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New infrared data are reported for disilylmethayeand ds in the gas phase. Quantum-chemical (QC)
calculations have been carried out at HF, MP2, and B3LYP levels with a variety of basis sets. These verify
the previously obtained experimentd}, structure. The two possible kinds of SiH bonds are identical in
strength but not in electrical properties. Reassignments are made of several vibration frequencigsrithe A

B, torsional frequencies are estimated to be 78.5 and 133, cespectively, from combination and difference
bands. QC-based force fields scaled with 14 factors are used to predict unknown or uncertain frequencies.
Scale factors for the Atorsion are highly variable with level and basis. By contrast, similar QC calculations

of torsional frequencies in disilane, methyl-, fluoro-, chloro-, and ethyl-silanes show very little variation.
Stretch/stretch interaction constants between SiH bonds in different silyl groups correlate well with the dipole
dipole energies derived from the QC calculations. Electrical properties of the SiH bond are compared across
a range of SiH-containing compounds. A survey of CH stretch/CH stretch interaction force constants in 17
molecules containing Cibr CH, groups indicates that MP2 calculations are unlikely to be suitable for close
analyses of the stretching frequencies of these groups.

Introduction

The complete vibrational spectrum of disilylmethane [($hH
CHg], hereafter DSM, was last studied in 19%78jnce when
only the SiH stretching region has been reexami&de lack
of resolution in the earlier work means that a number of aspects
of the spectra remain to be clarified, for which purpose a reliable
general force field is essential. This can be provided by a good
quality ab initio or DFT treatment. The structural interest in
DSM in the past has tended to focus on the SiCSi angle which
by electron diffraction (EC)or microwave spectroscopy (MW)
is somewhat wider than tetrahedral (ED, 114.2(R)W, 114.1-
(6)°) in a Cy, structure, Figure 1, which in other respects Figure 1. Cy,
resembles that of propane. There is no indication in the MW

investigation of a twisting of the silyl groups away from a tions in several HSINSIH systerfislo where it has been

staggered configuration which characterizes the structures of s iated with the substantial negative charge associated with

tri- and tetrasilylmethgne’fsﬁfor Wh.iCh a cpmpanion QC study the moving hydrogen atom in an SiH bond. This moving charge
has been madeTechnical interest in the silylmethanes generally is the source of the high SiH stretching infrared intensities

has been stirred by their possible use in the preparation of thintypical of SiH compounds, whose variations determined ex-

films by chemical vapor depositicfﬁ% . . perimentally in methylsilanes correlate very well with those
Another structural aspect is the extent to which the two kinds computed in QC calculatioris.

of SiH bonds present can be said to be equivalent. The simplest e |atter also show a close link between the static charge
source of such information is the spectrum of the partially 4, the hydrogen atom as measured by the Mulliken charge and
deuterated species (SiHRSIDs)CH,, where the solitary SiH 6 charges associated with stretching and bending motions of
bond lies in either the skeletal planesjtbr above/below this the SiH bond&! The possibility of such a connection in DSM

plane (H), leading to the possibility of two isolated SiH 55 the added interest that in principle two chemically distinct
stretching frequenciessSiHS and¥'SSiH2. Observation of only kinds of SiH bond are present.

a singlev’sSiH band suggested that the two kinds of bonds were
identical in stre.ngtH.In attempts to interpret both thesSiH Experimental Section

value and the SiH stretching frequencies of the parent molecule, ] )

long-range dipole dipole forces acting between the stretching ~ Samples of (Sik)oCH, (DSM-do) and (Sily).CH, (DSM-
motions of SiH bonds in the two silyl groups were invoked. Je) Were available from earlier wofland were refractionated

disposed has been predicted by quantum-chemical (QC) calcula®f H in ds was about 2 atom %. .
Mid-infrared spectra were recorded on a Nicolet 7199 FTIR

*To whom correspondence should be addressed. E-mail: demck@ INStrument at a resolution of 0.25 ¢ Approximate intensity
holyrood.ed.ac.uk. data were obtained which will be reported elsewHére.
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structure of disilylmethane, showing atom numbering.
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Theoretical Section o /’

Calculations were performed with the program Gaussid# 98
under the conditions of previous studiegtight” condition for
convergence, density functional calculations using 99 shells, 302
angular points per shell). At the HF, MP2, and B3LYP levels,
the bases 6-31G* (hereaftes””) and 6-311G** (hereaftertz’)
were employed. The basis 6-3t+G** (hereafter tzt+"),
which includes diffuse functions, was used at the MP2 and
B3LYP levels, whereas a single B3LYP/cc-pV¥Zhereafter
“B3LYP/cc’) calculation was also carried out.

The Gaussian 98 output of geometry and Cartesian force
constants was input into the program ASYM#Gor the \
calculation of symmetry internal force constants and their
subsequent scaling to observed frequencies according to the
procedure recommended by Pulay et®al.

In this type of program, the off-diagonal symmetry force
constants are scaled by the geometric mean of the corresponding \
diagonal constants, an assumption which is hard to justify on
theoretical grounds. Instances of a breakdown in this assumption
are not uncommo#."*® However, the existence of such a
breakdown can only be detected by showing that scaling with
a maximum number of diagonal scale factors fails to give a
satisfactory fit to the range of frequency data available.

Although a “broad brush” approach to scaling, using a limited /
number of scale factors, is often employ&duch an approach 000 2500 2200 2100 20600
is not su_ited to the _detailed reproduction of the experimental Figure 2. Infrared spectrum of DSMb in the vSiH region, showing
frequencies of a particular molecule. The latter can be a valuable compination and difference bands involving torsional frequencies.
source of information regarding small Fermi resonances. Partial pressure of sample, 70 Torr in a 12 cm cell.

The failure of a simple approach to scaling may be seen in . . .
different ways. The use of a single factor for the stretching TABLE 1: Infrared Frequencies Observed in the vSiH and
constant of a particular type of CH or SiH bond rarely succeeds vSID Regions of DSMé and -ds in the Gas Phase

in reproducing accurately the small but precise differences in Vobs' assignment
VSCH orsSiH values found for these bonds, either in the same do
molecule or in related oné&:22 Differing scale factors are then 2303? sh V2t var+ via— Vs
needed. More dramatic instances are the markedly different scale 2298 sh, C v2+ v
factors needed for the symmetric and antisymmetric SiN 332411? sh, C V2t 2027 = var
. : 9 . 23 .5sh,C V16 + V1a + Vo7 — Vo7

stretching force constants in N(S)3'° and MeN(SiH).. 2242.8sh C V1ot V14

Similar considerations apply to the bending modes o§,CH 2240.8 sh, C Vie+ 2Via— Via
CH,, and SiH groupst824.25 2268.1s,C V23 (o)

It has been argued that the merit of a particular scaled QC gigzg 3’2 hotbband
force field is as much to be judged by the range of scale factors 21625 z q ziz gbg or hot band
it requires as by the extent of their departure from uHi#:23.25.26 2087 sh, C V16 V1a — 2v1a
This can only be properly assessed if a large number of factors 2084 sh, C V16— V14
is determined independently for each molecule. The transfer of 2082sh, C Vie+ Vo1 — vig — Va7
factors from one molecule to the next should be regarded with gggg ghsfc zz J_r 327 ~ vy
SUSp|C|0n. 2029 Sh, C,: VZ + 1/171 — V27— V14

. d

Experimental Results 2164.6's, AIC VSiH in (SIHD,)(SIDgCHz

A complete listing of the new infrared frequencies obtained iggg'g s, C v23 (D)
. . . . . 28, A V15 (bl)
in this work is given in the Supplemgntary Tables S1 and S2 1556.8 ms, A vie (by)
for thedy andds isotopomers, respectively. Two weak bands at o ] )
3103 and 1262 crit in the do spectrum, both seen beforéad a Intensity indications refer to partial pressures in a 12 cm cell of

unusual contours and may be due to impurity. Bhepectrum L7 and~3.7 Tor respectively fodo andds.

contained the usuak impurity bands. Table 1 shows frequen-

cies obtained in theSiH andvSiD regions from these species,

including those assigned as combination and differences involv-  Optimization of the structure at each level with theandtz

ing vSiH and SiH torsional levels, shown in Figure 2. Other basis sets, with constraint only toGp point group, gave the

fundamental frequencies used in the scaling of the force fields C,, conformation of the microwave investigation, as in Figure

are included in Table 2. The silyl deformation regions are shown 14 Thereafter, &C,, constraint was applied in all calculations.

in Figures 3 and 4 fod, and ds, respectively. Table 3 compares the geometrical parameters obtained in all of
Problems of assignment arise throughout the spectra, discusthe QC treatments with the MW and ED experimental values.

sion of which depends critically upon assistance from the QC The significantly larger than tetrahedral SiCSi angle observed

calculations, whose results must first be presented. (MW, 114.7°) is reproduced fairly well at all levels, with a

Theoretical Results
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TABLE 2: QC and Observed Vibrational Data for DSM- dy and -ds

HFhz B3LYP/z HF/tz MP24z B3LYP/z
modes Vund AP Re Vund AP Vobd €,° €,° €,° —Av13C
A. (SiH9):CH,

Aivy 3151 7 102 3026 3 2967 0.1 15.9 3.3 5.9
V2 2338 45 458 2230 125 (2184.6) (2168.5) (2167.7) 0.0
Vs 2319 240 126 2223 80 (2168.3) (2166.5) (2166.2) 0.0
V4 1522 9 10 1415 8 1369 0.3 0.3 0.3 4.1
v 1061 139 9 969 53 (965.6) (959.5) (959.8) 0.0
Ve 1047 128 41 964 123 (952.4) (956.9) (955.5) 0.0
V7 827 89 16 768 66 (780.2) (785.9) (778.6) 9.3
Vg 569 1 26 541 1 552 2.0 —-1.2 3.1 51
Vg 185 1 0 173 1 178 —2.4 —2.5 —2.4 1.3

Ao v 2314 0 13 2224 0 (2160.7) (2162.1) (2161.9) 0.0
V11 1127 0 4 1059 0 10483 0.0 0.0 0.0 0.0
Viz 1042 0 48 963 0 (948.0) (953.2) (953.1) 0.0
V13 617 0 8 576 0 (555.0) (554.4) (555.1) 0.0
V14 76 0 0 81 0 78.5 0.0 0.0 0.0 0.0

B1vis 2328 178 17 2223 13 2164.1 (2175.9) 0.0 0.0 0.0
V16 2315 94 83 2219 208 2164.1 0.0 (2160.8) (2159.2) 0.0
V17 1202 101 2 1111 62 1057.7 0.0 —2.4 -0.1 14.3
V18 1039 92 0 959 63 947.9 3.1 —2.1 —2.2 0.1
V19 1015 538 14 926 407 919 —-3.4 2.3 2.2 0.3
V20 802 60 6 764 60 763.4 —-2.0 1.8 —-3.0 13.1
Vo1 622 2 4 574 0 579 —-0.6 1.2 —-0.8 0.3

B, va 3194 7 80 3070 3 2946.2 0.0 0.0 0.0 10.4
V23 2322 341 134 2230 246 2168.1 0.0 0.0 0.0 0.0
Vs 1048 148 3 968 84 952.8 —-0.1 —55 -5.3 0.0
Vo5 899 155 3 835 126 812 0.3 -0.2 1.3 8.6
Vg 489 9 1 463 6 463 0.9 1.3 —-0.7 0.6
Vo7 143 0 0 136 0 133 0.0 0.0 0.0 0.8

>WSE 1.90 2.26 2.40
B. (SiD3):CH;

A1y 3151 6 101 3026 3 2967 0.2 15.9 3.3 5.9
V2 1676 158 61 1608 114 (15826)  (1581.6} (1581.2¥ 0.0
Vo 1664 15 225 1586 9 (1570'8)  (1559.2% (1559.0¥ 0.0
V4 1521 10 12 1414 9 1368 -0.3 —-0.3 -0.3 4.1
Vs 801 140 7 738 100 738 —4.2 —2.3 0.4 4.7
Ve 759 57 14 696 36 (691.5) (692.3) (689.3) 0.5
V7 704 2 16 658 0 663 3.2 -1.4 0.9 8.8
Vg 490 8 20 462 7 469 0.7 —2.5 1.2 1.1
Vg 165 1 0 154 1 159 2.8 2.9 2.9 1.0

Ao vio 1671 0 6 1606 0 (15764)  (1577.5% (1577.3¥ 0.0
vt 1104 0 4 1040 0 (1029.9) (1029.0) (1031.2) 0.0
Viz 749 0 21 690 0 (680.7) (684.1) (683.7) 0.0
V13 465 0 6 433 0 419 0.0 0.0 0.0 0.0
Via 54 0 0 58 0 (55.8) (55.9) (55.8) 0.0

B1vis 1672 73 46 1605 46 1580.2 0.5 1.1k 1. 0.0
V16 1656 94 5 1579 88 1556.8 —5.6 4. 5.1k 0.0
V17 1189 81 1099 50 1045.2 2.0 0.3 1.8 14.9
V18 808 184 2 766 122 765.5 -1.9 2.7 —2.3 11.8
V19 747 71 0 689 49 6878 8.6 5.3 5.2 0.0
V20 734 157 10 673 151 670.4 0.5 3.8 3.7 1.6
Va1 465 2 2 430 0 434 -0.7 0.4 —-0.8 0.0

B, va 3194 6 81 3070 3 2944.0 —2.2 —2.2 -2.1 10.4
V23 1678 206 67 1612 148 1583.2 1.0¢ 0.7 0.8 0.0
Vs 811 119 2 758 77 738 1.9 5.2 1.6 9.8
Vo5 751 56 2 694 47 6878 55 1.3 1.0 0.2
Vg 414 10 1 389 7 390 —-0.1 —-1.0 0.0 0.0
Vaz 112 0 0 107 0 (104.3) (103.9) (104.0) 0.8

SWSE 2.18 2.91 2.55

aUnscaled QC frequency (cr). ® QC infrared intensity (km moF). ¢ QC Raman scattering activity ¢famu?). ¢ Frequency observed in this
work, except where otherwise indicatédzrequency fit: e, = vops — veale, OF in parentheses, the calculated frequeh&yequency omitted from the
refinementd Raman liquid value from ref 1" Solid solution value from ref 1.Refinement is only possible if 2164.1 cinis the higher frequency
in the MP2 and B3LYP refinements, but the lower one in the HF calculatidiis/SE = sum of weighted squares of errors, calculated as described
in ref 15.% Calculated frequency multiplied by 1.01, to offset effect of anharmoniéityFermi resonance correction applied.

tendency to overestimate with thebasis and at the HF and  Unlike the case of the similarly disposed CH bonds in.$El,,
B3LYP levels. Of particular relevance to the interpretation of where there is good agreement in all calculations on a small
the vSiH region of the spectrum are the very small differences positive CH —CHs difference, the variation in sign of the minute

in length between the Skand SiH bonds. These lengths are  differences seen between the Siatd SiH lengths means that
quoted to five decimal places to avoid rounding error. (Repro- these bonds must be considered to be indistinguishable. The
ducibility in the optimization procedure is about 0.000 02 A). tilt of the silyl group, as measured by the difference between
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Figure 3. Infrared spectrum of DSMhb in the region 1206600 cnt?.
Partial pressure of sample, 1.8 Torr in a 12 cm cell.
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Figure 4. Infrared spectrum of DSMs in the region 1206:600 cnt.
Partial pressure of sample, 3.8 Torr in a 12 cm cell.

the H'SIC and HSIC angles, is small or negligible at all levels.
A further illustration of this equivalence is provided by the
unscaled/sSiH values calculated in the species (S#}SiDs)-
CHoy, shown in Table 4. There is a modest sensitivity to basis
set, but in all cases the Sitbond is only marginally weaker
than the SiH one.

By contrast the associated intensities are markedly different.

The MP2 and B3LYP calculations agree well in predicting a
fall of 22—25% in the IR intensityA from SiHs to SiH. There

J. Phys. Chem. A, Vol. 107, No. 34, 2008541

is a similar fall in the Raman scattering activity from the two
available calculations, at the HF level.

Table 2 includes the unscaled vibrational data produced by
the HF and B3LYP calculations with thebasis, the observed
frequencies, and the frequency fit obtained after scaling the HF/
tz, MP2#z, and B3LYP1z force fields. Only those frequencies
considered to be reliable were used in the scaling of the force
fields, as detailed below.

Also given in Table 2 are the frequency shifts resulting from
13C substitution indy calculated from the scaled B3LYP/tz force
field.

Assignments.Attention is focused on aspects of the spectra
unclear in the previous work.

(1) vCH Region The type C bands at 2946.8,] and 2944
cm1 (de) identify voo(by) in the two isotopomers, whereas the
type B band at 2907 cnt due tovi(a) is well defined indj,
less well so inds. The upper level of the latter is likely to be in
weak Fermi resonance with:2 v, at 2822 cm?, but the extent
of the resonance shift appears to be small, perhaps &2,
judging by the results in Table 2 of scaling both CH stretching
symmetry force constants to the value1g$.

(2) vSiH Region The large mass of the silicon atom, as
compared to that of carbon, means that the composition of
stretching modes of the silyl group is the consequence of a
delicate balance between opposing G and F matrix terms, such
that in-phase stretches may lie above or below out-of-phase ones,
depending on the exact size of the valence interaction force
constants. (The terms “symmetric” and “antisymmetric” are
usually inappropriate in such circumstances). In addition the
coupling is markedly affected by small differences in the
diagonal valence constants. It is therefore not surprising to find
markedly different descriptions of the unscaled frequencies given
in Table 5 from the different calculations. In part these
differences stem from the differencesiiSiH value seen in
Table 4.

The IR spectrum ofdy (Figure 4, ref 2) shows clearly
identifiable type A and type C bands at 2164.1 and 2168.1'cm
which must arise from Band B, modes, respectively. One of
two subsidiary Q branches at 2162.5 and 2167.0'cmay
represent the otherihand expected here or else both of these
may be hot bands. Ids, a single A/C hybrid band at 2164.6
cm~1 has the appearance expected from a solitary Batd in
ds impurity, but the absence of any sign of a second Q branch
suggests that thesSiHs andvsSiH2 bands in fact coincide. The
B, fundamental at 2168.1 crhhas to bes,s. Because its normall
coordinate involves the stretching of the Sibbnds only, this
frequency provides an unambiguous datum for scaling the four
symmetry force constants involving Sildtretching. However,
the B, 2164.1 cnT! band may represent eitheys or v16, each
of which should involve stretching of both Sildnd SiH bonds.

It proved possible to scale the Siktretching symmetry force
constants using this second datum but on a different basis for
the HF as compared with the MP2 and B3LYP treatments. The
HF data only allowed refinement when the Band was taken

to be the lower modey16. By contrast, the MP2 and B3LYP
treatments required the;Band to bev;s. Table 5 shows the
resulting predictions for the unassignediH bands, the
associated scaledsSiH frequencies, and all six of the scaled
vSiD frequencies irds. The latter have all been multiplied by
the factor 1.01 to offset the differing effects of anharmonicity
on SiH and SiD stretching frequencies, for a more meaningful
comparison with the observed spectréfs®

A clear choice between the alternative assignments for the
2164.1 cnt! band can then be made by examining the associated
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TABLE 3: Comparison of Observed and Calculated Structural Parameters for DSM

McKean

calculated

observed HF MP2 B3LYP
parameter ED* Mwd Sv tz v tz tz+ Sv tz tz+ cc
r(C—H) 1.11(2) 1.091(15) 1.0892 1.0894 1.0965 1.0966 1.0969 1.0982 1.0960 1.0961 1.0935
JHCH 110.6 107.3(18) 106.2 106.3 106.6 106.5 106.4 106.5 106.3 106.3 106.5
r(Si—C) 1.873(2) 1.874(12) 1.8885 1.8846 1.8836 1.8790 1.8794 1.8898 1.8881 1.8881 1.8860
OsicCsi 114.4(2) 114.1(6) 116.4 117.3 114.6 115.8 115.9 1154 116.5 116.5 116.1
r(Si—H9) 1.512(6) 1.475(14) 1.47763 1.47962 1.48721 1.47777 1.47804 1.48948 1.48706 1.48711 1.48595
r(Si—H?) 1.512 1.477(3) 1.47769 1.47995 1.48681 1.47800 1.47838 1.48857 1.48656 1.48667 1.48540
Ar(Si—H)2s  0.000 0.002(14) 0.00006 0.00033-0.00040 0.00023 0.00034—0.00091 —0.00050 —0.00044 —0.00055
OH3SiHA 108.1(11) 108.6(3) 108.4 108.4 108.5 108.6 108.6 108.3 108.4 108.4 108.4
OHsSiH?2 108.1 108.1(13) 108.4 108.5 108.4 108.7 108.7 108.2 108.4 108.4 108.4
OHssiC 110.8 111.2(8) 110.7 110.5 111.0 110.8 110.9 111.0 110.7 110.7 110.8
OHsSIC 110.8 111.2(8) 110.7 110.5 111.0 110.8 110.9 111.0 110.7 110.7 110.8
OHasIiC 110.8 109.9(10) 110.5 110.5 110.2 110.0 110.0 110.6 110.5 1104 110.4
u 0.819(2) 0.7868 0.7624  0.7430 0.7720 0.7605 0.8461 0.7930 0.7717 0.8364

aBond lengths are in angstroms, angles are in degrees, and dipole monaetsy Debye. Atom Fllies in the skeletal plane of the molecule,
and H lies above or below this planeThis work. ¢ Reference 3¢ Reference 4¢ Assumed! Cs, local symmetry assumed.

TABLE 4: Unscaled QC Frequencies (cm?) and Intensities for ¥SiHs and vSSiH2 Bands in DSM

SiHe SiHe

level/basis Vs AR)? = AR)? AviS (Hs—H?) AAR) (Hs—H?)
HF/sv 2367.5 227.8(141.3) 2368.8 186.2(95.8) -1.3 41.6(45.5)
HF iz 2321.9 176.4(176.3) 2322.5 142.3(120.7) -0.6 34.1(55.6)
MP2/sy 2304.8 172.0 2309.8 132.1 -5.0 39.9
MP21z 2308.7 142.4 2310.0 110.3 -1.3 32.1
MP24z+ 2306.2 144.2 2307.0 111.0 -08 33.2
B3LYP/sv 2238.6 169.4 2246.0 129.6 ~74 39.8
B3LYP/z 2221.2 136.9 2226.2 103.7 ~5.0 33.2
B3LYP/tz+ 2220.3 139.7 2225.1 105.0 —4.8 34.7
B3LYPlcc 2213.3 133.3 2218.6 98.1 -5.3 35.2

aWhere available from Gaussian 98.is the infrared intensity in km mot, andR is the Raman scattering activity in*&mu.

TABLE 5: QC-Based SiH and SiD Stretching Frequencies (cmt) after Scaling to vis5 or v (b1) = 2164.1,v,3 (b)) = 2168.1

cm™!
A. DSM-dp
level/basis va(ay) v3(ay) v10(2) V16 OF ¥15(D1)? VSSiHe VSSiHa AV (Hs—H?)
HF/sv 2185.4 2171.7 2159.5 2178.1 2179.2 2166.8 12.4
HF/tz 2184.6 2168.3 2160.7 2175.9 2172.6 2168.8 3.8
MP2/sy 2167.1 2162.5 2161.3 2154.2 2164.0 2162.3 1.7
MP2#z 2168.5 2166.5 2162.1 2160.8 2165.1 2164.7 0.4
MP2kz+ 2169.2 2166.5 2162.1 2161.5 2165.3 2165.0 0.3
B3LYP/sv 2166.9 2164.3 2160.7 2154.7 2164.5 2162.3 2.2
B3LYP/tz 2167.7 2166.2 2161.9 2159.2 2164.9 2164.1 0.8
B3LYP/z+ 2168.0 2166.3 2161.8 2159.5 2164.9 2164.2 0.7
B3LYP/cc 2166.7 2166.2 2161.7 2158.1 2164.6 2163.7 0.9
obs ? 2164.6 ?
B. DSM-ds (scaled frequencies 1.01)
level/basis vo(ay) va(ay) v10(2) vas(by) vae(by) v23(by)
HF/sv 1587.5 1569.4 1575.3 1584.3 1559.8 1582.3
HF/tz 1582.6 1570.8 1576.1 1579.7 1562.4 1582.2
MP2/sv 1582.1 1555.4 1577.2 1579.3 1548.1 1582.8
MP24z 1581.6 1559.2 1577.5 1579.1 1552.6 1582.5
MP2Az+ 1581.5 1559.7 1577.4 1579.0 1553.1 1582.5
B3LYP/sv 1581.8 1557.1 1576.6 1579.0 1548.9 1582.7
B3LYP/tz 1581.2 1559.0 1577.3 1579.0 1551.7 1582.4
B3LYP/tz+ 1581.2 1559.2 1577.2 1579.0 1551.9 1582.4
B3LYP/cc 1581.2 1558.2 1577.2 1578.9 1551.0 1582.4
obs ? ? ? 1580.2 1556.8 1583.2

ay,s for the HF calculationsyye for all of the others.

VSSiH values. The MP2 and B3LYP scaleliSiH values lie
close to each other and also to the Q branch observed at 2164.60 v15 comes from using a bond dipole model to predict the
relative intensities of the two modes. Both MP2 and B3LYP

cm1, whereas both HFSSiH values lie unacceptably high, at
2172.6 (H) and 2168.8 (B (tz basis) or 2178.1 and 2166.8

cmt (sv basis).

A further argument for assigning the 2164.1¢n® branch

approaches indicate thats is primarily a motion of the two
SiH® bonds, whereas; s derives largely fromvsSiH%, stretching
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TABLE 6: Comparison of Calculated and Observed Torsional Frequencies in Some Compounds Containing Silyl Groups

DSM DS MS FMS CMS ETS

level/basis V14(3Q) V27(b2) V]_z(alu) Ve(ag) ’Vlg(a' ') Vls(a' ') V27(a”) 1/26(3 ')
HF/sv 69.1 144.0 133.0 193.6 157.6 157.2 137.9 235.2
HF/tz 75.7 142.6 134.7 197.9 154.5 158.9 141.2 234.3
MP2/sv 47.8 145.7 140.4 201.7 169.4 161.8 142.1 235.8
MP2itz 56.7 139.0 147.6 196.0 158.1 159.9 136.0 232.4
MP2itz+ 44.9 141.1 146.6 199.6 148.9 156.1 135.3 225.0
B3LYP/sv 73.1 136.1 129.7 192.3 161.3 153.7 137.3 226.0
B3LYP/tz 81.0 136.3 135.4 193.9 154.4 155.5 139.9 220.8
B3LYP/tz+ 77.9 135.2 131.5 192.4 151.0 154.0 139.0 220.0
B3LYP/cc 85.8 139.6

obs 78.5 133 1255% 190 149 161¢ 132 2079

aDSM = disilylmethane; DS= disilane; MS= methylsilane; FMS= FCH,SiHs; CMS = CICH,SiHsz; ETS = ethylsilane, where,; = tSiHs,
v26 = TCHa. This work, except where otherwise indicaté®Reference 29. This value is exactly one-half of the frequency of the@transition
quoted earlie?? which is surprising for a strongly anharmonic situatieReference 319 Reference 32¢ Reference 33\ Reference 349 Value

from solid-state spectra.

motion. The bond dipole model then predicts that will
produce a more intense band thag In the latter, the change
of moment in each silyl group lies almost exactly along @e
symmetry axis, with only a small component along Aieertial
axis. The resultant dipole change is therefore small. Thé SiH
bond, by contrast, is directed within 38f this axis, so that the
resultant dipole change is large. We conclude thglies below
2164.1 cn?, the best predictions being those from the MP2/
and MP2{z+ calculations, 2160.8 and 2161.5 chrespec-
tively. These are sufficiently close to the Q branch at 2962.5
cm! for the latter to be a strong candidate fag. As such, it

5). The closest match in appearance lies between the Q branches
at 2298 and 2033.7 cmh, which together fit quite well as
combination and differences betweenat about 2166.5 and

vp7 at about 133 cmt. The remaining difference bands at 2040
and 2029 cm! and the very doubtful combinations at 2303 and
2291 cnt! are tentatively assigned as hot bands, as in the
discussion ofv14 above.

This analysis depends markedly on the reliability of the QC
calculations of values of the sretebtretch interaction force
constants$ ' connecting SiH bonds in the same and in differing
silyl groups. This is hard to assess. A final judgment on the

provides a reasonable interpretation of the torsional combinationassignments of these Q branches must await a more careful
and difference bands, as detailed below. At all events, it can investigation at higher resolution in a spectrum which is free

safely be concluded that the fourth Q branch at 2167.0cm
derives from a hot band.

Assignment of the combination and difference bands involv-
ing vSiH and 7SiH3 levels listed in Table 1 must now be

of the interference from atmospheric g@bsorption visible in
Figure 2. However, the present analysis and prior examples such
as that of ethylsilarf¥ together suggest that torsional modes
should normally be identifiable from their combination and

considered. These bands are seen as very weak sharp shouldedsifference bands involving SiH stretching quanta. The problem

on each side of the intens&SiH absorption in Figure 2, which

is to discover whichvSiH fundamentals are involved in each

indicate the presence of type C bands. Table 6 lists the unscaledransition.

predictions for the torsional frequencies, and v,7, together
with similar predictions for some other molecules containing

(3) vSiD Region The change here in the relative masses of
the silicon and terminal atoms means that in contrast to the SiH

silyl groups. In DSM, there is quite good agreement among the region there is a well-defined distinction between higher-lying

nine calculations on the magnitude wf;, which is predicted

in the range 135146 cnT?, but a surprising variation in the
value of v14, which ranges from 45 to 86 cmh A similar
variability in the prediction of silyl torsional frequencies is found
in trisilylmethane’ By contrast, calculated values of torsional
frequencies in disilane (DS), methylsilane (MS), fluoro- and
chloromethylsilanes (FMS, CMS), and ethylsilane (ETS), also

vas5iD3 and lower-lyingvsSiD3 modes. The Q branch of the,B
vaSiD3 bandv,zis plain at 1583.2 cmt, whereas type A bands
centered at 1580.2 and 1556.8 ¢nidentify the B bands due

to v15 andvie. As seen in Table 2, the two bands assigned to
v1s andvyz are fitted to within 1 cm® using the force constants
scaled on thel, values ofvys andv,3 above, plus the usual an-
harmonicity correction factor of 1.7 However,v1¢ is predicted

listed in Table 6, show in general good agreement both betweennot higher than 1553 cn (ignoring the HF results, rejected

levels of theory and also between theory and experiffeft.
Focusing on the spectrum of DSM, it is clear that the pairs

of Q branches 2242.8, 2240.8, and 2087, 2084 cmust be

associated with the lower torsional frequengy(ay). Type C

above), which is~4 cnT ! lower than observed. This may reflect

the need for a variation in the above anharmonicity correction.
(4) A, Modes In the previous studythe A, 7CH, modevi;

was identified as the weak Raman line at 1101 trim the

bands will result when a quantum of this vibration is associated liquid phase, above the wGHband §;7) at 1058 cmil.

with avSiH one of B symmetry. Of the two Bcandidatesyis
andvig, v16is largely an asymmetric stretch of the Sibbnds

However, all of the QC unscaled calculations plazg
substantially below7, making the above assignment untenable.

and, as such, seems more likely to interact with torsional motion A plausible position forvi; is the hitherto unassigned sharp

than the stretching of SkHAssumingvi6 to be responsible for
the Q branch at 2162.5 crh the tentative assignment is made
(Table 1) of 2242.8 and 2084 crh respectively, to the
combination and difference bands involving with v14. This
placesvi4at 78.5 cntl. The other Q branches are then assigned
to hot bands inv14 and vy, rather than to levels involving;s.
Type C combination and difference bands arising figmiby,)
can arise from either of the ;Amodesv, and vs, the best
predictions for which are about 2169 and 2166.5 &ifTable

feature at 1048.3 cmt in the solid solution spectrumits
infrared activity being ascribed to a lowering of the symmetry
in the crystal phase. The assignment of the weak sharp band in
the solid spectrum just below at 1038.4 Tmas a °C
counterpart of/17 is confirmed by the calculatedC frequency
shifts in Table 2.

Assigningv; near 1048 cm! would be likely to render the
band indistinguishable fromv,7 in the liquid-phase Raman
spectrum.
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TABLE 7: Scale Factors for QC-Based Force Fields for DSM

McKean

symmetry

type coordinate¥  HF/sv HF/tz MP2/v  MP2tz  MP2iz+ B3LYP/sy B3LYP/z B3LYP/z+ B3LYPlcc
vCH 4,23 0.8319 0.8511 0.8645 0.8792 0.8818 0.9067 0.9209 0.9217 0.9201
0sCH, 9 0.7754 0.8091 0.8629 0.9333 0.9445 0.9008 0.9367 0.9406 0.9424
7CH, 14 0.8501 0.8723 0.9207 0.9869 0.9953 0.9749 0.9861 0.9894 1.0100
pCH, 27 0.82283 0.8400 0.8969 0.9424  0.9447 0.9582 0.9629 0.9666 0.9722
wCH, 21 0.7033 0.7326 0.8031 0.8646 0.8638 0.8602 0.8791 0.8813 0.9130
vCSh 3,17 0.9473 0.9527 0.9546 0.9530 0.9559 1.0304 1.0285 1.0293 1.0240
O0CSh 8 0.9153 0.9022 0.9747 1.0277 1.0623 1.0651 1.0222 1.0311 1.0511
vSiHs 1,15 0.8473 0.8755 0.8815 0.8796 0.8816 0.9349 0.9500 0.9508 0.9566
vSiHa 2,10,16,22 0.8367 0.8720 0.8764 0.8783 0.8807 0.9270 0.9450 0.9461 0.9511
OasSiHz 5,11,18,24 0.8274 0.8273 0.9238 0.9056  0.9088 0.9882 0.981F 0.9817 0.9874
0sSiHz 6, 19 0.8274 0.8273 0.9238 0.9056  0.9088 0.9882 0.981F 0.9817 0.9874
p'SiHz 7,20 0.8781 0.8753 0.9809 0.9875 0.9884 1.0425 1.0278 1.0269 1.0285
p'SiHs A, 12 0.7971 0.8006 0.8889 0.8934 0.8894 0.9363 0.9232 0.9239 0.9256
p"'SiH; B, 25 0.8228 0.8400 0.8969 0.9424  0.9447P 0.9582 0.9629 0.9666 0.9722
7SiHz A 13 1.2974 1.0791 2.7577 1.9360 3.1123 1.1581 0.9385 1.0165 0.8355
7SiH; B, 26 0.8550 0.8708 0.8294 0.9131 0.8841 0.9531 0.9502 0.9673 0.9029
averagé 0.8360 0.8509 0.9024 0.9276 0.9331 0.9604 0.9636 0.9658 0.9735
rang€ 0.2440 0.2201 0.1716 0.1631 0.1985 0.2049 0.1494 0.1498 0.1381
onde 0.0604 0.0533 0.0492 0.0506 0.0576 0.0594 0.0451 0.0456 0.0444
SWSE' 3.93 4.12 4.86 5.20 4.97 4.45 4.98 5.05 4.57

aAs defined in Reference 11, with the interchange of silicon and carbon atéi@snstrained equaf.Excluding zSiH;. ¢ Sample standard

deviation.f Sum of weighted squares of errors fy and ds frequencies.

Apart from a dubious feature at 1113 chin the Raman
spectrum ofds, whose previous asignment tg; is untenable,
the only other Raman feature previously assigned to.am@de
is the weak band i at 417 cml. This fits well with the
prediction of~426 cnt? for the pSiDz modev;3 which results
from the assumption of equal scale factors for i®iDs3
constants in the Aand B species. An independent datum for
the scaling of the A pSiD; constant is therefore available.

(5) Silyl Deformationsin do, these are predicted to lie close
to each other near 950 crh except for the very intense;B
band due to thé:SiH; modev;s, expected some 30 crhlower.

combination 738(g + 664(a), expected at 1402 cm, but
observed at 1407 cm. Correctingv, to 1368 cn! (Table 2)
then increases the compatibility between the scdiednd ds
values ofva.

Force Field Scaling. The symmetry coordinates employed
were identical to those employed for dimethylsilane, with
exchange of silicon for carbdd It was found possible to define
14 independent scale factors, as listed in Table 7 for each of
the levels and basis sets employed. A high correlation coefficient
of 0.92 was found between the factors for the strongly coupled
oCH, and pSiHz motions in the B symmetry species, and it

The latter may be confidently assigned to the very strong band was thought advisable to constrain these to be equal. There were

with @ minimum at 921.5 cm and likely center near the
maximum at 918.4 cmt, although no discrete Q branch was
discernible. Q branches at 952.8 and 947.9 tare likely to
arise from va4(by) and vig(by), but the contours here are
confusing, as Figure 3 shows. In ttespectrum, Figure 4, apart
from the well-defined type A band at 765.5 chdue tovig(by,
vadSh), the contours are also confusing. The ASiD; mode

is displaced above all of th&,SiD; modes by coupling tos
CSk motion and must contribute most of the IR intensity to
the band with a maximum at 733 cf However, vo4(by),
primarily apCH, mode, is also expected here. A likely A type
band ha a Q branch at 670.4 crh and this is confidently
assigned torxo(bs). A weak Q branch at 687.8 cthmay arise
from v19(b1) or v25(l,). With only two reliabledSiHz or dSiDs

assignments available, both associated with symmetric deforma-

slight indications in the case of the HF and MP2 force fields
that this assumption was imperfect. However, with or without
this constraint, the fit to thdy andds B, frequencies remained
poor, the cause of which was identified as incorrect values of
the relatively large interaction force constant f7in all of the
calculations. This was remedied by a manual adjustment of this
constant prior to scaling, reducing it by between 8 and 15%
according to the level of theory.

The 14 scale factors included independent ones for the two
kinds of SiH bond stretching force constants, three such for
silyl rocking constants, and two for the two silyl torsions. The
Az and B p"'SiH;z factors would diverge further from each other
if, as seems likely, the gas-phase valuevef (a) in ds lies
below the liquid value of 417 cni.

Table 7 includes for each set of factors for a particular

tion, in the subsequent scaling of the force fields, it was calculation the average value, the standard deviation, and the

necessary to assume identical scale factors fordtheand o
force constants.

(6) Silyl Rocking MotionsFigure 3 illustrates the imperfect
nature of thedy contour associated with the.@-,s) band at 812
cm™1. The QC calculations make it clear that the ®odev;

range. However, the two torsional factors were excluded from
these comparisons for two reasons. The first reason was the
present uncertainty in the assignment of the torsional frequen-
cies, and the second, the highly anomalous values which these
factors exhibit in most cases. The size of the factor for the A

cannot be at 595 cm as previously assigned from the Raman constant from the MP24+ calculation, 3.11, is unprecedented
spectrum but must instead underlie the distorted type A bandin our experience. Anomalies such as these will remain even if

at 763.4 cm?® due towvyo(by, vadlSh). In dg, there is slight
evidence to suggest that the centewngfis a little lower than
the Raman liquid values of 438 cth The band at 390 cni
previously assignédo v, was not rerecorded.

(7) Fermi Resonance CorrectioA small resonance is likely
in the spectrum ofds betweenwv, at 1363 cm! and the

a drastic revision in the frequencies becomes necessary. Thus,
were an MP2 calculation to give more reasonable torsional
factors as the result of reassignment, the B3LYP ones would
then become unacceptable.

Without the torsions, the ranges and standard deviations for
the various calculations are similar, with a slight preference for
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TABLE 8: Potential Energy Distributions (PED) in DSM- dy and -ds from the Scaled B3LYP#4z Calculation

DMS-dy DMS-dgs
Vealc P.E.D? main component Vealc P.E.D? main component
A V1 2903.7 1019 vCH, 2903.7 1019 vCH,
Va2 2167.7 173 82S vSiH3, 1565.5 673 35S Vas31D3
V3 2166.2 833 18S VeSiH® 1543.5 343 659 vsSiD3
Va4 1368.7 103% 0CH; 1368.3 103% 0sCH>
Vs 959.8 118, 89S% 0sSiH3 737.6 358, 61$ 0sSiD3
Ve 955.5 91g 11$ 0asSiH3 689.3 93% 0asSiD3
V7 778.6 193, 66S p'SiHs 662.1 173, 9S;, 335, 34S coupled
Vg 548.9 789, 23S vCSh 467.8 489, 46S coupled
Vg 175.4 199, 108S 0CSh 156.2 259, 106S O0CShk
Az V10 2161.9 100y vSiH3, 1561.7 101y vSiD%
Vi1 1048.3 85%, TCH, 1031.2 92%, 7CH;
V12 953.1 1019 O0asSiH3 683.7 1029, 0asSiD3
Vi3 555.1 1069, 2694 p"SiH3 417.0 1109, 19S6 p"SiD3
Via 78.5 104%; 7SiH; 55.8 104%s 7SiDs
B: Vis 2164.1 90%;, 11S6 vSiH® 1563.3 72%, 30S6 Vas3iD3
V16 2159.2 10%;, 89S vSiH3, 1536.4 29%;, 70Ss vsSiD3
V17 1057.8 23%, 8091 wWCH; 1043.4 24%;, 879 WCH,
Vig 950.1 100%: OasSiH3 767.8 78%;, 119 ValSh
V19 916.8 101 0sSiH3 682.6 99% 0asSiD3
V20 766.4 79%;, 119 VaSh 666.7 92% 0sSiD3
Vo1 579.8 9780, 185 p'SiHs 434.8 102%, 1391 0'SiD3
B, V22 2946.2 101% valCH, 2946.1 101% vallHp
Va3 2168.1 100 vSiH%, 1566.8 100 vSiD%,
Voa 958.0 102%: 0asSiH3 736.4 24%;, 5097 pCH;
Vo5 810.7 42%s, 3357 p"SiHs 686.9 1018, 0asSiDs3
V26 463.7 6555, 7457 pCHz 390.0 8255, 5557 p"SiD3
Va7 133.0 93% 7SiH; 104.0 92% 7SiDs

@ Diagonal terms=9%.

the B3LYP force fields. The sums of weighted squares of errors is enhanced inls due to the greater coupling there between the
for the fit to the frequency data are also similar, reflecting the 0sSiD3 andvsSiC, motions.
Comparab|e fit data of Table 2. The apparent S||ght superiority Prediction of the position of the s||y| rocking modoe in dO
of the fit with the HF calculations is offset by their failure s more variable, the MP2 value of about 786 @nfying 7
outlined above in the prediction ofSiH values. cm ! higher than the B3LYP value of 778 cth The value of
The need for a range of independent scale factors is present~555 cnt! predicted for the Asilyl rock vz is based on the
in all cases, even for motions as apparently similar as the two liquid-phase Raman frequency seen dg and may differ
kinds of SiH stretching or the three involving silyl rocking. significantly from its actual position in the gas. Variations due
Substantial differences are also needed in the factors for theto basis set are negligible in all of these predictions. The main
deformation, rocking, and wagging constants associated with source of error will lie in the constraints applied to the scale
the CH group. In all of the treatments, the minimum value for factors.
any factor is associated with the gitag, wCh, which means Unscaled Valence Stretching Interaction Force Constants.
that all are tending to calculate this frequency too high. The full set of unscaled valence stretching force constants is
For a quantitative description of the vibrational modes in given in Table 4S. Quoted here in Table 9 are the interaction
terms of the potential energy distributions (PED), results of the constant$' which fall into three categories, or gem constants,
B3LYP/tz calculation are cited in Table 8. The scaled B3LYP/ involving a central atom common to both bongsgonstants
tzforce field is given in Table 3S of the Supporting Information. which relate bonds either gauche or trans (antiperiplanar) with
The MP2tz-based PED has slightly more coupling between respect to each other, and longer rangeonstants between
WCH; andv,{Sh motion in the B modesy;7 andv,g (do) and bonds separated by a motionless atom, in this case the SiH bonds
their counterparts;7 and vig in dg and also betweensSiDs in different silyl groups.
anddasSiD3 in de. Among the o constants, there is a contrast between a
Prediction of Unknown or Uncertain Frequencies.Apart reasonable agreement between MP2 and B3LYP values for SiH
from the variations in prediction ofSiH and silyl torsional bonds, with the marked fall in value for the CH bond when an
frequencies discussed above, the MP2élculation is notable MP2 value is compared with an HF or B3LYP one. This is the
for a low value ofr; and a high value of; (do). The former is basis for the larger,{CHy/vsCH; splitting predicted from an
associated with a lower valence interaction force constant MP2 calculation, which in turn yields an improbable Fermi
involving the stretchings of two CH bonds sharing the same resonance correction arCH,. The same trend is found with
carbon atom (see further below).The B3LYP or HF predictions the CH/CSi and CSi/CSi interactions, but not the SiH/SiH one.
are preferred because they yield more acceptable Fermi reso- This characteristic of MP2 calculations has been noted
nance shifts on;. previously on a number of occasioHg’182326]t seemed
Elsewhere, there is broad agreement between the predictiongprofitable to explore how widespread the phenomenon might
in Table 2 from the three levels of theory for the silyl be. Table 10 shows a comparison of gémalues from B3LYP
deformationsss, ve, andvyy. It is interesting to note the inversion  and MP2 calculations for 17 molecules containingsGifid/or
of the symmetric and antisymmetric deformatianSiH; and CH; groups. In almost every case the MP2 value is substantially
0asSiH3 that occurs indy from the A to the B, species, which below the B3LYP one. The apparent universality of this effect
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McKean

TABLE 9: Unscaled Valence Stretching Interaction Force Constantd’ (aJ A=2) in DSM

bond(s} f' type? HF/sv HF/tz MP2/sv MP24z MP2tz+  B3LYP/sy  B3LPAz  B3LYP/iz+  B3LP/lcc
SiHY/SiH2 o 0.0437 0.0461 0.0260 0.0322 0.0329 0.0252 0.0283 0.0287 0.0271
SiHYSiH? o 0.0444 0.0471 0.0267 0.0329 0.0334 0.0262 0.0293 0.0295 0.0281
SiHYSiH® y 0.0072 0.0060 0.0053 0.0047 0.0048 0.0051 0.0042 0.0043 0.0040
SiHYSiH y 0.0023 0.0019 0.0014 0.0014 0.0014 0.0017 0.0016 0.0016 0.0014
SiH¥YSiHat y 0.0126 0.0105 0.0091 0.0080 0.0080 0.0098 0.0082 0.0083 0.0083
SiHAYSiH2 y 0.0010 0.0010 0.0004 0.0006 0.0005 0.0007 0.0008 0.0007 0.0007
SiHYSiC o 0.0563 0.0605 0.0509 0.0544 0.0539 0.0442 0.0491 0.0495 0.0487
SiHY/SiC o 0.0549 0.0602 0.0481 0.0542 0.0546 0.0418 0.0475 0.0480 0.0475
SiHYSiC At —0.0151 -0.0136 —0.0127 -—0.0113 -0.0112 —-0.0132 —0.0118 —0.0119 —0.0114
SiHY/SiC A(9) —0.0164 —0.0145 -—-0.0153 —-0.0142 -0.0141 —-0.0134 —0.0120 —0.0121 —0.0120
SiHYCH p(9) 0.0076 0.0070 0.0028 0.0028 0.0031 0.0053 0.0050 0.0051 0.0049
SiHICH £(9) 0.0078 0.0071 0.0031 0.0030 0.0031 0.0055 0.0051 0.0051 0.0050
SiH¥/CH A —0.0046 —0.0045 —0.0064 —0.0054 —0.0055 —0.0069 —0.0066 —0.0066 —0.0066
CH/CH o 0.0396 0.0395 0.0090 0.0090 0.0088 0.0283 0.0332 0.0335 0.0342
CHI/CSi o 0.0289 0.0282 0.0149 0.0109 0.0100 0.0276 0.0330 0.0327 0.0351
CSi/CSi o 0.0679 0.0764 0.0572 0.0669 0.0648 0.0669 0.0794 0.0789 0.0802

ad, al, and a2denote hydrogen atoms in SiH bonds in the second silyl group; al atié ah the same side of the skeletal plane, and al and
aZ lie on opposite side®.fs,' involves SiH and SiC or CH bonds oriented gauche toward each dghéryolves similar bonds trans (antiperiplanar)

related.

TABLE 10: Comparison of Unscaled CH Stretch/CH
Stretch Interaction Constants f'(aJ A~2) from B3LYP and
MP2 Treatments®

molecule basis  grotip B3LYP MP2
CHa tz 0.036 0.013
CHsF tz CHjs 0.054 0.033
CHsCI tz CHs 0.037 0.022
CoHe tz CHjs 0.051 0.024
CH3CHF tz CHs 0.040, 0.044 0.013,0.018
CH; 0.065 0.042
CH3CH,CH;z tz+ CHs 0.048, 0.049 0.021, 0.022
CH, 0.064 0.033
CH3CH,SiH; tz CHs 0.052, 0.048 0.026, 0.022
CH, 0.048 0.021
CHsSiHs tz CHs 0.035 0.011
(CHs),SiH; Sv CHs 0.033, 0.033 0.012,0.013
(CHg)3SiH Sv CHs 0.033, 0.033 0.012,0.012
CH:F; tz CH, 0.059 0.042
CH.ClI, tz CH, 0.039 0.034
CHa(SiHs)2 tz CH, 0.033 0.009
FCH,SiH3 tz CH; 0.052 0.031
CICHSiH3 tz CH, 0.039 0.023
CH;=CH; tz+ CH, 0.034 0.013
CH=CR, tz+ CH, 0.014 —0.007

aThis work.? In asymmetric methyl groups, the twWd values are
listed in the order CHCHs and CH/CH.. ¢ CCSD(T)/cc-pVTZ calcula-
tions yield a slightly lower value (0.028 aJ A3 whereas local mode
studies place it higher~0.044 aJ A?) 36

gauche interactions and smaller, negative trans &iEse two
gauche interactions are both smaller from an MP2 calculation.

However, thes interactions between SiC and SiH bonds are
negative and very similar in size for both gauche- and trans-
related pairs, with little variation with level and basis set.

The largest of ther interactionsfaia1, Operates between SiH
bonds roughly parallel to each other in the two silyl groups
and is larger than either of thfeconstants. The otherconstants
are either comparable in size to tfieones or much smaller.
However, all are calculated consistently positive throughout.
Further light on the way these constants vary with level of
theory and basis set and also with bond orientation is thrown
by the calculations of dipole/dipole interactions described below.

Centrifugal Distortion Constants. Results for these from
MP2 and B3LYP calculations are listed in Table 11. They show
a significant dependence on both basis and level of theory, but
may be found of use in guiding future microwave investigations.
No experimental values are currently available.

Electrical Properties of the SiH Bonds.Table 12 lists the
atomic polar tensors for DSM from the B3LYtRktalculation.
For the silicon and hydrogen atoms, the reference axes have
been rotated so that theaxis lies along the direction of the
bond containing the atom. In such a case, in the zero order
optical parameter approximatiodp,/ox (= px) andap,/dy (=
pyy), which relate to bending of the bond concerned, would both

suggests that MP2 calculations should be avoided if a close equalu/r, whereu is the bond dipole moment arrdthe bond

analysis of CH or CH;, stretching vibrations is to be attempted,

a fact not commonly appreciated.
The S interactions fall into two categories. Those between of dp,/dz anddp,/oz indicate the extent to which the vectéu/
the CH and SiH bonds exhibit the familiar pattern of positive dr in fact is directed away from the bond direction. As usual

length, whereasp/dz ( = p,) would be the dipole derivative
with respect to stretching of the bonily/ar.3” Nonzero values

TABLE 11: Centrifugal Distortion Constants (kHz) for DSM- dy and -dg

constant MPZy MP2#tz MP2tz+ B3LYP/sv B3LYP/z B3LYP/z+
D; 1.6917 1.6410 1.6337 1.6045 1.5574 1.5579
Dk —15.6369 —16.1861 —16.0732 —15.6359 —15.9476 —15.9120
Dk 122.6594 131.5618 131.0556 125.6571 133.2564 133.0394
d; —0.2255 —0.2145 —0.2130 —0.2112 —0.2019 —0.2020
d> 0.0021 0.0020 0.0020 0.0019 0.0019 0.0019
D; 1.1594 1.1292 1.1246 1.1014 1.0697 1.0701
Dk —1.7633 —2.0919 —2.0942 —2.0128 —2.1042 —2.0730
Dk 27.4449 29.3685 29.2427 28.2704 29.6788 29.59
dr —0.1248 —0.1194 —0.1185 —0.1175 —0.1126 —0.1126
d> 0.0063 0.0057 0.0057 0.0057 0.0054 0.0054
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TABLE 12: Atomic Polar Tensors (e) in DSM, from B3LYP/tz Calculations

C(1pP Si(2)yd H(4)Pe
X ay 0z X ay 0z X ay 0z
Px —0.880 0.000 0.000 0.909 0.000 0.186 0.041 0.000 0.000
apy 0.000 —0.412 0.000 0.000 0.953 0.000 0.000 0.058 —0.013
ap, 0.000 0.000 —0.484 —0.035 0.000 1.429 0.000 —0.041 —0.088
Hs(6)c,d Ha(7)c,e
Px —0.295 0.000 0.052 —0.216 0.011 0.004
apy 0.000 —0.212 0.000 0.020 —0.280 —0.046
ap; 0.077 0.000 —0.349 —0.003 —0.002 —0.296

2z axis alongC, symmetry axis® x axis in the CSi plane.¢ z axis along the €Si(2), C-H(4), Si—H(6), or Si-H(7) bond.®y axis in the CH
plane.®x andy axes in arbitrary orientation.

TABLE 13: Infrared Stretching Intensities and Electrical Properties Associated with Some SiH Bonds, from B3LYPz

Calculations®

SiH.P° MeSiHs? Me,SiH,° MesSiHP Si;Hs DSM (H) DSM (H?) DSM average SibCl,
Aaf Obs 70(19 102(5¥ 127(6¥ 72(4F 90(3F 67(2F
Aaf calc 91.0 120.0 144.9 167.3 89.8 114.8 74.8
Aisf 94.9 122.7 146.3 167.3 93.0 136.9 103.7 75.7
dulors —0.287 —0.329 —0.361 —0.387 —0.293 —0.353 —0.300 —0.242
on 0.0 4.8 4.1 0.0 9.1 8.4 0.8, 8.8 7.2
g —0.126 —0.139 —0.150 —0.154 —0.114 —0.133 —0.132 —0.088
7 0.248 0.280 0.308 0.330 0.262 0.296 0.268 0.272
o —0.246 —0.277 —0.304 —0.327 —0.253 —0.285 —0.264 —0.269
pd —0.226 —0.251 —0.276 —0.298 —0.235 —0.254 —0.248 —0.284

aThis work, except where otherwise indicatédReference 11, with transcription errors correcteiverage infrared intensity (km mol) observed
(obs) or calculated (calc) in theSiH region of the parent molecule, divided by the number of SiH bohBeference 38: Reference 120QC-
calculated infrared intensity (km md) for the vSSiH band.9 Dipole derivative (e) for stretching of the -SH bond." Angle(s) (degrees) made
betweenju/dr and the Si-H bond direction! Mulliken charge on H! King atomic chargex= Tr{P'a-Pa}/3:3° k¥ Mean atomic charges (P« + pyy
+ p»)/33° 'Mean bending charges (p« + pyy)/2, when thez axis lies along the SiH bond?®

TABLE 14: Dipole —Dipole Potential Energies DPE (18 €
A-1) Involved in the Simultaneous Stretchings of SiH Bonds
in Neighboring Silyl Groups, from QC Calculations

the computed and observed intensities for the SiH bond ip-SiH
Cl,. By contrast, thex effect of a second silyl group, as exhibited
by the disilane data, is negligible.

SiHY SiHY  SiHY SiH¥  SiHY/SiHY  SiHY/SiH? As expected, values dfu/or parallel very closely changes
HF /sy 1.982 —0.423 4.362 —0.728 in Aa. The direction ofdu/or lies within & of that of the bond.
HF/tz 1.521 —-0.318 3.218 —0.544 Calculation of the mean bending chatypn = (p« + Pyy)/2
MP2/sv 1.491 —0.326 3.265 —0.538 also shows the Hatom to carry a more negative charge in its
M§§g+ igig :8-%% g-ggg :8'332 bending motion than the Hatom, both falling in line with
B3LYP/sy 1463 —0301 3.067 —0507 variations from silane to disilane and methylsilanes. However,
B3LYP/tz 1172 —0.240 2376 —0.397 the same is not true in the case of S, wherepg rises
B3LYP/tz+ 1.197 —0.245 2.413 —0.406 markedly from silane, in contrast to the fall fau/or.
B3LYP/cc 1.149 —0.234 2.294 —0.382 Long-Range Effects Between Bonds in DSMSIH/SIH

Stretching The QC data obtained in this work permit an
exploration of a possible relation between dipole/dipole forces
and the SiH sretchstretch interactions, which were suggested
earlier as being responsible for splittings of the SiH stretching
modes in the parent DSM molecie.

As described in calculations for disilylamin&si? the model
employed assumes (1) that the dipole is proportional to the
parameteBu/ar for the bond concerned, (2) that the dipole is
. - located at the position of the moving hydrogen atom, and (3)
for each parent molecule. The latter differ trivially from the 5 the direction of the dipole is along the SiH bond. That the

computed intensities of the“SiH band, also cited. Although, latter is approximately true is seen from the angle data in Table
as has already been noted, the compuit®iH band intensities 13 PP y 9

for the SiH and SiH bonds in DSM differ markedly from each
other, the computed average intensity per bond occupies a
position between those for the SiH bonds in silane and
methylsilane, as does the experimental average value. The rise
in ¥SiH intensity is readily attributable to the increased negative Herey; andy; are the two dipole moments concerned, equated
charge on the hydrogen atom expected from the inductive effectto the values obu/ar for the two SiH bonds andj, assuming

of the methyl or CH group. However, it is interesting to note  the same unit amplitude in the stretching coordinate a$ for
that in DSM the H atom is much more affected in this way r is the distance between the two dipoles @&d);, andg; are
than the Ratom. The Mulliken charggy, also quoted in Table  the angles kBiSi, H;SiSi, and HSiSiH; (dihedral), respec-
13, follows the same trend from silane to methylsilane, but the tively.

difference between Hand H in DSM seems less marked. An Table 14 lists the values of DPE obtained from the three levels
opposite type of inductive effect due to chlorine shows up in of theory, for the four types af interaction possible. As might

for CH bonds, pand gy are both positive, but,pis negative.
However, the hydrogen in an SiH bond carries a negative charge
in both stretching and bending motions.

Electrical properties derived from these atomic polar tensors
for the SiH bonds in DSM are compared in Table 13 with those
in silane, disilane, three methylsilanes, and dichlorosilane. Also
included are the average SiH stretching infrared intensities, per
bond, derived experimentally and from B3LYP¢alculations

The potential energy DPE is given by the standard forrffula:

DPE= uiyjr‘3(cosei cos6, — sin ¢, sin 6, cosg;)
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TABLE 15: Hydrogen Interatomic Distances R (A) and Mulliken Charges q (e) at Various Levels of Theory

R (H4—H6) R (H4—H7) R (H7—H10) R (H7_H11) (o7 O 7
HF/sv 3.005 3.661 3.358 4.125 0.200 —0.146 —0.144
HF/tz 2.994 3.658 3.380 4.146 0.150 —0.196 —0.193
MP2/sy 3.025 3.672 3.277 4.067 0.200 —0.104 —0.102
MP24kz 3.005 3.656 3.298 4.079 0.163 —0.166 —0.164
MP2kz+ 3.007 3.657 3.300 4.081 0.214 —0.151 —0.151
B3LYP/sv 3.028 3.682 3.334 4.116 0.186 —0.069 —0.069
B3LYP/tz 3.013 3.674 3.360 4.136 0.162 —0.133 —0.132
B3LYP/tz+ 3.013 3.674 3.359 4.135 0.207 —-0.121 —0.119
B3LYP/cc 3.014 3.670 3.342 4.120 0.103 —0.038 —0.037

rather less with level of theory. There is a significant fall in the
negative charge on each type of hydrogen attached to silicon,
Hg and H;, in the sequence HE MP2 >B3LYP, but this is
not the order of the variation in the torsional constant. A further
point is that theA, motion involves an in-phase rotation of both
silyl groups in which changes in the repulsion betweématdms
might be expected to be small. Repulsions between these atoms
should be more noticeable in the, Borsional motion, but
agreement on the frequency of the latter is in fact excellent
between all levels of theory.

These considerations suggest that the reason for the anoma-
lously low MP2 torsional force constant has yet to be discovered.

1000DPE (e2 Ang™")
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