting of the degenerate IR and@nd 17 Ty == Aqg transitions are IR active for dSi»Oz0 and
Raman activéd,-HgSisO1, modes upon symmetry reduction to 11245124036, respectively. The threegx— Ag and the 10 | —
D, and hence in the case Di;,-H1oSiO1s. We observe that ~ Ag transitions are Raman active in the case @bS#oOs0,
each of them splits into a vibration which may be associated Whereas seven f < Aug, 13 By — Aug and 15 By — Aqg

with a 4- and a 5-ring mode with the exceptions of the 418 and transitions are Raman active fon43i2«Ose.
397 cnt! lines, which split into two 4-ring normal modes. Spectra and Normal Coordinate Analysis. The calculated

The vibrations of HSigO1, and HSigOss can be divided frequencies and the PED results_ are collected in Tables 58_ and
into the six distinct regions summarized in Table 4 and denoted ©S: @nd the spectra are shown in Figures 4 and 5. The six IR
asv(Si—H), vadSi—0—Si), (0—Si—H), vSi—0—Si), 3(0O— active modes of bbSixOso can be compared directly with the
Si—0), andd(Si—O—Si). This means that the concept of group SX IR active modes of BigO12. We observe in Figure 4 (left)
frequencies makes sense, although some normal modes do ndf'at the three highest energy absorptions are almost equal in
fit into this general scheme. The frequency regions are in good "eduency and inrelative intensity, while the 569, 481, and 397
agreement with those reported in the literattf@® The cm™t On-HgSigOy, lines shift to 637, 284, and 439 ch .
symmetric Si-H stretching frequencies are distinctly larger than T€SPectively, and change in intensity. The PED analysis
those of HSI(OSiMg)s and similar compound®. We have indicates that if ad(O—Si—Q) band increases in energy, its

shown that this difference is caused by the differences in the Character is enhanced. The reverse is observed(si-O—
H—Si—O—Si conformation. The cage structure of the spherosi- Si) vibrations. The intensity changes of these lines correlate

loxanes dictates anti HSi—O—Si conformation, whereas syn  With the fact that symmetric SiO—Si stretching vibrations

is the stable one for HSI(OSiMR.4” The regions denoted by ~ ShOW in general low infrared intensity, wherea®—Si—0)
¥(Si—H), va{Si—O—Si), and 8(Si-O—Si) contain normal ~ Movements give considerable IR absorptithsOn the right
modes, which may be considered as pure vibrations of the side of Figure 4 we compare the spectra g8lgO12, H10Sho0xs,
corresponding internal coordinates. However, some of the @Nd H4Si24Os6. The spectra of the two latter ones are very
higher frequency)(O—Si—H) modes do mix considerably with similar. From the poter_mal energy d_|str|but|on analysis we find
v{Si—0—Si). In the lowervySi—O—Si) energy range we  hat éach of thedyHsSigOs> Tay IR lines at 1143, 881, 569,
observe four vibrations which are primarily 8{O—Si—O) and 481 cm? split into a 4- and 6-ring vibration in the case of

character, namely, the bands at 576 értHgSigO12) and 613, the On-H24Si24036. The four Ty On-HgSigO12 normal modes at
590, and 573 cmt (H1SheO1s). In the 6(O—Si—O) region 9_18, _682, 303, anld 68 cmh corrglate_wnh_ the 1, 4-ring
five vibrations can be described as being of primaril(Si— vibration at1894 cm anq the T, 6-ring vibrations at 726, 309,
O—Si) character, namely, the bands at 481 and 446 'dig- and 85 cm™ of On-H24Si2406.

SigO1,) and 455, 450, and 334 cth(H10S10015). The energy The Raman spectrum of 680030 cOmpares in a similar
of these latter modes correlates with the size of the ring to which WaY {0 that of HSigO12. Both show the same number of Raman
they belong. This will be the subject of section V. active vibrations, three totally symmetric and 10 non-totally

symmetric. The correlation of the energy levels is shown in

IV. Vibrational Spectra of H 2820030 and HzsSiOzs Figure 5 (Ie_ft). The_brok_en Ii_nes connect mpdes of the same
type. The ring-opening vibrations discussed in the next section
We now extend the discussion to theH20Siz0030 and Oy- are marked with the label RO. This correlation shows that for

H24Si>4036 molecules. These cages are parts of many silicates I-H»0SingO30 out of the 13 Raman active lines @& -HgSigO12
and zeolite¥+2%48 and present models for many of these only the three at 576, 446, and 418 chshift considerably,
infinitely extended microporous materials. namely, to 645, 251, and 336 ch respectively. This leads
Structure and Irreducible Representations. Sincelp-Hao- to very similar spectra for f#Si0030 and HSigO12. The Hs-
Sir0030 and Op-H24Si»4036 have not been prepared so far, we  SigO12 via H10Si10015 to Hz4Si4036 correlation is more difficult
apply bond lengths and bond angles based on the following due to the considerable increase of the number of Raman active
reasoning. Tetrahedral angles at the silicon atoms are assumednodes from 13 to 27 to 35 lines, respectively. However, the
This leads to S+O—Si angles of 177.1and 160.8 for Hyg- number of totally symmetric normal modes remains constant
Si»0030 and H4Six4O36, respectively. The corresponding-SD from Dan-HgSigO12 t0 Dsp-H10Si10015 t0 Op-H24Si24036, and
bond lengths were calculated by means of the empirical relation unambiguous correlation is possible. It is indicated by broken
d(Si—0) = 1.59+ [(180 — a)*2.1 x 1078)].4 This leads to lines in Figure 5 (right) and shows that only the 423 érine
1.59 A for both molecules. The SH bond lengths reported  of HgSigO;, shifts considerably, namely, to 334 ch(Dsp-H1o-
in Table 1 are used. The vibrational degrees of freedom for Si;gO15) and to 214 cm?! in the case 0fO-H24Si>4036. This
theln-H20Sig030 and theOp-H24Si:4036 are divided among the  correlation corresponds to the transition of a 4- to a 5-ring and
irreducible representations of the corresponding point groups finally to a 6-ring vibration.
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Figure 5. Calculated Raman lines ofgBigO12 and HeSiOs0 (left) and of HSigO12, Hi0SiigO1s, and H4Siz40s6 (right). RO = ring-opening

vibrations.

Discussion. HgSigO12 and HSi0O30 are composed of 4-

applicable and makes good sense fe§3thiOz0 and H4Siz4Oze.

and 5-rings, respectively. Both molecules have an equal numberHowever, some vibrations do not fit into the general scheme of
of IR and Raman active fundamentals. This enables us to Table 4. We observe fivé(O—Si—0) in the vSi—0—Si)
correlate the normal modes associated with 4-rings with thoseregion, namely, at 645 and 637 ch(H20Si>0030) and 620, 605,
associated with 5-rings in a direct way. The calculated spectraand 599 cm? (H24Si24036), While five v{(Si—O—Si) appear in

of HgSigO12, H10Si10015 and H4Six4Os6 sShown at the right side

the 6(0O—Si—0) region, namely, at 336, 284, and 251 @m

of Figures 4 and 5 give a clear qualitative picture of the (H20SirdOs0) and at 219 and 214 cnh(H24Si24036). The energy
development as the size and complexity of the molecules of the latter ones correlates with the size of the ring to which
increase. In general, more bands appear in each region denotethey belong, as will be shown in the next section.

in Table 4 when the molecules become larger, as expected. The ) ) ] ) ]
infrared bands show in general an intensity enhancement in theV+ RiNg-Opening Vibrations of Spherosiloxanes
v§(Si—0—Si) and 6(O—Si—0) regions. As in the previous
section, we find that the concept of group frequencies is which all SO stretching and/or ©Si—O angle bending

We define the ring-opening vibrations as normal modes in
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SCHEME 5: Set of Equivalent Internal Coordinates
Defining the Ring-Opening Vibrations of HgSigO1»

=

HeSi;0s,

H1OSi1OO15

E, 411cm’

displacements of the considered ring are in phase. To determine

the symmetry species of these modes, we introduced new sets

of internal coordinates as illustrated in Scheme 5 for the

hexahedron which represents thg &ge of HSigO1>. Each .
arrow is a representation of the corresponding 4-ring perpen- H20S1004
dicular to it. Therefore, the displacements of the new coordi-

nates may be considered as a breathing motion of the ring. This

leads to the following irreducible representations of these

vibrations for the different cages.

six 4-rings (HSig0,,): o= A+ Ey+ Ty H,S1,04

, . . T, 454cm’ T, 393cm’
five 4- and two 5-rings (,Si;(O;5): o o

re=A,+E'+E,

5R __ T "
Fro=A{ +A; (6) O
) ) R T, 309cm’ T. 219cm’
12 5-rings (HeSipdOso): Tro= Agt Hy+ Ty + T, Figure 6. Projection of the IR active ring-opening vibrations of
] ) ) ) hydrosilasesquioxanes along the rotational axes perpendicular to the
six 4- and eight 6-rings (5Si,,05): ring. The front rings (straight lines) and the back rings (dashed lines)
AR represent the positions with maximum potential energy. The amplitudes
I'eo= Alg + Eg + Ty, are magnified by a factor of 10. Si solid circles; O= open circles.

Fg% =Ag T Tyt Ayt Ty right. The filled circles correspond to the Si atoms, and the
open circles, to oxygen atoms. We show the maximum potential
‘'energy geometries with amplitudes multiplied by a factor of
10. Because of the antisymmetric nature of the IR ring-opening
vibrations in Figure 6, the top and the bottom ring openings
are out of phase by 180 The projection illustrates the
Ymaximum (solid lines) and the minimum (dashed lines) pore
size. Since the top and the bottom Raman active pore opening
vibrations are in phase, minimum and maximum positions are
connected by solid lines.
HSigOyy: Fé%z A+ E,+ 2T, Dis.cuss.ion..The energy regions of the 4-, 5-, and 6-ring-
opening vibrations decrease from 49890 to 446-250 to 346~
. 4R , , , 210 cntl, respectively. The energy of the 5-ring- and 6-ring-
H105116045 Tro=A) 25 + 25 opening vibrations depends on their character. The PED results
R=A/+A," 7) in Tables 3, 5S, and 6S show that an increase in stretching
character of a ring-opening mode correlates with a decrease in
vibrational energy, but this is less pronounced in the case of
the 4-ring modes. The totally symmetric vibrations show
) R predominantly stretching character with the exception of the
H,,S,,056: Fro= At 2B+ 2Ty, line at 451 cm? for Hx4Si>40s6. They occur in specific regions,
6R _ namely, at 466-440 cnt? for the 4-ring, at 346250 cn1? for
Tro = Agt 2Tog 1+ Ay + 2Ty, the 5-ring, and at 226210 cn1? for the 6-ring.
In Figure 6 the 11 IR active and in Figure 7 the 15 Raman In a previous study of the vibrations of zeolite 'Awe
active ring-opening normal modes of the investigated hydrosi- discussed the four frequencies at 476, 288, 271, and 214,cm
lasesquioxanes are illustrated as projections. The three inactivewhich are primarily of symmetric FO—T stretching character
ring-opening modes are not shown. Figures 6 and 7 areand fall into thed(O—T—0) region. We assigned them to a
arranged such that the vibrational energy decreases from left toD4R breathing mode, two 6-ring vibrations of the sodalite cage,

To apply this geometrical concept to the spherosiloxane cages
we must multiply each symmetry species with the number of
appearance, which may be different from that of the polyhedron,
because of the oxygen bridges. We have done this by visual
representation of normal modes on a computer screen, usin
the computer program MOB*¥,and analyzing all normal modes
of the symmetry species in eq 6. The result of this analysis is
givenineq 7.

H.0S1,Os0: Tho = Ay + 2H, + 2Ty, + 2T,,
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frequency of the ring-opening vibration fros440 (4-ring), to
~350 (5-ring), and to~290 cn1! (6-ring) we have observed.
The 5-rings in the ZSM-5 framework cause a shift of the
prominent Raman band fronv¥490 to ~390 cn11.23 This
compares well to our observation that the 446-érdouble
4-ring breathing mode of §$igO;, shifts to 334 cmt in Hyg-

- SiyoO1s.
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