AUGUST 1 AND 15, 1942

PHYSICAL REVIEW

VOLUME 62

The Vibration-Rotation Spectrum of SiH,

CHARLES H. TiNDAL,* JosePH W. STRALEY,** AND HArRALD H. NIELSEN
Mendenhall Laboratory of Physics, The Ohio State University, Columbus, Ohio

(Received May 15, 1942)

The infra-red bands of SiHi, measured originally by Steward and Nielsen, have been
remeasured at considerably higher resolving power. From a rotational analysis of the bands
the equilibrium value of B and values of B for the vibration states v, vs, v4, v2+vs, and vs+v,
have been determined, B being k/8n2lc. These have, respectively, the values Bo=3.00 cm™,
B"=2.96 cm™, B’'(vs) =2.95 cm™, B,'(v2) =3.06 cm™!, B_'(v2) =3.02 cm™, B’'(v,) =2.89 cm™,
B (v3+v)=3.05 cm™, By (vs+vs) =297 cm™, B_'(vs+vs)=2.94 cm™, B, (va+v3)=3.05
cm™, and B_'(va+»;) =2.98 cm™L. The centers of the bands have been determined to be the
following: v2=974.6, v3=2190.6 cm™, »,=914.2 cm™, (v2+rs) =3148.8, (vs+»s) =3100.2. The
value of {4=3—{¢3=0.454 is in good agreement with the value predicted by Jahn for valence
force fields. From the band centers the valence force constants are calculated.

I. INTRODUCTION

HE infra-red spectrum of SiH, was investi-
gated originally by Steward and Nielsen!

who observed three principal absorption regions
near 900 cm™, 2200 cm™!, and 3100 cm™!, all of
which were partially resolved into rotational
structure. The first two of these were bands
exhibiting P, Q, and R branches and were
identified with the fundamental vibration fre-
quencies v, and »3, respectively. The third region
was found to consist of two overlapping bands
with centers at 3095 cm™ and 3153 cm™ which
may beidentified asvs+vsand v, +v3, respectively.
These measurements revealed, moreover, that
the rotational structure, especially in the 11-u
region, was much more complex than was con-
sistent with the simple theory of tetrahedrally
symmetric molecules prevalent at that time. This
structure has since been studied by Murphy? who
has given a qualitative description of it on the
basis of a theory proposed first by Childs and
Jahn?® and by Jahn* and subsequently verified by
Shaffer, Nielsen, and Thomas,® that because the
frequency »4 has nearly the same value as the
twofold degenerate frequency »; a resonance

* Now at Mt. Holyoke College, South Hadley, Massa-
chusetts.

** Now at University of Toledo, Toledo, Ohio.
(1;3W5)' B. Steward and H. H. Nielsen, Phys. Rev. 47, 878

2 G. M. Murphy, J. Chem. Phys. 8, 71 (1940).

3W. H. T. Childs and H. A. Jahn, Proc. Roy. Soc.
A169, 451 (1939).

4 H. A. Jahn, Proc. Roy. Soc. A168, 469 (1938).

5W. H. Shaffer, H. H. Nielsen, and L. H. Thomas,
Phys. Rev. 56, 1052 (1939).

interaction of the Coriolis type is set up. This
interaction removes the degeneracy in the rota-
tional quantum number K so that a rotation level
is split into (J+1) component levels. The result
is that a multiplet line should occur where on
the basis of the simple theory a single line was
predicted.

The data of Steward and Nielsen were not
sufficiently good, however, to yield very accurate
information concerning the structure of the
molecule. Since then the experimental techniques
have been so much improved that almost com-
plete resolution of the bands might now be hoped
for. In an effort to obtain data which might yield
reliable information concerning the intermolecu-
lar distances and, perhaps, the force constants we
have undertaken to remeasure these bands.

II. EXPERIMENTAL

The spectrometer used to remeasure this spec-
trum was the same used in similar investigations
carried out in this laboratory. For these measure-
ments two echellette gratings were used, one
ruled with 900 lines per inch for the region 9.0u to
124 and another ruled with 4800 lines per inch for
the regions 3.2y and 4.6p.

Two absorption cells were required; one 6 cm
long was most useful for the regions near 11.0u
and 4.6x and another 20 cm long was best suited
for the work at 3.2u. These were of glass tubing
closed at the ends by polished plates of rocksalt.

In all cases it was possible to operate the
spectrometer with slits adjusted to subtend an
angle equivalent to 0.25 cm™'. Deflections of the
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galvanometer were recorded with the absorption
cell in the light beam and with the cell out of the
light beam so that the data could be recorded in
terms of percent absorption. Records of the data
were made at intervals on the spectrometer circle
equivalent to about 0.2 cm™.

The SiH,4 gas used was taken from the same
container from which the samples used by
Steward and Nielsen were obtained. The gas had
been prepared for them by Professor Warren C.
Johnson of the University of Chicago.

The Absorption Band at 4.6u

The measurements made on the absorption
region near 4.6u, plotted in percent absorption
against a scale of frequencies, are shown in Fig. 1.
The upper curve (A) represents the pattern ob-
tained by using the 6-cm absorption cell filled
with SiH, gas to a pressure of 12 cm Hg and the
lower curve (B) was obtained with the same cell
filled with SiH, to a pressure of only 6 cm Hg.
Each curve represents the characteristics which
were repeated in three independent runs over this

region. Curve A may be said to reproduce the
data of Steward and Nielsen with high fidelity
when one considers that the slit widths and the
corresponding intervals on the circle at which
data were recorded were in this case roughly one-
sixth of those of the earlier attempt. The second
curve is much better resolved, shows much more
detail and much sharper lines than the upper
curve. The actual heights of the principal lines
are not altered appreciably, but the relative
intensities of the satellite lines to the principal
lines are quite different. This suggests that in
curve A the spectrum may be regarded as much
“over-exposed” and that curve B presents a far
more accurate picture of the 4.6 band than does
A. In the first column of Table I are set down the
frequency positions of the principal lines and the
more important satellite lines.

The Region 9.0u to 12.0u

Figure 2 represents the details which were re-
peated in three independent sets of data taken on
the absorption by SiHs gas between 9.0p and
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12.0p. The region from 800 cm™ to 950 cmis by
far the more intense and for the measurements on
this region a cell 6 cm long filled with SiH, gas to
a pressure of 5 cm Hg was found suitable. In
order to make measurements on the absorption
by SiH, in the region from 950 cm™ on, it was
necessary to increase the pressure of the gas to
12 cm Hg. The absorption pattern shown in Fig. 2
reproduces quite faithfully the earlier measure-
ments by Steward and Nielsen except that much
more detail is revealed. In the first column of
Table II are set down the frequency positions of
the more prominent peaks measured throughout
this region.

The Absorption Bands at 3.2y

In Fig. 3 are shown the reproducible details of
three independent sets of measurements made
over the absorption region near 3.2u in the
spectrum of SiH,. This region consists of two
overlapping bands with centers near 3.17u and
3.23u. The bands are considerably better resolved
and much more detail is discernible in the present
set of data, but in general details the pattern
obtained by S and N for this region is well re-
produced. To obtain these measurements it was
necessary to use a cell 20 cm long containing gas
at a pressure of 40 cm Hg. In Table III are re-
corded the frequency positions of the more impor-
tant lines measured in this region of absorption.

III. DISCUSSION OF THE RESULTS

The vibration and rotation of the tetrahedrally
symmetric XY, typemolecule have beenstudied in
considerable detail by several authors. Such mole-
cules may oscillate in four different normal modes
with the frequencies wi, ws, w3, and ws. The first
is frequently referred to as the breathing fre-
quency and corresponds to a symmetrical periodic
motion of the Y particles to and from the X
particle. It is non-degenerate and induces zero
electric moment. The vibration w; is perhaps best
visualized as one where the four Y particles move
approximately in small ellipses about their posi-
tions of equilibrium. This frequency is twofold
degenerate and like w; induces zero electric mo-
ment. The frequency w; is essentially a vibration
of the four Y particles along the XY bonds in
such a manner that two Y particles are ap-
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proaching the X particle while the other two are
receding. This can take place in three independent
ways so that the frequency w; is threefold de-
generate. The frequency w4 is essentially a de-
formation frequency where one XYX angle
decreases in magnitude while the opposite XYX
band angle increases in size. Also this type of

TaBLE I. Frequency positions and identifications of
absorption lines near 4.4u.

Frequency Identifica- | Frequency Identifica-

positions tions positions tions

2091.2 2210.1 R"(3)

20920 P(17) 2211.3 R’((S))

2097.2 2212.9 R@3

2098.8 P(16) 2156 RY(4)

2103.2 16.9 R'(4)

2104.8 P(15) 22184 R(4)

2107.4 Pr(18) | 22210 R"(5)

2109.0 P'(ia) | 22225 R'(5)

2109.9 P(14) 2224.1 R(3)

2111.3 P"(13) | 2226.8 R"(6)

2113.9 Py | 22280 R'(6)

2115.2 2229, R(6)

2115.8 } P3) 223212 R"(7)

21184 Pr(12) | 22334 R'(7)

2120.0 P2y | 22348 R(7)

2121.1 P(12) 2237.1 R"(8)

2124.1 PU(11) | 22385 R'(8)

2126.1 Pi1y | 22403 R®)

2127.2 P(i1) 22429 R (9)

2130.1 P(10) | 22439 R'©9)

2131.3 P'(10) | 22452 R©)

2132.8 P(10) 2246.2

2135.5 P"(9) 2248.0

2137.0 P'9) 2250.2 R(10)

2138.6 P(9) 2251.2

2141.4 P(8 2252.6

2142.9 P'(8) 2253.9

21445 P(8) 2255.1 R(11)

2147.2 P( 2256.8

2148.5 P'() 2258.2

2150.2 P(7) 2260.0 R(12)

2153.1 P(6 2262.8

2154.9 P'(6) 2264.5

2156.1 P(6) 2265.8 R(13)

2158.8 P (5 2268.1

2160.1 P'(5) 2269.6

2161.9 P(5) 2270.8 R(14)

2165.3 P’ (4) 2272.9

2166.5 P'(4) 2274.8

2168.0 P@) 2276.0 R(15)

2170.6 P(3 22779

2172.2 P'(3) 2279.2

217335 P@) 2281.2 R(16)

2179.2 PQ2) 2282’5

2185.1 P(1) 22845

21932 R(0) 2285.7 R(T)

2194.6 R'(0) 2287.2

2196.2 R(0) 22895

2199.6 R"(1) 2290.6 R(18)

2200.8 R'(1) 2292.0

2201.3 R() 2294.0

2204.9 R'(2 2295.8 R(19)

2206.0 R'(2) 2300.3 R(20)

2207.2 R() 2305.5 R(21)
2310.2 R(22)
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TaBLE II. Frequency positions (cm™) and identifications of absorption lines from 9.0u to 12.04.
Mpe P | e Frawee e | Ko Femoor e | K30 FRleo e
L3 W 7 2 B xo
815. 39 875. 27.5 104 . R_(1
3 8162 | 40 875.7 } Pi10) | 75 gpg71 ¢ Ra(S) 105 98855  R.(1)
4 817.9 41 876.1 928.6 106 991.7 R_(2)
5 820.6 42 878.9 P.(9) 930.0 107 995.0 R.(2)
6 821.7 43 879.2 ¢ 76  930.5 R4(6) 108 997.7 R_(3)
7 823.2 44 880.7 931.1 109 1000.0
8 824.6 | 45 882.6 Py(8) 931.4 110 1001.0
9 825.5 46 884.2 77  932.2 R(7) 111 1002.6 R.(3)
10 826.7 47 886.0 PuT) 932.7 112 1004.1 R_(4)
11 827.9 48 886.4 4 933.8 113 1005.2
12 831.5 49 887.1 78 934.2 R4(8) 114 1007.1
13 834.2 50 888.8 934.8 115 1008.9 R, (4)
14 835.1 51 889.2 P,(6) 79  936.5 116 1010.1 R_(5)
15 836.9 52 891.8 80 938.2 117 1015.7 R, (5)
16 838.7 53 892.5 81  939.1 P_(6) 118 1017.5 R_(6)
17 842.8 54 893.5 P.(5) 82 9413 119 1021.0
18 844.4 | 55 895.3 . 83  944.0 P.(6) P_(5) | 120 10225  R_(7) R.(6)
19 846.4 56 897.5 P.(4) 84 945.1 121 1026.5
20 847.6 57 898.7 ' 85  946.6 122 1028.4 R.(7) R_(8)
21 849.2 58 900.4 86 949.2 P.(5) 123 1031.6
22 850.0 59 901.4 P.(3) 87  950.3 P_(4) 124 1032.8
23 851.3 | 60 902.0 4 88 9514 125 10350  R.(8) R_(9)
24 854.6 61 905.1 Py(2) 89 954.1 P.4) 126 1039.3
25 856.2 62 907.1 P.(1) 90  956.5 P_(3) 127 1041.5
26 857.6 63 909.0 4 91  959.1 P.(3) 128 1045.0
27 859.6 64 912.2 92  961.8 P_(2) 129 1048.4
28 862.7 65 913.4 93  964.1 P.(2) 130 1054.1
29 864.7 66 914.7 R4(0) 94  966.8 P_(1) 131 1054.7
30 865.7 67 915.5 95  969.5 P.(1) 132 1061.9
31 866.5 68 916.8 96 972.7 133 1065.5
32 867.6 69 917.7 R4(1) 97 973.8 134 1068.5
33 868.0 70 919.3 98  976.2 135 1071.7
34 868.4 71 920.3 R(2) 99 9782 136 1074.9
35 869.0 72 926.6 100 979.7 R_(0) 137 1081.1
36 869.9 73 923.1 R.(3) 101 980.8 138 1088.6
37 871.6 74 925.4 R4(4) 102 982.0 R, (0) 139 1091.6
140 1094.5

motion may take place in three independent ways
so that w4 is threefold degenerate. The frequencies
w3 and w, will evidently give rise to a variation in
the electric moment. In zero order of approxima-
tion the vibration energy of the XY, type of
molecule will be

4

Eo/he=3 (Vitgi/2)wi,

i=1

(1

where g; takes the value of the order of the
degeneracy of w;.

When all the nuclei are in their positions of
equilibrium the tetrahedrally symmetric XY,
type molecule will have three identical moments
of inertia. For such a molecule, regarding it as a
rigid rotator, one obtains as the rotational energy

Er/he=BoJ(J+1), (2)
where Bo=h/[8%%,«], I, being the equilibrium

value of the moment of inertia of the molecule. In
higher orders of approximation the vibration-
rotation energy is found to be

T=E/he=Tv+B(V,J, K)J(J+1)
+C(V,J, K)K*—eBo—D ;J*(J+1)?

—DsxJ(J+1)K2—DxK*.  (3)

In (3) Ty is the oscillational term value,
B(V,J,K)=h/8x*I(V, J, K)c, I(V, J, K) being
the effective moment of inertia for a given
vibration-rotation state, C(V, J, K) is a constant
for any one vibration-rotation state and Dy,
D; k, and Dk are the centrifugal distortion
coefficients. The term eB(0) is the energy contri-
bution of the Coriolis interaction originating with
the degenerate states Viwi+ Viws+ Viws. When
Vs= Vi=0the coefficient isalways zero, but when
either V; or V, is equal to one, € takes the three
values e, =2J¢34, €0=—2034, e.=—2(J+1)¢34
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where {3 and {4 are constants depending upon the
nature of the normal frequencies w3 and w4. It is
readily shown that {3+¢4=1%.

The constants B(V, K, L) and C(V, J, K) de-
pend in a complicated manner upon J and K, but
the dependence is always of the order (JXK) to
the zero power. It is, therefore, probably legiti-
mate to neglect entirely their dependence on J
and K and consider them as constants for any
one vibration state. Moreover, these constants
contain terms which have as denominators
(wa—w3) and (ws—ws). These originate with the
Coriolis forces between w; and the frequencies ws
and w4 In the case of such molecules as CHy,
SiH,4, and GeH, the potential function is such
that we and w4 are nearly the same. This paves the
way for a resonance interaction which manifests
itself in that as the molecule makes a transition
from the normal state to the states w; and w4 the
B(V,J,K) and C(V, J, K) values increase and
decrease, respectively, above and below their
values when the molecule is in the normal vibra-
tion state. Except for those states involving Viws
and Vw4 the constant C(V, J, K) is so small that
it may completely be neglected.

The selection rules for the rotation quantum
numbers for molecules of this type are AJ= +1, 0.
In the case of the vibration levels Viwi+ Vawe+ws
and Viwwi+ Vews+ws the threefold degeneracies
are removed by the Coriolis perturbation and the
levels split up into three components. In these
cases the selection rule for J becomes AJ=1, 0,
or —1 depending upon whether the transition is
from the normal state to the 4+, 0, or — com-
ponent levels in w3 or ws. For combination states
between w3 and w4 the situation is considerably
more complicated and we shall consider only one
case, namely, w3+ ws, in this paper. We defer this
discussion to a somewhat later point.

With the aid of the above selection rules and
the energy relations (3) one may derive the
following combination relations if the term con-
taining C(V') and the centrifugal stretching terms
are neglected:

R(J-1)=P(J+1)=2(2J+1)(B" —¢:Bo), (4a)
R()—-P())=2(2J+1)(B'—{:Bo). (4b)
These relations may be taken to hold quite

generally for all bands except for combination
bands between ws and ws. In the above ¢; is the
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amplitude of the internal angular momentum
associated with the frequency w;; B"” and B’ are
h/8w% times the reciprocals of the moments of
inertia of the molecule in the normal state and in
the excited state, respectively. For the frequency
w1 which is non-degenerate and for ws; which is
twofold degenerate it is readily verified that the
{’s are identically zero. Neither of the quantities
{3 nor {4 can in general be equal to zero, but must
satisfy the relation ¢3+¢s=1%. The relations (4a)
and (4b) differ from the usual combination rela-
tions only by the presence of the term {;By. They
do not, except in cases where {;=0, enable one to
evaluate the B" or B’ themselves unless the value
of {; can be determined by some other method.
If, however, a band occurs in the spectrum for
which ¢ is zero the value B’ can be determined.

TasLE III. Frequency positions and identifications of
absorption lines near 3.3u.

Frequency Identifica- Frequency Identifica-
position tions position tions
2958.5 P_(15) 3114.0 P_'(6)
2968.5 P_(14) 3115.3 Ro(2)
2978.4 P_(13) 3115.5 R_(6)
2990.5 P_(12) 3116.8 P.'(6)
29993  P_(11) 3118.6 R (1)
3006.1 P_(10) 3119.4 R_(7
3015.9 P_9) 3119.6 P'(5)
3026.7 P_(8) 3120.4 R_(8) Ro(3)
3033.4 Py(11) 3121.0 P.'(5)
3035.7 P_(7) 3124.2 R_(9)
3041.0 Po(10) 3124.5 P_'(4)
3045.5 P_(6) Py(9) 3127.0 P.'(4)
3049.0 P.(17) 3127.5 Ro(4)
3050.6  Po(8) 3128.0 R.(2)
3053.8 P.(15) P_(5) 3130.7 P_'(3)
3056.7 Po(7) P.(14) 3133.0 P,'(3)
3058.6 P.(13 3135.0 R(5)
3061.4 Po(6) P.(12) 3136.0 P_'(2)
3063.3 P_(4) 3137.0 R4 (3)
3065.4 P.(11) 3138.7 P.'(2)
3068.2 Po(5) P.(10) 3140.9 Ro(6)
3070.2 P.(9 3142.0 P_'(1)
3073.1 P_(3) Po(4) P.(8)| 3144.4 P.(1)
3076.0 P.(7 3145.5 Ro(7)
3079.8 P,(6) Po(3) 3153.0 R_(0)
3081.6 (?) P_(2) 3155.7 R.'(0)
3083.7  P.(5) 3159.0 R(1)
3086.6 Po(2) P, (4) 3161.8 R/ (1)
3088.6 P.(3) (?) 3164.4 R_'(2)
3091.6 P_(1) P,(2) Po(1)] 3167.8 R.(2)
3094.3 P.(1) 3170.5 R_'(3)
3100.9 R_(0) 3173.7 R,'(3)
3102.7 Ry(0) R_(1) 3175.6 R_'(4)
3105.2 R_(2) 3179.0 R,'(4)
3108.0 P_(T) 3182.0 R_'(S)
3108.4 R_(3) 3185.0 R.'(5)
3109.4 R, (0) Ro(1) 3187.5 R_'(6)
3110.6 R_(4) 3192.5 R,'(6)
3111.4 P(7) 3193.0 R_'(7)
31127  R.(5) 3198.7 R,'(T)
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Since B’ is characteristic of the normal state its
value must be the same when determined from
other bands where {;0. This principle may be
employed to determine the value of {; for other
bands when the quantities (B’ — ¢;Bo) have been
obtained from experiment.

The regions which have been measured in the
spectrum of SiH, have been interpreted in the
following manner. The region near 4.6p (2190
cm™!) which is a region of intense absorption is
identified as the band »; and the very intense
band at 11.0u (914 cm™) is taken to be vs. The
absorption band near 10x (976 cm™) is much less
intense than the band »4 which it partly overlaps.
This band is identified with the vibration »,. This
frequency should, according to what has already
been said, be optically inactive in the infra-red.
There exists, however, a resonance Coriolis inter-
action between these two nearly degenerate
oscillations and the rotation of the molecule
which is large enough so that the wave functions
of the two vibration states become sufficiently
“mixed” that the frequency v may borrow
enough optical activity from »4 to become ob-
servable in the spectrum. There remains to con-
sider the identity of the two overlapping bands
which make up the region of absorption near 3.2u.
Of these the band of higher frequency (3150 cm™)
is probably v,;+v; while the other (3097 cm™) is
undoubtedly v3+vs. The reasons for this choice
we shall have occasion to consider subsequently
with more care. Each of the bands referred to
above shall be considered in turn and an interpre-
tation of them follows hereafter.

The Frequency vs

This band consists of a set of quite sharp and
well-defined lines lying on each side of the central
line or Q branch. Each intense line is accompanied
by two less intense peaks also observed by
Steward and Nielsen. These satellite peaks we
believe to be the lines of the P and R branches
of the bands »; from the spectra of the molecules
Si®H, and Si®“H,. From Fig. 1, curve B, it is
evident that they are much less intense than the
principal lines, a fact which is consistent with
the relative abundance of the isotopes of silicon.
The identification of the lines in this band
is given in Table I. With the aid of Egs.
(4a) and (4b) we obtain from these sets of lines
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the values for (B —{3By) and (B'—{3B,) tabu-
lated in Table IV.

The Frequency v,

Because of the close proximity of this band to
the frequency », it is not justifiable to neglect
C(V) in the expression (3) for the vibration-
rotation energy. The effect of this term is to
remove the degeneracy in the quantum number
K and thus split each level up into J4+1 com-
ponents. This means, of course, that the combi-
nation relations (4a) and (4b) are not correct as
they stand for this case, but should contain other
terms also. The splitting of the rotation levels due
to the term K2C(V) in the energy is not extremely
large, however, particularly for small values of J
so that the effect upon the spectrum will be to
break up what otherwise would have been a single
line into a group of components frequently too
close together to be resolved experimentally. We
have attempted to identify the lines in the P and
R branches in »4, taking a line to mean the center
of what in some cases becomes a fairly broad
band of unresolved component lines. This has
been fairly satisfactory, although it will subse-
quently be highly desirable to make a detailed
study of the structure of this band from the
standpoint of the K splitting. This we hope to do
at a later date. In this manner we have accounted
for about nine lines on either side of the center.
For lines corresponding to higher J values the
structure becomes too complex to proceed in this
manner.® On the high frequency side the struc-
ture of »4 is further obscured by the overlapping
with »,. Our identification of the lines is given in
the third column of Table II and from the combi-
nation relations we have arrived at values for
(B —¢4Bo) and (B (v4) —{4Bo). These are found
in Table V.

The Frequency v,

As we have already seen, a Coriolis resonance
interaction exists between the two frequencies ws

8 It is suggested that the rather complex region near
875 cm™ is due to the Q branch of the first upper stage
band. It will be seen to resemble the Q branch of the
fundamental to a considerable degree. No attempt has
been made to identify any of the lines in the P and R
branches of this band since they must be weak and can
scarcely be distinguished from the complex fine structure
lines.
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TasLe IV. Rotational constants for SiH; molecules TaBLE V. Rotational constants of SiH, for the states
derived from the band »;. v, va+vs, and v,
Si@8)H, Sie9H, Si(s0H va* ve~ (vatwva)*  (vatws)~ V4
(B''— ¢3Bo) 2.82 cm™ 2.83 cm™! 284 cm'  (pr_rB) 296 cm- 2.96cmt 2.86 cm-! 2.82 cml 1.60 cm™!
(B’—¢3Bo) 2.81 cm™! 2.82 cm™! 2.82cm™ (BB, 306cm 302cm-i 291 cm-l 2.84 em-1 1.53 cm1

and w.. Here as in the preceding case we may
expect the rotation lines to be split or broadened
because here also the quantity C(vs) is large
enough to be of some importance. It is readily
shown, moreover, that for the frequency w. the
internal angular momentum is equal to zero; i.e.,
¢2=0. We should, therefore, expect the interval
between two rotation lines to be about Av=2B.
We take, as before, a rotation line to mean the
center of a group of unresolved component lines.
From the data on the bands »; and »s we can
estimate this interval to be about 6 cm™. Two
sets of lines, apparently independent of each
other and of about the same intensities, can be
found in the band v.. When the combination rela-
tions are applied to the lines in the two sets the
same value of B’ is obtained, indicating that both
sets of lines originate in the same lower state. The
values of the B’ are slightly different. The expla-
nation for this, we believe, is found in the papers
by Shaffer, Nielsen, and Thomas. Because of the
tetrahedral symmetry of the molecule a term is
permitted in the anharmonic part of the potential
energy which removes the degeneracy in the fre-
quency w; so that it will split into w,™ and ws™,
say. From their discussion it is also clear that the
effective moments of inertia associated with these
component states will be slightly different. The
principal lines in v, have been accounted for on
this basis up to about the ninth line on either side
of the center. Beyond this the K splitting ob-
scures the identification. Our identification is
given in the third column of Table IT and the
values obtained for (B —{2Bo) and (B’ —{2By)
(where, however, {,=0) are given in Table V.

The Frequency vs+v;

The band whose center lies near 3160 cm™!
must almost certainly be vi+vs or vo+vs. The
frequency »; is known from Raman data to be
2187.0 cm™..7 The frequency v4, we have seen, is

7F. B. Stitt and D. M. Yost, J. Chem. Phys. 4, 82
(1936).

about 914 cm™l. The combination frequency
v1+vs should then be about 3100 cm™ which is
nearly 60 cm™! less than the measured value. On
the other hand », and »; have, respectively, been
found to be about 975 cm™! and 2191 cm™. Their
combined frequency would then be about 3166
cm™! which is in satisfactory agreement with ex-
periment. If this band is to be explained in this
manner we should be able to find, as in the case of
v2, two sets of independent rotation lines, one set
associated with what has been termed (vo+v;3)™
and another with (v;+wv;)~. This does, indeed,
appear to be the case and on this basis we have
been able to identify about seven lines on either
side of the center of each component band.
Beyond this, overlapping with the other band
made the identification impossible. The identifi-
cations are indicated in the third column of
Table III and in Table V may be found the values
of (B"”—¢By) and (B’—{B,) obtained when the
combination relations are applied to the band. It
is obvious that the { appropriate for (vo+wv;) is
equal to {s.

The Frequency v;+v,

The first-order Coriolis interaction causes the
level v3+v4 to split up into nine component levels.
The amount of the splitting depends in a compli-
cated manner upon the values of {3 and {4 In our
analysis of the data on »3+4v4 we shall anticipate
the values of {3 and ¢4 which may be obtained
from the information which goes before. It will be
shown in the next section that {3=0.046 and that
¢£1=0.454. With these values we may calculate
the nine values of € required in (3) to give the
energy values of the molecule for a given value of
J. Because {3 is so nearly equal to zero the
pattern becomes that of three closely spaced
triplet components.

For the sake of simplicity we have taken {;
exactly equal to zero and {4 exactly equal to 3.
This is equivalent to letting each of the three
triplet components for a given J value degenerate
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into a single level. There will then be three
different values of ¢;, €4, €, and e_, each of which
is repeated three times. These are e, =2J¢,
€= —2¢, e.=—2(J+1)¢. While the €'s are iden-
tical with those for the state »4 the selection rules
for J will be more complicated. When the dis-
cussion of Shaffer, Nielsen,and Thomas is applied
to this case one finds, in fact, that transitions of
the type AJ= 41, 0 may take place to each of the
above three component levels €4, ¢, and e_of any
value J. These selection rules yield, in effect,
three different bands, (v3+v4)4, (va+wvs)e, and
(vs+vs)—, which will overlap with each other.
With the aid of the above selection rules we
obtain the following relations for the positions of
the lines in the P, Q, and R branches of each
band:

P(J)(*0-)=(Tv—2Bo)+J(J—-1)B’
—J(J+1)B"+2a(J)B,, (5)

where a(J) takes, respectively, the values J¢, 0,
and — (J—1)¢;

QW) (*0-)=(T'v—2¢By)
+J(J+1)(B'—=B")+2a(J+1)B,, (6)

and

R(J)(H0_)=Tv—2¢Bo)+(J+1)(J+2)B’
—J(J4+1)B"+2a(J+2)B,. (7)

These relations will in turn yield the following
combination relations:

R(J—-1)(*0-)—=P(J+1)(*0-)
=2(2J+1)B", (8a)
R(J)(t0-) = P(J)(*0-)

=2(2J+1)B'+4(*'0-1)¢Bo.  (8b)

The band »34-»4 overlaps rather badly with the
band »2+v;, but the low frequency side is quite
unobstructed. From the relation (5) it is clear
that the lines of the component band (v3+v4)_ will
spread to lower frequencies than the lines of the
other two component bands. In fact it will be
seen that two lines in the P branch of this com-
ponent band will be separated by an interval of
about 2(B""+¢B,) which is roughly 3/2 the
normal rotation spacing. This appears consistent
with the frequency intervals of the most promi-
nent lines in the low frequency side of this band.
It has been possible to account for most of the
prominent peaks in v3-+»4 on this basis and their
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identification is given in Table III in the third
column. The values of the rotational constants
from this band from the combination relations
are set down in Table VI. No great accuracy for
these values can be claimed, however, because of
the approximation which was made that {,=¢
=0.5 exactly.

v

In the tables of Section III are summarized the
data arrived at from a remeasurement of the
bands in the spectrum of SiH,. From our analysis
of these data it has been possible to arrive at
values for the rotational constants (B’ —{;Bg)
and (B’ —¢{;B,) characteristic of the normal state
and the excited vibration states, respectively.
From these values and from the knowledge that
¢3+¢4=0.50 and that {,=0 it is possible to arrive
at values for the quantities By, B/, and B’(;), as
well as the values of {3 and {4. The values ob-
tained are set down in Table VI.

From the value of B, given in the table above
it is possible to compute the equilibrium value of
the moment of inertia I, of the SiH4 molecule.
Taking & to be 6.624 X 10~?" one obtains for I, the
value 9.33X107% g cm? From this value it is in
turn possible to determine the equilibrium values
of the distances between the silicon atom and the
hydrogen atoms and the distances between two
hydrogen atoms. It is readily verified that
I,=(8/3)mua(rsi-n)*=mu(ra_u)?. This leads to
the values (rsi—m)=1.55X10"8 cm and (ru_mu)
=2.58X107% cm.

It is of interest to note in connection with the
values of the rotational constants that the value
of [B" —(B'(v2))s]= —0.08 cm™!, where we mean
by (B’(vs))w the average value of B,’(v;) and
B_'(vs), is very nearly equal to the negative of
[B"—B’(v4) ]=0.07 cm~.. This suggests that the
variation of B’(v;) and B’(»,) from B’ is essen-
tially due to the Coriolis interaction between the
two frequencies and that the other contributions
are small. It is further of interest to note that the
values of the {’s obtained from the data are in
good agreement with those predicted by Jahn on
the basis of valence force fields.

With a knowledge of the rotational constants
at hand it is possible at once to infer what are the
centers of the bands. This information is gathered
together in Table VII.
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TaBLE VI. Rotational constants of the SiH, molecule.

Bo=3.00 cm™!
B” =296 cm™!
B,'(v2) =3.06 cm™!
B_'(»3) =3.02 cm™!

B’(v3) =2.95 cm™1
B’(ve) =2.89 cm™!
B4/(v2+4vs) =3.05 cm™!
B_'(va+v3) =2.98 cm™!

B,y/(va+ve) =3.05 cm™!
Bo'(vs+vs) =297 cm™!
B_/(v3+vs) =2.94 cm™!
fi=3%—-t3=0.454

TABLE VII. Positions of the centers of the vibration-
rotation bands in SiH,.

vat-vs vatw
2187.0 cm™(R) 974.6cm™! 2190.6 cm™! 914.2cm™! 31488 cm™! 3100.2 cm™!

» ve v3 v

The potential energy functions of the tetra-
hedrally symmetric XY, have been discussed by
several authors.! The most general form may be
written

3 3 3
V=3{k1 2 242k 2 nitit+ks X 92
i1

i=1 i=1

3 3
+ki X P tks _Z' cisit, (9)

i=1 i=1

where the k’s are complicated relations involving
nine arbitrary and independent potential energy
constants K;---K,. We do not have available
enough data to evaluate all of these. It is possible,
however, to evaluate the five constants k;- - - ks
since five independent pieces of information are
available. Four of these are supplied by the values
of the normal frequencies and the fifth is avail-
able when we make use of the fact that {3 and ¢,
are functions also of the potential energy con-
stants. The values of the centers of the funda-
mental bands are, of course, different from the
actual values of the fundamental normal fre-
quencies because of the anharmonicity. For this
effect we have no means at our disposal to make
corrections. We may, however, to a fair degree of
approximation simply use for the normal fre-
quencies the centers of the fundamental bands.
The values of the constants k- - - ks arrived at on
this basis are the following: ky=1.177X108,

8 D. M. Dennison, Astrophys. J. 62, 84 (1925); J. E.

Rosenthal, Phys. Rev. 45, 538 (1934); W. H. Shaffer,
H. H. Nielsen, and L. H. Thomas, reference 5.
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k2=1.4891X105, k3=3.963 X105, k4=1.315X105,
k5=0.754X10°% dyne cm. It is of interest also to
evaluate the five constants which will occur in a
generalized valence force potential energy func-
tion. Such a generalized valence potential energy
function will take the form:

4
V=%{K1 Z 67¢2+K27’02 Z 60[,'7'2

i=1
+K3?’o Z 5(1,;7‘(671'-‘" 51’,')
4
+2K4 Z’ 57.‘51’,--{—21(5702 Z' 56!,‘,'5(1,’1;} y (10)

i=1

j=1

i>j
where 67; is the change in the distance between
the central atom and the 7th hydrogen atom and
da;; is the variation in the H;—Si—H; valence
band angle. In an unpublished work Shaffer® has
shown that the following relationships hold be-
tween the &’s and the K'’s.

Ky=§[k1+2ks+ks+ (ka+2k5) ],
K2= %7[4k1—4k2+k3],

K;= (\0/6)[—-2]21 —k2+k3],

K4= %[—‘kl—Zkz“k3+3(k4+2k5):|,
Ks=3[k1i—kastiks—kitks).

From these we may evaluate the K’s and their
values are given below :

K;=2.735X10% dyne cm,

K,=0.2262X10°% dyne cm,
K3=0.0283X10% dyne cm,
K,=0.0295X105 dyne cm,
K;5=0.0196X10°% dyne cm.

We observe that the constants K3, K4, and K are
all of the order of ¥ of K,; i.e., they are of a
smaller order of magnitude than either K; or K,.
This fact is consistent with the point of view that
the valence force field concept represents a legiti-
mate approximation to the actual force fields in
the SiH, molecule.

(11)

? W. H. Shaffer, unpublished work. We are grateful to
Dr. Shaffer for making this work available to us.



