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Vibrational Spectra of Methyltrimethoxysilane
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(Received August 26, 1959)

The group frequency assignments have already
been given for the infrared spectra of methyl-
trimethoxysilane and its higher homologues in
the rock salt region!>. This paper contains the
Raman spectrum of methyltrimethoxysilane, the
assignment of the observed frequencies and the
calculation of the frequencies and the modes of
the skeletal vibration. In the calculation a
methyl group was regarded as one particle.

The normal coordinate treatment was carried
out by the Wilson F'G matrix method® with a
Urey-Bradley potential function. The normal
vibration has not yet been calculated for any
YM(XZ); type molecule.

Experimental

Material.—The preparation and the physical con-
stants of methyltrimethoxysilane used in the present
work have already been reported elsewhere®.

Raman Spectrum.—The Raman spectrum has
been obtained by a Yuki-gdsei Raman spectrograph.
The observed frequencies are shown in Table II
together with the infrared and the calculated frequ-
€ncies.

Normal Coordinate Treatment

For the convenience of the calculation, it has
been assumed that the molecule belongs to the
point group C;, and has the structure shown in

Internal coordinates of the skeletal

Fig. 1.
of methyltrimethoxysilane.

1) T. Tanaka, This Bulletin, 31, 762 (1958).
2) E. B. Wilson, Jr., J. Chem. Phys., 7, 1047 (1939);
9, 76 (1941).
3) T. Tanaka, A. Tasaka, R. Okawara and T. Watase,
Technol. Repts. Osaka Univ., 7, 193 (1957).
* It represents the methoxy group attached to the
silicon atom.,

Fig. 1, in which a C-Si-O-C plane and an O-
Si-O plane including the same Si-O bond are
assumed to have an interplaner angle of 120°.
According to the group theory, this molecule
has twelve skeletal vibrations, five of a,, one
of a. and six of e species. One of the six
skeletal vibrations of the species e is the torsional
oscillation of the (Si-)OCH: group*. All vibra-
tions except the a. torsional mode are active
both in infrared and Raman spectra.

From the internal coordinates (Fig. 1), the
following orthonormal symmetry coordinates
have been found :
for the a;, vibrations,

RIZA(21+22+23)/'|/?

Rzzﬁy

Ri=d(x1+x:+x3)/V3

Ri= 42132+ 21203+ XoX3 — X1y — X2y — X3y) /

V3

Rs=A4(x121+ %222+ %323) /V' 3
and for the e vibrations,

Rie=4Q2z1—2:—23)/V' 6

Rs‘,zd(le-—xz—xa)/V?

Ria=d(2x,2, ~xzzz—xsza)/1/?

Rya= A (2215 — 103 — 22%3) /16

Ria=AdQx1y—229—2x39)/V' 6

The numbering of these symmetry coordinates
corresponds to the numbering of the funda-
mentals in Table IL

From the coefficients of the symmetry coordi-
nates and the potential constants in a Urey-
Bradley force field*’, the F matrix elements are
obtained as follow:
for the @, vibrations,

Fin=K;+5:*Fe;+ 12 F:!

Fia=52:8::F ez —teat 2 Fel!
Fis=(SzstzsFrzt 85t Fed' ) x
Foo=K,+35y:*Fey+ 3t Fxy'
Fos=1"3 (SxySysFay—teylyzFy')
Foy=—1'3/2(SyaleyFry+ SzylyzFzy') x
Fs3 =Kx+43.::2Fu +3112ny + 522 F 5+ t;,ng,r

Tt Fyd!

4,:1 T. Shimanouchi, J. Chem. Phys., 17, 245, 734, 848
(1949).
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Fou=1v"2 Saales (Fas+ Fu) % — (SzytysFay
+SyeteyFay' ) y/ V' 2

Fas= (Sx2lexFxz+SexlneFi') 2

Foy= (Hix+ b Fer— 52 Fed') %%/2
+ (Hiy+ txylycFry—SxySyelsy' ) xy/2
+3/V'8

Fos=(He+ teotexFes— 51282 Fr) 22

Fi,=Fu=Fis=Fis=0

and for the e vibrations,

Fy=K;+5:4Fe:+ 12 F o'

Frs=5.:8:Frz—beatex el

Frio= (SexlezFart+Sa:tenFe' ) x

Fos=K:+5::Fex+ 829 Fay+ 8522 Fea + 310 Fry!
F byt Foy' + 12 Fyd

Foio= (SxatexFrz+ St Fii') 2

Fyin=Sualzx(Faxt+ Fx')x/2

Fspo= (sxyfyzny +5yxtxnyy*)y

Fiowo= (Hez+ teatesFes— 528 F ") x2

Fiyyy=(Hes+ e Fre— e Fod ) 22+ £/V'E

Fi:=1"2k/4

Frpo= (Hyy+ teylysFry—SzySyeFay') 2y
+x/V'8

Foy=Fp2=Fion=Fi012=0

where the following abbreviations have
adopted :

Ser=4x/3q
Szy=(3x+)/3qxy
Sys=(3y+1x) /3Gy
Szz=(x—2z cos 3)/?::
S:x=(z2—2xc0s 0) /q:x:

been

t::=1V"82%/3qzs
tiy=V'85/3qss
tyx=1"8 x/3qzy
trz=2C08 0/qx:

t:e=%¢0S 0/qzz,

and the symbols used for the equilibrium values
of the interatomic distances and of the interbond
angles are x=S8i-0, y=S8i-C, 2=0-C, ¢::=0-:-
0, qzy=0---C, ¢z:=Si---C and = £SiOC.

The G matrix elements are obtained by the
use of the table of Decius® and the method of
Crawford®. Using the notations p;, oy and p.
for the reciprocals of Si-Q, Si-C and O-C bond
lengths, and ps;, ¢to and g for the reciprocals
of the masses of silicon and oxygen atoms and
methyl group, respectively, the following G
matrix elements have been obtained :
for the @, vibrations,

Gu=po+tic
Gis=pocos @
Gu= ‘th‘PxFO sin @

5) J. C. Decius, ibid., 16, 1025 (1948).
6) B. Crawford, ibid., 21, 1108 (1953).

Vibrotional Spectra of Methyltrimethoxysilane 447

Gis=—pstosind

Gaz=ptsi+ pic

Gau=—ps/V'3

Gu=4p:/V'3

Gis=V'8/3p:lts1

Gss=psi/3+ po

Ga=—4pxl1i/3

Gis=—V'8 psts1/3—pstto sin

Guu=2p:*(81s1/3+ o)

Gis=8V"2 p s1/3+V 2 px(ps—p2 08 §) tho

Gss=8p: s1/3+ porc+ (0" + 0o’
—2pxp:cos ) to

G;e =0

and for the e vibrations,

Gu=to+tc

Grs=pocost

Gri0=—P:lo sin §

Gi=—pstosinf/4

Grz=pzttosind

Gas=4ps1/3+ to

Gs1=V" 2 Pslts1/3— Pztlosin @

Gsnn=—V'8 p:ts1/3

Gs12=—V"2(p:/3+py) ts1

Giono= P tts1/6+ ppc+ (o5 + ps
—2pspzcos ) Lo

Gun=—ps1/3+pz (0:—p:cos ) po/4

Giorz=—p:(ps+30y) 1s1/6— (0=
—pzc0s 0) tto

MOLECULAR AND POTENTIAL CONSTANTS
OF METHYLTRIMETHOXYSILANE

TasLE 1.

Bond distance Potential constants

and angle
x=8i-0 Type md-A
=1.64 A» K:(Si-0) 3.25
y=8i-C K, (Si-CHy) 3.03
=1.888 Am K;(O-CHs) 4.88
2=0-C H::(0-Si-0) 0.13
=1.42 A H:y(0-Si-CHy)  0.12
/£ 0-Si-0 H..(Si-O-CH;)  0.22
=/0-8i-C F::(0---0) 0.13
=109°28' Fzy(O--CHj) 0.08
Z_SI-O-C F:: (Si"'CHa) 0.21
=113°® £ 0.25

a) Values in tetramethoxysilane, Si(OCHs),;
M. Yokoi, This Bulletin, 30, 100 (1957).

b) Value in tetramethylsilane, Si(CHg).; W.
F. Sheehan, Jr. and V. Schomaker, J. Am.
Chem. Soc., 74, 3956 (1952).
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TapLE II.
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RAMAN AND INFRARED DATA, CALCULATED WAVE NUMBERS AND THE

ASSIGNMENT FOR METHYLTRIMETHOXYSILANE

v. Obsvd. v. Calcd. Assignment Mode of vibration
Raman Infrared
150(0b) 165 v (ay) SiOC and CSiO; sym. def.
174(2b) 171 viz(€) Si0O; rocking
268 (3bb) 286 v (e) Si0; nonsym. def.
336(0) 325 vy (@) CSiO; and SiOC sym. def.
374(0) 371 vio(€) SiOC nonsym. def.
425(3b) — vele) SiOC nonsym. torsion
628(7) 627 vs(a,) Si-O sym. str.
748(2) 782 vs(e) Si-O nonsym. str.
800(3) 790 (m) 829 ve (@) Si-C str.
860(3b) 845(m) (Si-)CH; rocking
1069 vz (e) C-O nonsym. str.

1072(6) 1089(s) { 1073 vi(ay) C-0O sym. str.

1110(sh)
1143(4) 1192 (m) } (O-)CHj; rocking
1270(4) 1267 (m) )
143003) 1402(vw) ! (Si-)CHs and (O-)CHj def.
1461 (4b) 1459 (w)

2333(b)
2795(1) 2825(m)
;g;igi) ;3;;((:;; L (Si-)CH; and (O-)CHj str.
2990(5b)

Gun= 0 (8usi/3+510/2)
Gu=p:(p:/3+ py) ts1— P 0/4
Graiz=(pz+3p0y) 1ts1/6+ p: o+ 30, tc/2

The geometrical and the potential constants
used in the calculation are listed in Table I.
As an aid in determining these potential con-
stants, excepting H,, and F;,, the results in the
previous investigations on tetramethylsilane?,
methoxychlorosilanes®®> and diethylether®> have
been used. However, somewhat lower and higher
values for K. and K,, compared with the cor-
responding values in methoxychlorosilanes and
diethylether, respectively, have been adopted, to
obtain better agreement between the observed
and the calculated frequencies. The value of
K, adopted here is rather close to that previously
obtained in dichloromethylether!®. The mean
value of H(CH;s-Si-CHj,) in Si(CH3s)4” and H..
in this paper, and that of F(CHj---CHj;) and F;;
have been used as H,, and F.,, respectively.
The value of » has been derived by means of
the proportional allotment from the intramole-
cular tension of silicon tetrahedron in Si(CH3),"

7y T. Shimanouchi, J. Chem. Soc. Japan, Pure Chem.
Sec. (Nippon Kagaku Zasshi), 74, 266 (1953).

8) H. Murata, ibid.. 77, 893 (1956).

9) M. Hayashi, ibid., 78, 222 (1957).

10) Y. Morino and M. Katayama, Reports of Research
Institute of Radiation Chemistry, The University of Tokyo
(Fukusyaken-hokoku), 4, 1 (1947).

and that in Si(OCH3).?. The values of H:.
and F.; have been selected so as to give good
agreement between the calculated and observed
ones. Finally, the value of F' has been assumed
to be equal to —F/10 by the usual way.

Assignment of Observed Frequencies

From the F and G matrix elements given
above, the fundamental frequencies have been
calculated by the use of the molecular and the
potential constants listed in Table I, and the
results are shown in Table II, together with the
observed wave numbers of the Raman and the
infrared bands. The skeletal vibrations have
been agsigned by the calculation of the potential
energy distribution in the symmetry coordinates,
and also the hydrogen vibrations have been
tentatively assigned.

The L matrices and the distribution of
potential energy in symmetry coordinates have
been calculated for the skeletal normal modes;
the results are shown in Table III and IV,
respectively.

The calculated frequencies of the skeletal
vibrations are in good agreement with their
corresponding observed values, except for the
Raman line at 425cm-'. This line may be
classified as the (Si-)OCH:; torsional oscillation
of e species. As shown in Table IV some of
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TABLE III. THE L MATRICES OF THE SKELETAL NORMAL VIBRATIONS OF METHYLTRIMETHOXYSILANE

a, Vibrations

Vibrational Spectra of Methyltrimethoxysilane

Ql 93 Qa O{ Q&
R, (C-O sym. str.) 1.13 0.05 0.08 —0.07 —0.01
R (S+C str.) 0.00 —0.85 0.54 0.07 0.01
R;(Si-O sym. str.) -0.29 0.58 0.55 —0.15 0.03
R,(CSiO; sym. def.) —0.44 —0.73 —0.13 —0.57 —-0.32
R (SiOC sym. def.) -0.27 —0.81 —0.56 —0.53 0.33

e Vibrations

Q: Qs Qo @ Q12
R;(C-O nonsym. str.) 1.11 —-0.23 —-0.03 —-0.02 —0.01
Ry(Si-O nonsym. str.) —0.42 —0.96 —0.07 —0.03 0.02
Ry (SiOC nonsym. def.) —0.25 0.44 0.77 —-0.29 0.24
Ry (Si0; nonsym. def.) —0.03 0.26 —0.42 —0.85 —-0.13
R,2(8103 rocking) 0.39 0.23 —0.66 0.11 0.48

TaABLE IV. POTENTIAL ENERGY DISTRIBUTION Fj;iL;®/2, FOR THE NORMAL VIBRATION

OF SKELETAL IN METHYLTRIMETHOXYSILANE

a, Vibrations

v v vy Yy s
R, (C-O sym. str.) 0.94 0.00 0.01 0.04 0.01
R, (Si-C str.) 0.00 0.57 0.40 0.03 0.00
R;(Si-O sym. str.) 0.04 0.31 0.49 0.14 0.02
R,(CSi0; sym. def.) 0.02 0.09 0.01 0.39 0.49
R;(SiOC sym. def.) 0.00 0.11 0.09 0.32 0.48

e Vibrations

v7 Vg Yo YL Viz
R:(C-O nonsym. str.) 0.91 0.07 0.01 0.00 0.00
R;3(Si-O nonsym. str.) 0.09 0.90 0.03 0.01 0.01
Ry (SiOC nonsym. def.) 0.00 0.03 0.51 0.12 0.23
Ry; (8103 nonsym. def.) 0.00 0.01 0.13 0.87 0.05
Ry2(Si0; rocking) 0.01 0.01 0.30 0.01 0.74
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the symmetry coordinates of totally symmetric
species are related to several normal modes to
a considerable extent; the R, and R, coordinates
to both modes of v» and vs;, and the R: and
Rs coordinates to both modes of vy and vs.
Especially, in the latter case, the symmetrical
deformation of the CSiO; group and that of
the SiOC groups have their equal share in the
potential energy of the v; normal mode, and
also of the vs mode.
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valuable discussion.
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