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Silanes have received widespread attention 

during the last decade and are of continuing 

current interest1-4). As part of a program in 

this laboratory on the vibrational spectra, 

molecular structure, and thermodynamic pro-

perties of this class of compounds, a review of 
the widely scattered results was undertaken to 

assess the status of our information. It became 

apparent in the course of this review that a 

need existed for a critical evaluation of the 

vibrational assignments, and for the interpreta-

tion of the normal frequencies on a series of 

simplified vibrational modes. This communi-

cation reports the results thus obtained, together 

with a useful table of generalized characteristic 

frequencies and bond distances based on this 

work.

Status 

 Information for about one hundred silanes, 
widely scattered in the published literature, was 
reviewed relative to the subjects: frequency

assignment (FA), infrared spectra (IR), Raman 
spectra (R) molecular structure (M), thermo-
dynamic properties (T), normal coordinate vib-
rational analyses (NC) and force constants 
(FC). For reference and guidance, the status 
of knowledge is presented in summary form 
in Table I. 

Vibrational Spectra 

 Relative to the vibrations associated with 
the silicon atom and the surrounding four atoms 
attached with tetrahedral angles, all of the 
silanes considered can be classified into three 
groups based on the symmetry of molecule; 
SiX4, SiXY3 and SiX2Y2. The designation of 
normal vibrations, symmetry class and selection 
rules for each type of molecules are shown in 
Table II, where the symbols v, 3 and r denote 
stretching, deformation and twisting vibrations, 
respectively, and the suffixes a, e, f and b 
denote the class of symmetry group to which 
the vibration belongs. The simplified vibra-
tional modes for each type of molecule are 
illustrated in Figs. 1-3. It is recognized that 
the exact feature of the normal mode differs 
from molecule to molecule depending on the 
masses of atoms and the force constants of the 
bonds, and can be calculated by the normal
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TABLE II. DESIGNATION OF NORMAL VIBRATIONS, SYMMETRY CLASS AND SELECTION RULES

*1 polarized *2 depolarized *3 inactive *4 active

coordinate treatment for the individual mole-
cule. 

 va(SiX4) in SiX4, va(SiX3) in SiX3Y, va(SiX2) 
in SiX2Y2 and v2(SiX) in SiXY3 are interpreted 
as symmetrical stretching vibrations of Si-X in 
which X atoms vibrate in phase back and forth 
in the direction of the bonds. vr(SiX4) in SiX4, 
ve(SiX3) in SiX3Y and vb(SiX2) in SiX2Y2 are 
interpreted as asymmetrical stretching vibrations 
of Si-X in which X atoms vibrate out of phase 
in the direction of the bonds. The deforma-
tion vibrationsδe(SiX4)in SiX4,δe(SiX3)in

SiX3Y andδa(SiX2)in SiX2Y2 make one group

called the first kind of deformation vibrations.

This k ind produces the change in the angle

between the two adjacent bonds. The second

kind of deformation vibrations which inculdes

dr(SiX,)in SiX, and da(SiXs)in SiXsY is a

symmetrical deformation vibration with respect

to the threefold axes. As for be(SiXYa), two

alternative ways for interpretation are possible.

If X is a lighter atom than Y,8e(SiXYa)should

be interpreted as a bending of X, whereas, in

the opposite case it should be interpreted as

awagging of Ys. δb,(SiXzYz)may be inter-

preted either as a wagging vibration in which

Fig. 1. Normal vibrations of SiX4.

Fig. 2. Normal vibrations of SiXY3.

Fig. 3. Normal vibrations of SiX2Y2.
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two X atoms swing as a unit in SiX2 plane or 

as a rocking vibration in which two Y atoms 

swing back and forth parallel to the same plane.

The situation is the same forδb(SiY2X2)if X is

replaced by Y and vice versa. τ(SiX2Y2)is inter一

preted as a twisting vibration of SiX2 in respect 
to SiY2. This vibration depends upon the 

nature of the X atom as well as of the Y atom.

 All of the published data are tabulated in 

Tables III-V in accordance with the above 

designations. Some values are from Raman 

spectra of the liquid state and some from 

infrared spectra of the liquid or gaseous states. 

In most instances, the differences in the fre-

quencies reported with the different methods 
or by various investigators were not sufficiently

TABLE III. NORMAL FREQUENClES OF SiX4 TYPE MOLECULES

c: Calculated value

TABLE IV. NORMAL FREQUENClES OF SiXY3 TYPE MOLECULES

C: calculated value
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great to be of concern relative to the problem 
of the characteristic frequencies for the mole-

cules. The assignments in the literature were, 

in large part, without ambiguity for most of 

the silanes in Tables III-V. Some new assign-

ment are proposed in the light of the corre-

lation rule developed in this work. For

Si(CH3)3Cl,188cm-1 should be assigned to
de(SiC3)because the first kind of deformation
vibration of Si-C usually appears near 200cm-i;
and oe(SiC3)should lie at a lower frequency
than 8a(SiC3)as in the case of ethyl chloro-
silanes. For Si(CH3)2Cl2,241cm-1should be
assigned to 8n(SiC2Cl2), which belongs to B,

TABLE V. NORMAL FREQUENClES OF SiX2Y2 TYPE MOLECULES

c: Calculated value

TABLE VI. CHARACTERISTIC FREQUENClES FOR SILANES
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TABLE VII. BOND LENGTHS

and 298cm一 工to Ub(SiCl2C2), which belongs to

B2, This assignment is justified from the result

of the normal coordinate treatment in which

245cm一'and 304cm-1 were calculated5=)for

ov(SiC2C12)and 8b(SiCl2C2), respectively. For

the antisymmetrical stretching vibration of 
Si-I in SiC12I2 two Raman lines 418cm-1 and 
346cm-1 are reported by Dewaulle6. 418 
cm-1 should be assigned to Vb(SiI2) but 436 
cm-1 is preferably assigned as a combination, 
276+160=436cm-1.

 Discussion of Characteristic Frequency 
 Assignments 

 The survey of the normal frequencies listed 
in Tables Ill-V shows that symmetrical 
stretching vibrations, or va(SiX4) in SiX4, 
va(SiX3) in SAN, Ya(SiX2) in SiX2Y2 and 
va(SiX) in SiXY3 appear in a narrow frequency 
range characteristic for the Si-X. In Table VI 
the characteristic frequencies ranges and the 
number of the data from which the ranges have 
been decided are tabulated. The generalized 
values of the bond lengths, similarly from this 
review, are listed in Table VII. More detailed 
inspection shows the correlation: va(SiX4) 

<va(SiX3)< va(SiX2)< va(SiX), where X re-
presents C, 0, F, Cl, Br and I. Since the Raman 
line due to this vibration is generally a sharp, 
strong, and polarized line, this frequecy may 
be used as a key frequency for the S-X sym-
metrical stretching mode. 
 The asymmetrical stretching vibrations: 

vr(SiX4) in SiX4, v,;(SiX3) in SiX3Y, and vb(SiX2) 
in SiX2Y2, also occur in a narrow range, 
characteristic for Si-X. These occur, without 
exception, in a higher frequency range than 
the corresponding symmetrical stretching vib-
rations. Since the infrared band due to this

vibration is very strong, this may be used as 

a key band for Si-X if it lies in a region 

available for infrared measurements. 

 If the term "deformation vibration" defines 

the type of nomal vibration in which some of 

the atoms vibrate in the direction perpendicular 

to bands then all the other types of vibrations 

are included in this category. Among these, 

the first and the second kind of deformation 

vibrations may be expected as characteristic 

frequencies, since these fall in a rather narrow 

range as defined by the bonds concerned. 

These are included in Table VI. For Si-H or 

Si-D, the ranges for the first kind and the 

second kind of deformation vibrations overlap 

each other. For the rest, in most of the cases, 

the second kind of deformation occurs at a 

higher frequency range than the first kind. 

 The other types of vibrations such as

Se(SiXY3), ob(SiX2Y2) and T(SiX2Y2) are

generally found as broad frequency ranges so

that it is difficult to assign a characteristic

frequency. However, if one or more. hydrogens

are present, the modes:δ θ(SiHX3),δe(SiH3X),

Sb(SiHzXz), on(SiXZHz)and r(SiHZXz)could

be characteristic, each for their own structure 

since the mass of the hydrogen is so very 

small, relative to the rest of the system. 

 Generally, as the mass of the atom attached 

to the silicon atom increases, there is a cor-

responding decrease in frequency for both the 

stretching and deformation vibrations. The 

effect of electronegativity on the frequency of 

a particular vibration is, however, striking. 

Thus, for example, the symmetric stretching 

vibrations of Si-F occcur in a higher frequency 

range than those of Si-C even though the 

atomic weight of fluorine is greater than that 

of carbon. 

Si-H.--The symmetrical stretching vibration
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of Si-H appears in the range 2118-2315cm-1. 

If the molecule has more than two Si-H bonds, 

the asymmetrical stretching vibration is also 

observed in the range 2142•`2250cm-1 in addi-

tion to the symmetrical vibration. The asym-

metrical mode falls, as expected, in a higher 

range than the symmetrical mode. The general 

correlation: v. (SiH3X)< va (SiHZX2)< va (Si-

HX3) is true for all of the halogenated silanes. 

It is striking that in the series of methyl 

silanes the Si-H symmetric stretching frequen-

cies decrease appreciably as the number of 

methyl groups increases. 

 Relative to the deformation vibration, both 

the first and the second kinds of deformations 

appear in an almost identical frequency range, 

903---990cm-1. The separation is rather small 

and, in most of the cases, the higher frequency 

is assigned to the first kind of deformation. 

 Since the mass of the hydrogen atom is 

very small compared with the others, vibrations

Such as ae(SiXaH),8e(SiH3X), Sb(SiH2X2),
on(SiX2H2)and T(SiH2X2)may be considered
as the hydrogen bending or deformation vib-

rations. Although examples for these modes 

are very limited at present, it is apparent that 

these are to be found in the following ranges:

oe(SiX3H)767908cm-1 (5 examples)

ue(SiH3X) 540～728cm-1 (5 examples)

ob(SiH2X2) 469～919cm-1 (5 examples)

ob(SiX2H2) 828～919cm-1 (5 examples)

(SiH2X2) 688.844cm-1 (5 examples)

Si-D.--Eight deuterated silanes were used in 
assigning the frequency range of the Si-D vibra-
tion. Although deuterium has twice the atomic 
weight of hydrogen, the Si-D vibration can 
still be regarded as that of a very light atom 
vibrating against an atom of infinite mass. 
Thus many features of this class resemble the 
case of Si-H. 

The symmetrical stretching vibrations occur 
in the range of 1573--1688cm-1 while the 
asymmetrical stretching vibrations occur in the 
region 1597--1649cm-1. The higher frequencies 
are always assigned to the non-symmetrical 
vibrations. It is striking that the stretching 
vibration of Si-D in SiDF3 has very high fre-
quency (1688cm-1) compared with the stretch-
ing vibration of Si-D in the other compounds. 
This is the same as in the case of SiHF3, 
where va(SiH) was assigned to 2314.5cm-1, 
which seems an extraordinarily high value for 
the stretching vibration of Si-H. 
 The Si-D deformation vibrations, both the 

first kind and the second kind, occur in the 
frequency range 664-708cm-1, and higher 
frequencies are assigned to the second kind of 
deformation.

Si-C.-The Si-C symmetrical stretching vib-
rations occur in the frequency range of 553-
764cm-1 while the asymmetrical stretching 
vibrations occur in the range of 695-805cm-1. 
The tendency of the frequency shift depending 
on the number of the carbon atoms attached 
to the silicon atom is apparent, i. e., va(SiC4) 

<va (SiC3)< va (SiCz)<va (SiC). For the asym-
metrical stretching vibrations, the relation, 
of (SiC4)< ve (SiC3)< ve (SiCz) is also true, if a 
particular series, such as Si(CH3)4-Si(CH,)3Cl 

-Si (CH3) 2C12, is considered. The deformation 
vibrations occur in the frequency range 160--
259cm-1 for the first kind, and 206-303cm-1 
for the second kind. The latter appaears, 
without exception, in a higher frequency range 
than the former. 

Si-O-C.-The Si-O symmetrical stretching 
vibrations in the linkage of Si-O-C occur in 
the frequency range of 640808cm-1, while 
the asymmetrical stretching vibrations occur 
in the range of 792-851cm-1. The frequencies 
of the symmetrical stretching vibrations decrease 
as the number of methoxy or ethoxy groups 
attached to the silicon atom increases, i. e.: 
va(Si04)< va(Si03)< va(SiO2)< v.(SiO). The 
asymmetric vibration frequencies are concen-
trated in a rather narrow range, and the cor-
relation vf(Si04)< ve(SiO3)< ve(SiO2) is true 
for any series, such as: Si (OCH3)4-Si (OCH3)3-
Cl-Si (OCH3) 2C12. 
 Owing to the very limited data, the frequency 
range for the deformation vibrations can not 
be decided with any certainty. From the avail-
able information, it appears that the first and 
second kinds of deformation vibrations occur 
in the range 240-308cm-1. 

Si-Halogen.-The Si-halogen stretching 
modes occur in the range of 1681031cm-1. 
The broad frequency range is due to the large 
variations in atomic weights for the halogen 
atoms, i. e.: F=19.00 to I=126.9. As the atomic 
weight of the atom attached to the silicon 
atom increases, a corresponding decrease in 
the frequency of the symmetrical and asym-
metrical Si-X stretching vibrations is observed. 
For example, in the SiX4 series, the Si-X 
stretching frequency decreases in the order: 
800-424-249-168cm-1, for SiF4, SiC14, SiBr4 
and Si14 respectively. In any series of the type 
SiX4-SiX3Y-SiX2YZ SiXY3, where X is a halogen 
atom and Y is different or a non-halogen atom, 
the frequencies of the symmetrical stretching 
vibration, i. e., va(SiX4), va(SiX3), va(SiX2), 
va(SiX), increase as the number of the halogen 
atoms attached to the silicon atom decreases. 
By contrast, the frequencies of the asymmetrical 
stretching vibrations: vf(SiX4), ve(SiX3) and 
vb(SiX2) do not show this trend. It is apparent 
that these are limited to narrower ranges than
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the symmetrical vibrations. Thus, for Si-Cl, 

the range of the symmetrical frequencies is 

424-.-583cm-1 whereas the range of the asym-

metrical is 577-610cm-1. It is also seen that 

the asymmetrical modes always occur in a 

higher frequency range than the corresponding 

symmetrical stretching modes. The first kind 

of deformation vibrations occurs in a definite

region for each kind of halogen, e. g.:ae(SiCl,)

in SiC l4,δe(SiCl3)in SiCl3Y and δa(Siα2)in

SiCl2Y2. All are in the range, 150•`205cm-1. 

The second kind of deformation vibrations 

usually occurs in a higher frequency range than 

the first kind. The other deformation vibrations 

occur in a range so wide that to list it would 

be of little significance.

Summary 

 The status of knowledge relative to the vib-

rational assignments, molecular structure, and

spectral data for a series of about one hundred 
silaness has been surveyed and is reported 
in brief tabular form. A scheme of simplified 
vibrational modes is discussed, and used to 
develop the assignment of fundamentals for 
some fifty five silanes. Some new assignments 
are proposed in the light of a correlation rule 
which has been developed. Tables of charac-
teristic frequencies, and the best values for 
bond distances, based on this work, are pre-
sented. 
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