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Vibrational Structure of Monosubstituted Octahydrosilasesquioxanes
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The IR and Raman spectra of the monosubstituted hydrosilasesquioxan8g@®k R = Co(CO), Ph,
CH=CHPh, and CHCH,Ph, have been analyzed by spectral correlation and a normal coordinate analysis.
They were treated as a superposition of the spectra of the siloxane cage and the substituent. The molecules
PhH;SigO;,, (PhCH=CH)H;SigO;,, and (PhCHCH,)HsSigO;, have allowed the investigation of the organic-
substituted siloxane cage &5lgO1,, contributing each a case of an-S&neny, Si—Cuinyi, and Si-Cayi bond,
respectively. The force constants of the different Sibonds were related to the-SC bond orders and
extrapolated for SitCaceyi Of (PhG=CH)H;SigO1-, which is not yet available. The inorganic-substituted
hydrosilasesquioxane [Co(C§hl;SisO,2)] could be analyzed the same way as the organic-substituted
compounds and showed a similar pattern for the siloxane cage vibrations. Although most spectral features
of the siloxane cages could be understood assuming a @gadymmetry, vibrations indicating a lower
symmetry occurred in all monosubstituted compounds and could be attributed to vibrational coupling with
modes of the substituent. Especially the totally symmetric ring-opening vibration at 456ircidsSisO;»

showed a specific dependence on the different substituents.

Introduction SCHEME 1: Investigated Monosubstituted

Octasilasesquioxanes are members of the cage-shaped oioctanydrosilasesquioxanes RiBigO:

gosilasesquioxanes of the general formula (Rg)& (n = 2,

3, 4, ..)! They show a cube-shapedSi, unit as illustrated

in Scheme 1. During the past few years an increasing number
of organo- or organometallo-functionalized silasesquioxanes
have become available. They are discussed as oligomeric
supramolecular materiad$,as sources for new organosiliceous
polymerst® and as precursors to organolithic macromolecular
materials (OMM's§~8 or hybrid inorganie-organic material&:11
Moreover, it has been shown that atomic hydrogen can be

encapsulated stably in thesSii» cage!? Hydrosilasesquioxanes R - 83(00)4
(R = H) have been fruitfully viewed as readily available model = C=CPh
compounds for studying specific aspects of zeolites or silica = CH=CHPh
surfaces3 18 Especially HSigO1- has been thoroughly inves- = CH,CH,Ph

i - i 148,20 1
tigated by X-ray and neutron diffractidf?°as well as NMR transport properties of zeolitd%. HsSisOrs, DsSisO1z, and Ho-

and vibrational spectroscopi&&?? Hydrosilation of HSigO;. ; ; :
leads to monosubstituted and higher substituted octanuclearon0Q1s have therefore been thoroughly investigated by IR,

silasesquioxane®; 2> which can be separated by size exclusion ,\R/Iirrg%?/’;n:g gfd('g‘::f;f: e;g?onsiga?gm?gv?g: iaoﬁﬁégglr(ta:ﬁt
liquid chromatograph§> The compounds R}%isO1, with R tool for the identification ang characteprizat?m of silases IOuiox-
= Co(CO),, CH=CHPh, and CHCH,Ph illustrated in Scheme q

. ; . - anes. The vibrational structure of Pj#kO:, has been
iorr]l?r\;itbv(\e/gg g)t;?;ihneesclizgtdarkt)i)r/\gth;?orr;lqiﬁgﬁtligl_gl‘sﬁoslizé)% discussed in detail on the basis of a normal coordinate analysis.

. . . For (PhCH=CH)H7SI8012 and (PhCHCHg)H7SI8012 a prelimi-
PhSiCh2° (PhCHCH,)HSigO1,, PhHSigO12, and (PhCH=CH)- . . .
H/SigO12 form a series of molecules composed of a siloxane nary analysis has been given n ref .30' Itwas shown that the
cage, which is connected to a phenyl group by aGiky, Si— IR and Raman spectra _o_f the investigated compou_nds are best
C.h ’l and Sk Cymyi bond, respectively (Pr?@CH)H7éi,8012 understood as superpositions of the spectra of the siloxane cages
pheny inyl f . ,

which is not available yet, would complete this series by and the substituents.

contbuting th case of e Sy bond. We are meresea 1 1S MOTk e anayss of monosubsiuted nytrosiases:
in the vibrational structure of these molecules for theoretical q 9 y

and practical reasons. The theoretical interest stems from theirdrosilasesquioxane. In [Co(C&hizSigO12)] the Co(CO) sub-

structural similarity with characteristic building elements of stituent is connected to the siloxane cage by 2 bond.

zeolites. This has allowed transfer of force constants determined-sl—:riéRWanaiatnr?:noﬁggcgfaﬂ?; tg'rs ;T;\?(I:es?ll;ll)est\f:ﬂlt:de ér(;en::te:u;h des
for HgSigO12 to these extended structufésThe notion of ring- y 9 P )

- . - - - . The investigated R¥5igO;2 molecules, R= Co(CO), Ph,
opening vibrations, which was introduced fQp-HgSigO12, _ . .
opened a gate for studying the pore-opening vibrations, which CH CH.Ph’ gnd CRCHPh, form a good basis for acomparison
are believed to play an important role in the dynamics and the of the vibrations of the substituted and unsubstituted siloxane

cages. Special attention will be paid to the ring-opening
*To whom correspondence should be addressed. vibration;. Moreover,_the orggnic-substituted molecules allow
® Abstract published ifAdvance ACS Abstractdune 1, 1997. a comparison of the SiCayi, Si—Cuinyl, and St-Cpnenyibonds.
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TABLE 1: Bond Lengths (A) and Bond Angles (deg) for
[CO(CO)4(H7S|8012)] o
internal internal
coordinates values coordinates values
R(Si—H) 1.48 T(Co—Cq) 1.809

r(Si—0) 1.62 S(Co—Ceq) 1.788 v

a(O—Si—H) 109.5 t(Cax—0) 1.128 ‘\[ H O

B(O—Si—H) 109.5 S(Ce—O) 1.131 si

#(Si—0—Si) 148.4 w(Si—Co—Ce) 83.9

D(Si—Co) 2.285 €(Ceq—C0o—Cay) 96.1 o
The SiC frequencies and force constants shall be related to

the bond orders as determined by an EHMO calculation and

extrapolated for StCacetyt A
H- O
'S
Experimental Section m
Synthesis. The synthesis and purification of the investigated Co(CO),
monosubstituted octahydrosilasesquioxanes are described in refs
23 and 27 30.
Spectroscopy. The IR transmission spectra were measured

with a BOMEM DAS3.01 FTIR spectrometer equipped witha UV T T T
liguid nitrogen-cooled MCT detector (56&000 cnt?), a liquid
helium-cooled CuGe detector (35@000 cnt?), and a DTGS
detector (16-670 cnTl). A KBr beam splitter was applied for
measurements above650 cnT! whereas in the range 350 to
~700 cm! a 3 um Mylar beam splitter was used. The transverse electromagnetic mode TgMt 9395 cml. Ray-
spectrum of (PhChHCH,)H7SigO1, was measured in CChnd leigh scattering was blocked by three holographic super notch
pentane (966650 cnT?) with the MCT (above 960 cmi) and filters (Kaiser Optical Systems) in & @ngle position. A 2

1
Wavenumbers / cm

Figure 3. Transmission IR spectra of the investigated monosubstituted
octahydrosilasesquioxanes FBi#O..

the CuGe detectors and a resolution of 0.5-&m(PhCH= mm thick anodized aluminum plate Wi 1 mmdiameter hole
CH)H;SigO12 was measured in Cgland heptane (930670 into which the probe was slightly pressed served as sample
cm™1) with the MCT detector (above 670 cr resolution= holder. As the spectrum of [Co(C&MH-SigO12)] was not
0.5 cnT!) and the DTGS detector (resolution 2 cntl). corrected for filter characteristics, the intensities of the two peaks

[Co(CON(H7SigO12)] was measured in Cglwith the MCT close to the detection limit at 115 and 109 ¢nare lowered
(above 824 cm!, resolution= 1 cm ) and the DTGS detector by the filter characteristics.
(below 650 cnt?, resolution= 2 cnT1). Between 824 and 650 Calculations. The vibrational analysis was performed by the
cm~! the spectrum was interpolated. The detailed measuring Wilson GF matrix metho# with the computer program package
conditions for (GH13)H7SigO;, are found in ref 28 and for PhH QCMP0676% The force field of [Co(COYH/SisO12)] is based
SigO12 in ref 29. on a force field determined on IR and FT-Raman data gf H
Fourier-transform Raman spectra were recorded with the SigO;, and xSigOi1, for the siloxane cadé and on one
Bomem Raman accessory of the same spectrometer. Thedeveloped by van den Berg and Oskam for [Co(§&RaX 3)]
interferometer was equipped with a quartz beam splitter and acompounds (M= Si, Ge, Sn; X=H, D, F, Cl, Br, 1) for the
liquid nitrogen-cooled InGaAs detector. The continuous-wave Co(CO}) group. The bond lengths and angles are listed in Table
Nd®:YAG laser (Quantronix Model 114) was run in the 1. They correspond for the siloxane cage to the ones used for
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Figure 5. Transmission IR spectrum of [Co(C{H)-SisO,7] divided
into the lines due to the siloxane cage and the substituent.

Nku A A W Hsmcom.

H- O,
Sm
Siloxane cage

& H;S150;,

a

o woo 2000 3000 \ Si-Co stretch
Wavenumbers / cm”’
Figure 4. FT-Raman spectra of the investigated monosubstituted
octahydrosilasesquioxanes FS#0:..
Socon™
HgSigO12 and for Co(COj to average values from the X-ray MM )
diffraction analysis of [Co(CQJH7SigO12)]. The numbering 0 T 1000 2000
of the internal coordinates is shown in Figures 1 and 2. The Wavenumbers / om”

torsionzsi-co between the Co(CQ@proup and the siloxane cage  Figure 6. Fourier-transform Raman spectrum of [Co(G®)SisO12)]

was not included into the calculation, because it is expected divided into the lines due to the siloxane cage, the substituent, and the
below the detection limit and has hardly any influence on other Si—Co stretch.

vibrations. A description of the force fields of the other

investigated molecules can be found in ref 34. Molecular orbital both the siloxane cage and the Co(G@joup. The HSigO1
calculations have been carried out with the modified QCPE5116 fragment exhibits distortions around, and originating from, the

program; see ref 36. Si atom to which the Co(CQ)ragment bindg”
Resul d Di . Figures 5 and 6 show the IR and Raman spectra divided into
esults and Discussion the contributions of the siloxane cage, the Co(&£@pup, and

Figures 3 and 4 show the IR and Raman spectra of the fourthe Si-Co bond. This division was achieved by spectral
investigated monosubstituted octahydrosilasesquioxanes. It wasorrelations with [Co(CQJSiX3)] compounds (X= H, F,

shown that the spectra of R8igO;, (R = Ph, CH=CHPh, CH- CI)33:837.38and the normal coordinate analysis of the molecule.
CH,Ph) can be understood as superpositions of the vibrational It can be seen that the Co(CQOfagment gives rise to very
structure of the substituent and the siloxane ¢dge.Although intense peaks. Inthe Raman spectrum of [Co@@BisO12)]

complex spectra are expected because of the size and lowthey form the strongest lines, and in the IR spectrum they are
symmetry of these molecules, most peaks can be assigned byf the same order of magnitude as the siloxane cage bands,
spectral correlations with similar compounds. Yet, for a final which are also known to be responsible for very intense
assignment a normal coordinate analysis of all fundamentals absorptions.

was found to be necessary. The symmetry reduction was best Above 800 cm! the spectra can be divided according to
described by treating the substituent as a point mass. This ledgroup frequencies into the following frequency regiod$O—

to local C, symmetry for the siloxane cages. Peaks or splittings, Si—H), 850-950 cnT?; vas,n{Si—O—Si), 1100-1200 cnT?;
which cannot be explained by this local symmetry, also occurred »(C—0), 2006-2150 cnt?; »(Si—H), >2200 cnTl. As these

and were due to vibrational coupling with modes of the regions do not overlap, an assignment to either siloxane cage

substituent. or Co(CO) group vibrations is straightforward. Below 800
. . . . cm1 the symmetrical StO—Si stretching (756550 cnt?),
Vibrational Analysis of [Co(CO)(H7Si012)] the O-Si-0 bending (508150 cnt), gn(d the s+o—§i

IR and Raman Spectra. This molecule has an ideal bending vibrations €100 cnt?) of the siloxane cage as well
symmetry ofCs,. X-ray diffraction has shown deviations for as the CoC stretching and CoCO deformation modes {650
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TABLE 2: Definition of the Simplified General Valence Force Field for [Co(CO)4(H7SisO12)]

Ri rn rz rg o ag i Ps ¢ D A § S T S S t o1 e Y1 Oowy Oowp Oiny Oax
R1 fR
ri 0 fe
Iy 0 fn fr
rs o fu« O f
o 0 fru 0 f'ra fcx
g 0 f'ru 0 fru. f(m fa
ﬂl 0 fr/; 0 f'rﬁ f(xﬁ f'u/; f/g
Bs 0 fFyp O Ay Fop fop s T
¢ 0 fy f, O fu 0O f5 O f,
D 0 O 0O O 0 0 0 0 O Fp
A 0O O 0 O 0 0 0 O O Fa Fa
S 0 0 Fs
S 0 0 Fss Fs
T 0 0 Fst Fst Fr
st 0 0 Fs Fs 0 F
S 0 0 F'SS FSS 0 Fss FS
t 0 0 0 O Fr Fa Fs F
w1 0 0 0 O 0 0 0 0 F,
€ 0o 0 0 o 0 0 0 0 0 F
7 0 0 0 O 0 0 0 0 0 O0F
douy 0 0 0O 0 Fry O 0O 0 O 0 0 Fop
ot 0 0 0O 0 Frpy O 0O 0 O 0 O Fo Fou
ing 0 0 0 O 0 0 00 0 0 O 0 Fsy
Oax, 0 0 0 Fs, O 0 0 0 0 0 0 O 0 0 Fo
TABLE 3: Internal Force Constants for of relatively independently vibrating moieties. The finally
[Co(CO)4(H7SigO12)] obtained force constants led to a good agreement of the
force force force calculated and measured frequencies as shown in Table 4. All
const  values  const values  const values peaks could be assigned to either vibrations of the substituent
H-SigO1, or the siloxane cage with one exception: the two vibrations at
fr 2.96 i 0.153 foa 0 461 and 449 cmt in the Raman spectrum both show similar
fe 5.10 fra 0.188  fy 0 contributions of axial CoC stretching and-@i—O bending
oS I Swe o o o
fi 0.091 fffﬂ 0144 f:f 0019 CO Stretching Vibrations. The CO stretching vibrations,
fie 0.275  fy 0.036  fg 0.0026 which are situated at ca. 2000 ch have been investigated
Co(CO) thoroughly for different metal carbonyl compourids?? As-
Fo 1.73 F, 0.49 F'ss 0.11 sumingCs, symmetry for the Co(CQ)fragment, they form an
Fa 0.57 Foou 0.68 Fss 0.37 E and two A type vibrations. The similar intensities of the
Fs 2.41 Fsin 0.29 Fer 0.55 two A; modes exhibited in the IR spectra of different metal
Fr 2.25 Foax 0.39 Fst 0.27 carbonyl compounds led to the conclusion that the equatorial
Fs 16.64 Fao 0.25 Froou —0.08 d th ial hi led. Thi
F 1733 Fes 0.26 Fos. ~0.03 and the axia ACO stretching mov-emtlents are coupled. T IS
Fo 0.38 For 0.13 Foo, 0.12 was also confirmed by the depolarization ratio observed in the
Fe 0.51 Fss 0.55 Raman spectra of [Co(C@PiCl)], [Co(COW(GeCh)], and [Co-

aForce constants units: stretching constants, mdyn/A; bending
constants, mdyn A/r&dstretch bend interactions, mdyn/rad.

300 cn1?) of the Co(CO) group occur. For a final assignment

a normal coordinate analysis was therefore carried out.
Force Field. The modified general valence force field of

[Co(CON(HSig01y)] is defined in Table 2, and the force

(CO}(GeBR)] in solution3742 The vibration of [Co(CO)H7-
SigO1)] at 2111 (IR)/2110 cm! (Raman) forms therefore the
in-phase and the one at 2050 (IR)/2044 (Raman)'dime out-
of-phase combination of the axial and equatorial CO stretching
coordinates.

Si—Co Stretching Vibration. The Si~Co stretching vibra-
tion is assigned to the sharp Raman peak of medium intensity

constant values are given in Table 3. For the siloxane cage theat 220 cn1?!, which exhibits 33% SiCo stretching character

same force constant definitions and values were used asfor H
SigO12. Additional force constants were introduced for the part
involving the Si-Co bond. The definitions for the Co(C®)

in the potential energy distribution. The vibration at 329ém
also showed considerable-STo stretching character (15%).
Si—Co stretching vibrations of similar compounds are located

group are based on the ones of ref 33. The values wereat 318 cn1! ([Co(CO)(SiHz)]), 307 cnm! ([Co(COX(SiCl)]),

determined by a fit to the IR and Raman frequencies of [Co-
(COu(H7Sig012)] using the force constants of [Co(CBICls)]
as starting values. The calculated frequencies are listed an

compared with the experimental ones in Table 4. The assign-

ment to symmetry types assuming an idealiggd symmetry
and the correlation with the symmetry specieOgfHgSigO;2
is also given in this table.

Table 2 shows that it is possible to describe [Co(&B)
SigO12)] with a relatively restricted number of interaction force
constants. Particularly those between the three parts, siloxan
cage, S-Co bond, and Co(CQproup, can be neglected. This
confirms the notion of [Co(CQJH7Sis012)] as being composed

and 246 cm! ([Co(CO)(SiF)]). The O-Si—Co bending
vibration was below the detection limit.

d The siloxane cage vibrations show a similar pattern as in other
monosubstituted octahydrosilasesquioxanes and will therefore
be discussed in the next section together with the siloxane cage
spectra of the other investigated compounds.

Siloxane Cage Vibrations of Monosubstituted

Octahydrosilasesquioxanes
e

A comparison of the siloxane cage vibrations of the;RH
SigO12 molecules (R= Co(CO),, Ph, CH=CHPh, CHCH,Ph,
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TABLE 4: Observed and Calculated Frequencies for lower energy for the totally symmetric peak (at 2302¢rin
[Co(CO)4(H7SigO12)] (v = Stretch, & = Bending) HgSigO12). The Tog v(Si—H) of HgSigO1 exhibits in the Raman
symmetry spectrum of the solid a splitting of 10 crhdue to the symmetry
type wavenumber/crit reduction to $ in the crystal. In the case of an organic
On Ca IR Raman calc vibration type substituent this splitting is reduced. This is in accordance with
Ay Ay 2297 2275v(Si—H) the X-ray diffractions of (@H13)H7SigO12, and PhHSIigO12,
Tag E, A 2301/2292, 2285 2275, 2275(Si—H) which indicate rather smaller distorsions of the siloxane cage
Tw Ay E 2276, 2276 2285, 2274 2275, 2278Si—H) for these molecules than forgBigO;2. It cannot be decided
Ay 2111 2110 2111v(CO) o ; :
A 2050 2044 20461(CO) whether_ the sp_llttmg_s in the monosubstltuteo_l compounds are
E 2021 2020/1998 2026/(CO) due to interactions in the crystal or to the influence of the
1984 v(1*CO) _ substituent. The Raman spectrum of [Co(GE)SigO12)] is
Elg E Az 1161,111156;gasy£!:8:§!g rather complex in this region, so that a definite assignment is
T:u E. A, 1138, 1138 1143, 1143522;(5:_0_5:) difficult. The one given in Table 6 can be considered as the
Tog ALE 1101 ~1117,~1117 1117, 11160 asn(Si—O—Si) most probable. The SiH stretching regions are, with the
Az Ag 1083 dasyn(Si—O—Si) exception of the one of [Co(C@H7SisO12)], in accordance with
_Eg i e 8(1)2 9_2%%313 015 gfgggg:g:::g a local C3, symmetry for the siloxane cage.
T;: Ai E _: 386 89é, 888 894’1, 88%(0—Si—H) Antisymmetrical Si—O—Si Stretching Vibrations (1100~
Tw AL E 886,881 878,875 882, 874(0—Si—H) 1200 cnrl). The IR spectrum of EBigO;, consists in this
Tig A2,E 857,840 —, 841 865,8645(0—Si—H) region of one intense broad band. The full width at half-height
Egu E Ay Z,gi 687’2};;3%2::8:23 increases from 27 cm in HgSigO12 to 33-38 cntl in the
Ty A1 E 613 ~616 625, 621veyn(Si—O—Si) monosubstituted molecules. As the only compound, [Co{ER)
Tw AL E 584,565 585 586, 572 vsyn(O—Si—0) SigO12)] shows a shoulder at 1101 chwhich can be correlated
Aig A1 571 575 6(0—Si—0) with the Tog vasyn(Si—O—Si) stretching mode. The anitsym-
il ggg g’gj ggggggggﬁ metrical _Si—O—Si stretching vibrations appear as broad weak
E 507 504 ¥(COClq + features in the Raman spectra of the monosubstituted molecules.
c - . 4906(%%%?).?% Their maxima correlate well with the one of the Raman active
ng Vasyn{Si_O_Si) of HgSigOlz. Only PhH]SigOlz shows two
Tw E, A, 469, 469 487’480,,5;4((88%&0) distinct peaks in this region. This is in accordance with the
Ay A; 461 468 veyr(O—Si—0) + normal coordinate analysis, which predicts a splitting of the T
AL " aas V(é’é‘é‘)ﬁx vasyn{Si—O—Si) in the case of R= Ph, due to mixing with
Veyn{ O—Si—0) vibrations of the phenyl substituent(C—C), 6(C—H)).
Tyg E. AL 426, 417 6(O-Si-0) O-Si—H Bending Vibrations (800—950 cnt?l). This
& E 422 0(0—Si~0) region shows a t icgal attern for rgonosubstituted)octah drosi-
Aq 420 421 v(CoClyq 9 : ypical pat ) Y
Tw ALE 399, 399 402, 3985(0—Si—0) lasesquioxanes. Assumin@s, symmetry, nine modes are
E 393 393 5(CoCO), expected, seven IR- and Raman-active (2 B E) and two
Tig E A 360, 356 6(O—Si—0) inactive ones (2 4. The intense doublet at ca. 885 chin
Ao ﬁi 329 %?1% gggcjcs(ijjﬂo) the IR spectra can be correlated with the IR-activgand the
Tow E. Ao 305, 303 §(0O—Si—0) Raman-active 3; 6(O—Si—H) of HgSigO12. The peak at ca.
Az Aq 220 219 »(Si—Co) 850 cn? correlates with the inactive§ 6(O—Si—H) of Hg-
E. E 190/187 1836(0—-Si—-0) SigO;2. It appears in several monosubstituted compounds as a
Tog E A 173’11f57 168’112424%85?0_)0) doublet, which is not in agreement with a lo€&), symmetry.
E 109 109 5(CCoC) The Raman spectra of the monosubstituted compounds show
SIS 100 4(Si—O-Si) + seven to eight features in this region, some of them correspond-
AL g2 é(gé%(sj')co) ing to a lower symmetry tha@s,. Only PhHSigO1. is fully
E, E 77 8(Si—O-Si) compatible with a locaCs, symmetry.
T E A 70,68 5(%(—8?0—03(;))+ Vibrations of the Framework between 800 and 500 crmt.
E 30 6(SiCoC)+ This region consists foD,-HgSigO;1» of five modes: one is IR
o(0SiCo) (T1y), three are Raman (ETog, A1g), and one is inactive ().

The IR spectra of the monosubstituted hydrosilasesquioxanes
and GHi3 (only IR)), and HSigO12 is given in Table 5 for the ~ show rather weak absorptions with intensities that are dependent
IR and in Table 6 for the Raman spectra. Compared wigh H on the specific substituents. The Raman spectra exhibit in all
SigO12 no large frequency shifts are observed. It can be seeninvestigated RHSigO12 compounds three peaks. TheyA(0O—
that the introduction of a substituent gives rise to additional Si—O) appears at 580 cmh in HgSigO1> and shows small
peaks and peak splittings. The influence of the substituent will frequency shifts depending on the specific substituents. The
be discussed below in detail. inactive Ty vsym(Si—O—Si) forms in all monosubstituted

Si—H Stretching Vibrations (2200-2300 cnt?). This compounds a band of medium intensity between 680 and 690
region consists in the IR spectra of all monosubstituted cm™. The E vsyr(Si—O—Si) at 697 cmt in HgSigO12 shows
compounds of one absorption, which exhibits a slight broadening splittings of different size depending on the substituent. These
due to the substituent (fwhi&x 28—30 cnm! compared with 26 splittings were predicted by the normal coordinate analysis and
cm 1 in HgSigO12). are due to coupling effects. For RBkO12 (R = Ph, CH=CHPh,

In the Raman spectra the -SH stretching region is less and CHCHzPh), the Bg vsym(Si—O—Si) at 610 cm? in Hg-
uniform. The number of peaks and shoulders varies from two SigO;2 is hidden behind thé(C—C) mode at ca. 620 cm of
for (PhCHCH,)H;SigO;; to six for [Co(CO}(H;SigO12)]. The the phenyl ring. For R= CH=CHPh this mode shows a larger
considered REBigO1>, molecules show a shift of-511 cnt? to splitting, and the A component could be observed.
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TABLE 5: IR Frequencies of the Siloxane Cage Vibrations of Different Monosubstituted Octahydrosilasesquioxanes,
RH-SigO1,, and the Unsubstituted Compound (R= H)

wavenumber/cmt symmetry
R = Co(CO), R=Ph R= CH=CHPh R= CH,CH.Ph R= C¢H13 R=H Csy On vibration type
2276, 2276 2274,2274 2275, 2275 2274, 2274 2274 2277 ,EA  Tu v(Si—H)
1138, 1138 1140, 1140 1140, 1140 1141, 1141 1139 1141 ,EA Ty Vasyn( Si—O—Si)
1101 ALE Ty Vagn(Si—O—Si)
916 915 915 916 916 E E 0(0O—Si—H)

—, 904 —, 905 —, 905 —, 905 —, 905 A, E Tou 0(0O—Si—H)

—, 886 —, 886 —, 886 —, 886 —, 887 A, E Tog 0(0O—Si—H)
886, 881 886, 881 886, 883 886, 882 887, 882 881 . EA Ty 0(0O—Si—H)
857, 840 —, 844 854, 848 852, 846 —, 846 A, E Tig 0(0O—Si—H)

718/704 E B Veym( Si—O—Si)
613 607, 622/18 AE Tog Veym( Si—O—Si)
573 572 A A, 6(0-Si—0)
584, 565 —, 568 —, 568 566 A E Ty Vsym(O—Si—0)
469, 469 475, 475 469, 469 468, 468 468 465 1, A Ty Vsym(O—Si—0)
399, 399 401, 401 402, 388 395, 402 401 399 LA T 0(0—Si—0)

TABLE 6: Raman Frequencies of the Siloxane Cage Vibrations of Different Monosubstituted Octahydrosilasesquioxanes
RH-Sig0;, and the Unsubstituted Compound (R= H)

wavenumber/cmt symmetry
R = Co(CO), R=Ph R= CH=CHPh R= CH,CH,Ph Ca, On HsSigO12 vibration type
2297 2291 2295 2295 AE Aqg 2302 »(Si—H)
2285, 2301/2292 2278, 2285 2284, 2278 2286, 2286 1, EA Tog 2296, 2286 v(Si—H)
2285, 2274 2269, 2275 AE Tw v(Si—H)
~1117,~1117 1140, 1121 1119, 1119 1118,1118 1, B Tag 1117 Vasyn{ SI—O—Si)
928/923 925 927 928/26 E oE 932 0(0—Si—H)
—,904 —,904 —, 900 —, 899 A, E Tou 0(0O—Si—H)
893, 888 893, 889 894, 890 890, 888 LK Tog 897, 883 0(0—Si—H)
878, 875 875, 868 874,874 873,871 1, K& T 0(0O—Si—H)
-, 841 -, 839 847, 842 —, 840 A E Tug 0(0—Si—H)
701 712/707 706 726/703 E g 697 Vsym(Si—O—Si)
684 682, 682 688, 684/682 685 2/ Tou Veym(Si—O—Si)
~616 597,— Ay E Tog 610 Vsym(Si—O—Si)
571 580 575 575 A Ag 580 0(0—Si—-0)
585, — —, 569 532,572 AE T Vsym(O—Si—0)
461 (449) 462 455 452 A Ag 456 Veym(O—Si—0)
427 423/427 410, 423 AE Tag 414 0(0—-Si—-0)
412 411 410 E E 423 0(0—Si—0)
392 405, 389 AE Tw 0(0—Si—0)
—, 340 A E Tug 352 0(0—Si—0)
329 333 315 314 A Aoy 0(0—Si—0)
147,173 143, 172/169 187,171 173,173 1, B Tag 171 0(0—Si—0)
190/187 165/157 156/140 142 E JE 0(0—Si—0)
112/97 92 E g 84 o(Si—0—Si)

SCHEME 2: Sets of Equivalent Rings of the Siloxane

. . I I
Ring-Opening Vibrations (400-500 cnt1). The IR spectra Cage RHSiO1~

of all monosubstituted compounds as well as gBlg0;, show

a broad absorption at ca. 470 chand a sharp one at ca. 400
cm~! due to ring-opening vibrations. The Raman spectra are
dominated by the strong peak at ca. 450 ¢nwhich is also
due to a ring-opening vibration. This region will be treated
more thoroughly in the next section.

Vibrations of the Framework below 400 cnt?. Below 400
cm! only Raman data are available. All monosubstituted
compounds show a sharp line between 310 and 34@,anhich
is strongest for [Co(CQJH-Sig012)] followed by PhHSigO1..
The intensity of this vibration correlates with the contribution
of the Si-R stretching coordinate, which is considerable in [Co-
(CO)(H7Sig012)] (14%) and in PhSigO1, (8%) and can be
neglected in (PhCH:CH)H7Si8012 and (PhCHCHz)H7Si8012.
This region is only in (PhCKCH,)H7SigO12 in accordance with
Cs, symmetry, all other spectra show additional features.

2 The substituent is treated as a point mass.

or O—Si—0 angle bending displacements of the considered ring
are in phasé® For octasilasesquioxanes a symmetry reduction
from On to Cg, leads to two sets of equivalent coordinates for
v(Si—0) anddé(O—Si—0). Moreover, the cubes consist of two
sets of equivalent rings as shown in Scheme 2.
. . I The ring-opening vibrations of Ri$igO;, with R = Ph,
Ring-Opening Vibrations CH—=CHPh, CHCH,Ph, and Co(CQ)were analyzed visually
The analysis of Pht5isO1, and PhHSI10015 has shown that using the computer program MOBY¥and correlated with the
the notion of ring-opening vibrations is also appropriate in the ring-opening vibrations dDr-HsSigO12 (Table 7). This analysis
case of monosubstituted compounds. Ring-opening vibrationsrevealed in two cases three and in two cases fouard four
are defined as normal modes in which al-8 stretching and/ E ring-opening vibrations for the monosubstituted compounds.
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TABLE 7: Correlation of the Ring-Opening Vibrations of RH ;SigO1, and HgSigO1,

RH7SigO1
HeSieO1s R=Ph R= CH=CHPh R= CH,CH;Ph R= Co(CO)
calc IR Raman calc IR Raman calc IR Raman calc IR Raman calc
Ag
T1u (481, rov) 475 478 469 477 468 486 469 480
Aqq (446, rov) 462 467 455 446 452 444 461 468
449 445
Taq (418) 427 430
T (397, rov) 401 403 402 402 395 393 399 402
E
T1u (481, rov) 475 500/491 469 492 468 492/490 469 487
Tog (418) 427 428/425 427 429/428 423 430/429 426
Eg (423, rov) 412 422 411 422 410 422 422
T14 (397, rov) 401 399 388 399 402 399 399 398
R=Ph R=CH<CHPh  R=CH,CH,Ph  R=Co(CO), TABLE 8: Si—C Stretching Frequencies, Bond Distances,
- and Force Constants for Different Monosubstituted
Rings | Octasilasesquioxanes
/ : % contribution
bond IR/ Raman/ calc/ of Si—C F(v(SiC))/
Rings Il F Ea— = type cm?! cm! cmt coordinate mdyn/A  substituent
! > D Si-Caky 785 784 782 39 3.03  PhGBH;
R S - ‘ - 790 GHis
478.cm’ 477em 486 o’ 4800m Si-Ciny 821 821 817 49 3.36  PhGHCH
B - Si-Coheny 730 730 731 30 339 Ph
Rings | ,"‘—\\ s ,"——A\.“ "/’ \‘\‘ ! S . ,:"_ ‘\‘ Si'cacetyl 3.67 PhG=C
) s ! P . a a Extrapolated.
s Vo . i ; %
! N ! ‘\‘ 8 i - N £
S e Pt = 3 36 1
467 cm’! 246 om’”’ 244 cm’ 468cm’  4450m £
g
Rings | ~ _".‘ 8 3.4
' ©
! S
h o 3.2 7
£
Rings Il /“.-'\ :<:3
‘ q |5
: ] 7 307
‘\_‘____," Lu)
430 cm @ 28 T T T T T 1
0.63 0.66 0.69
A | PPN P Bar Rl Si-C Bond orders
ings / ' i 3 B . P .
? ! PR b 1 ! \ Figure 8. Dependence of the SIC stretching force constants on the
A ! | \ : Si—C bond order. The crosses indicate the values for (ROER)H--
T = T SigO12, (PhCH=CH)H;SigO1, and PhHSisO:,. Extrapolation for
Rings li

403 cm’” 402 cm’” 393 ¢m”

Figure 7. Visual representation of the Aing-opening vibrations of

the investigated R¥$isO12 compounds. The minimal and maximal
displacements of the rings | and II, as defined in Scheme 2, are shown.
The vibrations correlate from top to bottom with the, 7y(Si—O—Si)

(calc 481 cm?), the Ay v«(Si—O—Si) (446 cnl), the Toq O(O—Si—

0) (418 cnt?), and the T, 6(O—Si—0) (397 cnT?) of HgSigO12.

The A ring-opening vibrations are illustrated graphically in
Figure 7. For each vibration the minimal and maximal
displacements of the rings | and Il are shown. In this

(PhG=C)H;SisO1, leads to a SiC stretching force constant of 3.67
mdyn/A.

ring-opening vibration calculated at 446 thin HgSigO1»,
which are both shown in Figure 7.

A strong dependence on the specific substituent exhibits the
totally symmetric ring-opening vibration, which forms a very
strong sharp peak at 456 cfin the Raman spectrum ofgH
SigOs2 (calculated at 446 cmi). This peak is the strongest
feature in the Raman spectra of (PhF€HBH)H;SIisO1, and
(PhCHCH)H;SigO;, and appears at 455 and 452 ©m
respectively. In PhEBigO; it is shifted to 462 cm?, and its
intensity is reduced compared with that ofgSiO12. In

representation the substituent is connected to the rings | at thelCo(COW(H7Sig012)] two rather strong peaks appear in this

down right position. As an effect of the symmetry reduction,
the contribution of the(Si—0O) and/or6(O—Si—0O) coordinates
within one ring are different for some ring-opening vibrations,
and in the case of Phi8igO12, the ring-opening movement can
be predominately located on either rings | or Il. Themode,
which correlates with the 3 6(O—Si—0) at 418 cm* of Hg-
SigO12, performs only in PhEBigO;2 a ring-opening movement
and is therefore illustrated only for this molecule. In [Co(GO)
(H/Sig012)] two vibrations correlate with the totally symmetric

region at 461 and 449 crh.

The different intensity of this vibration depending on the
specific substituent can be qualitatively explained by investigat-
ing the potential energy distributions. Ing&isO12 as well as
in RH;Sig012 (R = CH=CHPh and CHCH,Ph) the Si-O
stretching coordinate is mainly responsible for this vibration.
Figure 7 shows that it performs a strong ring-opening movement
of all six 4-rings. In PhHSIgO;1, the vibrations at 427 and 462
cm! both perform a ring-opening movement, the ring-opening
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SCHEME 3: Three Isomers of Ph(PhCH=CH)H SigO12

character of the one at 427 cibeing due to vibrational Conclusions
coupling with the mode at 462 crh This coupling is
confirmed by the PED analysis, which shows a lower contribu-
tion of the Si-O stretching coordinate for the vibration at 462
cm~! and a higher for the one at 427 ctncompared with the
case of HSigO;,. This also leads to the decreased intensity of
the mode at 462 crmt and the increased intensity of the one at
427 cnt! as observed in the Raman spectrum (Figure 4). In
[Co(COX(H7Sis012)] the PED analysis indicates considerable
contributions of the SO stretching and the axial CoC
stretching coordinates to the vibrations calculated at 468 and
445 cntl. Both correlate with the totally symmetric ring-

S P . N . ;
opsnlng V|braft|otr11 of Igs|80§at 446 cm, fo(;mlng an in-phase dependence on the different substituents. The moleculegPhH
and an out-of-phase combination wiCoCh. SigO1z, (PhCH=CH)H;SigO15, and (PhCHCH;)H,SigO1» have

The E ring-opening vibrations of the monosubstituted com- jiowed the investigation of the organic-substituted siloxane cage
pounds show a less pronounced dependence on the specifi¢,si,0,, contributing each a case of an-phenys Si—Cinyl,
substituents than thelAmogles. In Table 7 it can be seen that 54 Si-Caiy bond, respectively. To complete this series, an
one E mode correlates with thegimode of HSigO12, which Si—C stretching force constant was extrapolated for (RR(-
showg no ring-opening character. For [Co(@@)SisO12)] the H-SigO1,. The silasesquioxane [Co(C&M:SiO17)], which
two vibrations calculated at 426 and 422 ctheould not be gyhipits a silicor-metal bond, could be analyzed the same way
observed in the Raman spectrum as they are covered by theys the organic-substituted compounds and showed a similar

The IR and Raman spectra of the monosubstituted hydrosi-
lasesquioxanes RiSisO12 (R = Co(CO), Ph, CH=CHPh, and
CH,CH,Ph) have been analyzed by spectral correlation and a
normal coordinate analysis. Special attention was paid to the
Si—C stretching and the ring-opening vibrations. Although most
spectral features of the siloxane cages could be understood
assuming a locaCs, symmetry, vibrations indicating a lower
symmetry occurred in all monosubstituted compounds and were
due to vibrational coupling with modes of the substituent.
Especially the totally symmetric ring-opening vibration at 456
cm! in the Raman spectrum ofg8isO;> showed a specific

strongv(CoC),q peak at 420 crm'. pattern for the siloxane cage vibrations.

This analysis forms the basis for the investigation of the
Correlation of the Si—C Stretching Force Constants and siloxane cage vibrations occurring in disubstituted octahydrosi-
Bond Orders lasesquioxanes'R""HgSigO;2 and for the study of the vibrational

] interactions between the two substituentsaRd R' in these
The compounds R#$igO12 (R = CH,CHPh, CH=CHPh, systems. Three isomers exist in the case of disubstitution as
and Ph) exemplify StCaiyi, Si—Cuinyi, @nd Si-Cpnenyibonds,  shown in Scheme 3 for'Re Ph and R = CH=CHPh. These
respectively. The corresponding stretching frequencies a“dcompounds should become available by hydrosilation of a

force constants are listed in Table 8. The potential energy monosubstituted hydrosilasesquioxane and subsequent separation
distribution indicates contributions of the -SC stretching of the mixtureé

coordinate between 30 and 50%. As different coordinates

participate in these vibrations, the frequency positions will be  Acknowledgment. This work was supported by the Sch-

influenced by contributions from several coordinates, and it is \ejzerischer Nationalfonds zur Fterung der wissenschaftli-
therefore not possible to deduce a trend for the Gibond chen Forschung (Project NF 20-46617.96).
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