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than about 10 percent of the correction itself,
these effects are of minor importance.

We would like to express our appreciation to
Professors W. W. Havens, Jr. and L. J. Rain-
water for their encouragement and for numerous
helpful discussions concerning this paper.
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Rotational Absorption Spectrum of OCS*
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Extended measurements in the microwave rotational spectrum of carbonyl sulfide (OCS) are
presented and correlated with the data obtained by other investigators. Precision measure-
ments of rotational transitions for Ji.2, J2.3, J3.4, 4.5 allow the evaluation of precise reciprocal
moments of inertia in the ground vibrational state, and the centrifugal distortion coefficient.
From frequencies observed for O®C1S32, O18C18S2 and O*C12S*, internuclear distances have
been calculated. Equilibrium moments of inertia and internuclear distances cannot as yet be
given, since thus far only one of the three vibrational-rotational interaction coefficients (a2) has
been reported. Theoretical considerations involving such equilibrium data are discussed. Data
on J-doubling in O1C12S22, 08C13S®, and O8C1S* are presented. The Stark effect of carbonylsul-
fide has been measured in O%C12S% and 0'"C3S®, These measurements lead to the evaluation of
the dipole moment and indicate the effect of isotopic changes on the dipole moment.

CARBONYL sulfide (OCS) is known to be a
linear molecule. In this paper we have at-
tempted to correlate existing information re-
garding the structure of this molecule which may
be deduced from the rotational absorption spec-
trum, and to give extended measurements in
order to allow a unified presentation. We wish to
point out that several other investigators have
been instrumental in obtaining much of the ex-
perimental and theoretical data considered below.

I. GENERAL THEORY

The rotational contribution to the energy
levels of an unperturbed linear rotor in any
vibrational state can be shown to be!

W=[J(J+1)—TheB,
—[J(J+1) =B PheD,, (1)

* This work has been supported in part by the Signal
CorPs, the Air Materiel Command, and O.N.R.

** Now at the Brookhaven National Laboratory.

1 G. Herzberg, Infra-Red and Raman Spectra of Poly-
atomic Molecules (D. Van Nostrand Company, Inc., New
York, 1945), p. 370-371.

where W is in ergs, J=total orbital angular mo-
mentum quantum number, /=quantum number
of angular momentum parallel to figure axis due
to a degenerate bending vibration, #=Planck’s
constant, ¢ =speed of light, B,="‘reciprocal mo-
ment of inertia” in cm™!, and D,=centrifugal
distortion coefficient in cm~L

Thus, from the Bohr frequency condition and
the selection rule AJ = +1, rotational transitions
are induced in a molecule with an electric dipole
moment by radiation with frequencies in cycles/
sec. given by

VIiaJ41= ZCBv(]-f- 1)
—4cD,[(J+1)3=2(J+1)]. (2)

The “reciprocal moment of inertia” of the
molecule in any vibrational state is related to the
moment of inertia with the atoms in the minima
of the vibrational potentials through the relation!

B,=B.— % afvi+(di/2)] 3)

where B,= (h/87*[.c) cm™!, I.=equilibrium mo-
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ment of inertia, ¢=index over all vibrational
states, v;=vibrational quantum number, d;=de-
generacy of vibration: 1, 2, .-, a;=coefficient
measuring vibration-rotation interaction in cm™.
It should be noted that this representation is
the usual one; in view of present knowledge it
would be better, perhaps, to sum over all vibra-
tional states separately instead of grouping the
degenerate ones. For example, Herzberg? has
pointed out that there exist interaction terms in
the Hamiltonian for a linear molecule which will
cause the rotation levels associated with the
doubly degenerate bending vibrations to split
into two component levels. This splitting is re-
ferred to as I-type doubling and has been studied
theoretically by Nielsen and Shaffer* who have
shown the effect is significant, probably, only in
the first excited state, i.e., where v;=v3=0, v.=1,
l;=+1. The displacements of the component
levels in this case are symmetrical about the
unperturbed level and are found to be

AW ;= 3=3%chqJ(J+1) ergs, (4)

where ¢ is in cm™! and depends upon the magni-
tude of the interaction term.

Since the first term in (1) is essential propor-
tional to J(J+1) also, the effect of the term (4)
when incorporated in the energy is effectively to
give different values of a; to the two component
states. For the transition J—J41 two absorption
lines will evidently be detected at frequencies
which differ by

Av=2cq(J+1) cycles/sec.

The term values may also be perturbed by ex-
ternal fields. In the presence of an electric field
the energy levels of a molecule with an electric
dipole moment are perturbed because of the
interaction of the rotating dipole with the static
electric field, i.e., the Stark effect. This perturba-
tion energy for linear molecules in the ground
vibrational state is of second order and has been
shown to bet

4n2u2E2] J(J+1)—3m?

WJ, m(z) = ’ (5)
B JJ+1)(2T-1)(2T+3)

2 Reference 1, p. 377.

3 H. H. Nielsen and W. A. Shaffer, J. Chem. Phys. 11,
140 (1943).

*R. De E. Kronig, Proc. Nat. Acad. Sci. 12, 488 (1926).
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where m=magnetic quantum number and
|m| <J, u=electric dipole moment, and E =elec-
tric field strength.

Thus, the original transition has the spatial
degeneracy partly removed and the frequencies
for induced transitions are now given by

(vstark) Jrd41= (v0) Jo 741+ Av. (6)

The selection rule AJ=+1, Am=0 applies when
the Stark field is parallel to the electric vector of
the incident radiation, and this is the case in these
experiments. This is called a »-type transition
and is the only case which will be considered in
this paper. When Am =0,

A 3Im2(16J2432J+4+10) —4J(J+1)2(J+2)
y=
JJT+2)2T-1)2J+1)(2T+3)(2T4+5)
u2E?
)
h21'0
The perturbation of the energy levels given by
Eq. (5) are indicated in Fig. 1. The absorption
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spectrum for a given isotopic configuration with
and without a Stark field is indicated in Fig. 2.

For the transition J—J+1, Am =0, the square
of the dipole direction cosine matrix element
has a [(J+1)?—m?] dependence. Therefore,
the intensity of each component follows a
e[(J+1)2—m?] law; e=1 when m=0 and e=2
for 0 < |m| <J, because of the spatial degeneracy
of the + and —m levels.

The study of the rotational absorption spectra
of a molecule with various isotopic compositions
with and without known electric fields can be
used to deduce certain physical quantities.® First,
if the vibrational interaction energies are ignored
for zero-point vibrations, i.e., with a rigid rotor
approximation, interatomic distances may be
calculated if as many isotopic forms of the mole-
cule are studied as there are structural parame-
ters. Thus, in a linear unsymmetrical triatomic
molecule with known atomic masses m,, ms, ms,
the moment of inertia is a function of the two
interatomic distances, 712, 723. One may then solve
the following set of equations for the interatomic
distances 712 and 3.

I mimamarizragy =2(J+1)h /8w,
I mymamyrizrasy =2(J+1)h/8x2vy .
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The primes refer to the isotopically different
molecule.

If absorptions are detected for the isotopic
molecules in the ground vibrational state for two
different J transitions, the centrifugal distortion
energy can be evaluated (see Eq. (1)). Also if one
J transition for each of the excited vibrational
states is observed, the zero-point vibrational
energy can be eliminated and the equilibrium
moment of inertia can be evaluated. In this way
the true equilibrium interatomic distances can be
computed. The vibrational-rotational interaction
energies must be used in the precise evaluation of
the interatomic distances, since only the equi-
librium distances may be assumed to be inde-
pendent of nuclear mass changes.®

Secondly, the dipole moment of the molecule
may be calculated for the molecule in any given
vibrational state, and for any isotopic form, by
measuring the Stark effect in that vibrational
state in a known, homogeneous electric field. The
dipole moment may also be inferred from the line
intensities, since the absorption coefficient am.x in
cm™ can be shown to be

(472N ohv*u?/3R*T*Avc) exp[ —hcB,J(J+1)/kT],

where No=molecular density (molecules/unit

7
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F1G. 2. Theoretical spectrum of a rigid linear rotor, Separation of unperturbed lines=2B,. Frequency scale about.
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lines expanded to show relative shifts in Stark effect.

5 For an attempt to interpolate for S* mass, see C. H. Townes, Phys. Rev. 72, 513 (1947).

¢ Reference 1, p. 396-397.
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volume), A= Planck’s constant, »=resonant fre-
quency, p=dipole moment, k= Boltzmann con-
stant, T =gas temperature in °K, and Ay=half-
breadth of absorption at half-intensity. However,
the dipole moment may not be evaluated by this
method with facility or accuracy, since the
measurement of absolute absorption depends
upon so many things—e.g., the purity of the
sample, the calibration of the measuring system,
etc.

II. EXPERIMENTAL METHOD

Some knowledge of the structure of OCS is
available from electron-diffraction data.” Such
information is useful in calculating the reciprocal
moment to an accuracy sufficient for a prelimi-
nary prediction of the spectral line frequencies to
be expected in the microwave region. Alter-
natively, the bond distances may be calculated
from the resonant bond model of Pauling.® A

F1G. 4. Stark effect in OCSJ ..

7P. C. Cross and L. O. Brockway, J. Chem. Phys. 3,
821 (1935).

8 L. Pauling, Nature of the Chemical Bond (Cornell Uni-
versity Press, Ithaca, 1939).

number of investigators have studied the absorp-
tion of OCS in the 24000-Mc/sec. region®*and
Dakin, Good, and Coles? have reported some pre-
liminary Stark measurements.

The absorption lines studied by us were de-
tected with an apparatus which has come to be
known as a sweep spectroscope. The frequencies
were measured with a secondary frequency stand-
ard calibrated with the National Bureau of

F1G. 5. Stark effect in OCSJ.. (signal through
narrowband 6-kc/sec. amplifier).

¢ T. W. Dakin, W. E. Good, and D. K. Coles, Phys. Rev.
70, 560 (1946).
( ;:1‘6}‘)/ D. Herschberger, J. App. Phys. 17, 495 and 814
1 .

uC, H. Townes, A. N. Holden, and F. R. Merritt,
Phys. Rev. 71, 64 (1947).

12C. H. Townes, A. N. Holden, and F. R. Merritt,
Phys. Rev. 72, 513 (1947); Phys. Rev. 74, 1113 (1948).

BT, W. Dakin, W. E. Good, and D. K. Coles, Phys.
Rev. 71, 640 (1947).

4 A, Roberts, Phys. Rev. 73, 1405 (1948).



274

TasLE 1. Observed absorption frequencies.

Transition Frequency Refer-
Molecule J—=J4+1 n v w3 Mc/sec. ence
QusCr2sm 12 0 0 0 24325.92+0.01
1-2 010 24380.973-0.03
12 010 24355.53+0.03
23 000 36488.82+0.03
3—4 0 0 0 48651.64+0.05
4—5 0 00 60814.08+0.05
QL2833 1—2 0 00 24020.3 =+0.1 12
O16C1283+ 1-2 0 00 23731.33+0.03 13
3—4 0 0O 47462.40+0.05
O C1eS32 1—2 000 24247.82+0.03
1-2 010 24300.58+0.03
1—2 010 24274.8440.03
O1CuS 12 0 00 24173.0 £1.0 14
12 010 242240 +1.0 14
12 010 24197.0 +1.0 14

Standards frequency signals transmitted by
WWYV. We will outline only briefly both of these
instruments.

The sweep spectroscope is roughly of the type
in general use in the field of microwave spec-
troscopy.t® Figure 3 is a block diagram of the
apparatus. The absorption cell used for these
measurements consists of 9.75 meters of 3-cm
brass wave guide equipped with an electrode for
the application of the Stark field. Figure 3a
shows the electrode orientation.

Figure 4 is a picture of the O1%C'2S* absorption
J=1-2. The line is square-wave Stark-modu-
lated at a low frequency so that the unperturbed
and perturbed absorptions appear in alternate
time intervals. Figure 5 shows the same absorp-
tion as it appears through a 6-kc/sec. amplifier.
The sweep of Fig. 4 has been expanded con-
siderably compared with that of Fig. 5. The m =0
line is on the right; m = +1 line is on the left. It is
apparent that the sum of the individual absorp-
tions equals the unperturbed absorption (center)
and that their intensities obey the expected
€(22—m?) relation.

The type of frequency standard used is de-
scribed in Vol. 11 of the M.1.T. Radiation Labo-
ratory Series'®* and is shown schematically in
Fig. 6. The frequency standard ‘‘pip’’ is generated

B R, H. Hughes and E. B. Wilson, Jr., Phys. Rev. 71,
562 (1947).
16 M.I.T. Radiation Laboratory Series, Vol. 11, Tech-

nique of Microwave Measurements (McGraw-Hill Book
Company, Inc., New York, 1947), p. 345-375.
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by the beating of the frequency-swept signal
generator of the spectroscope with the frequency
standard signal. If this ‘“‘pip’’ is made to coincide
in time with an absorption line, the standard fre-
quency will be set at the line frequency plus or
minus the pip amplifier i-f frequency. Therefore,
the standard is set higher and lower than the line
frequency, by an amount equal to the pip ampli-
fier i-f frequency, and these two readings are
made. The average of these two readings is the
actual molecular absorption frequency.

IlII. EXPERIMENTAL DATA

Measurements of the OCS spectrum are given
in Table I. The J=1—2 and J=2—3 transitions
were measured with 2K33-type klystron gener-
ators. The J=3—4 and J=4—3 transitions were
measured with this same type of oscillator by
using the second-harmonic energy generated
when the fundamental radiation is applied to a
non-linear silicon crystal.

It should be noted that the error quoted is not
a probable error. The standard is adjusted to
WWYV to at least 2 parts in 107. Doppler shift in

MULTIPLIER
X 100

5MC/Sec

%}OOOOO MC/S t2¢cps
6400000 MC/S *2¢cps

B (SEE FIG.3)
8640000 MC/Sec CRYSTAL
19,6000 WC/sec "ARMONIC CONVERTER

@ SIGNAL GENERATOR
IN26 (2¢33)
UNKNOWN
FREQUENCY T SWEEP SPECTROSCOPE
&2 MC/Sec

'
1
g [oon ;
1
2 |awpuricr !
N 1
]
'
1]

|FREQUENCY “PiP*
t

CATHODE :IXA;R
FOLLOWER SPE(I:NER‘L A(SEE FIG3)

SPECTRAL LINE AND
FREQUENCY “PIP”

F1G. 6. Block diagram of frequency measurement scheme.
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TABLE II. Derived constants for OCS.
Term value parameters
Molecule Bocm™! Tooo X1074¢ g-cm? ¢Dy cycles/sec. cqg Mc/sec. caz Mc/sec. li:fce; ’
Q18CL2Sa2 0.202864 138.0 1600+50 6.34-4-0.01 —10.61+0.01
QuCuss 0.200319 139.7 12
Qs 0.197910 141.4 1400100
Q18C1sSa2 0.202216 138.4 6.43+0.01 —9.98+0.01
QuCus= 0.20159 138.8 6.7 +0.1 —9.4 +0.3 14
Internuclear distances
Refer-
ro(C =0) re(C =0) ro(C =S) re(C =S) ro(S=C =0) ence
Covalent radii 1.17A 1.54A 2.71A 8
0CO 1.1632 1.1615A 1
SCS 1.554 1
0OCS 1.1637+0.0013* 1.5586+0.0010* 2.7223+0.0003*
0CS 1.16 +0.02 1.56 =+0.03 2.72 +0.05 7

* Error determined from internal consistency of distances calculated from various isotopic forms; see text.

transmissions from WWYV due to fading appears
to be less than one part in 107 and WWYV itself is
claimed to be accurate to two parts in 108 The
absorption lines are generally less than 200
kc/sec. wide when measured and readings are
made to 4 parts in 107. The J=1-2 line of
O18C12S® has been measured many times over a
period of 3 months giving results which are con-
stant within £10 kc¢/sec. The error quoted is
thus large enough to insure reproducibility of the
lines measured.

These data may be immediately reduced to
yield the centrifugal stretching coefficient, the
moments of inertia of the molecules in the ground
vibrational state, and, to a rigid rotor approxi-
mation, the interatomic distances. These reduced
data are given in Table II. We have used
h=6.6242X107?" erg-sec., 1 a.m.u.=1.65990X
10—2¢ g, and in atomic mass units C*2=12.00386,
C18=13.00754, S*=31.98089, and S**=33.97711.

The J=1—2 transition frequencies agree,
within the experimental error, with those meas-
ured by Townes,? and Dakin, Good, and Coles.*?
Townes has also published values of the rota-
tional absorption frequency of OC1S® in the
ground vibrational state and of O*C1S# in the
doubly degenerate bending vibrational state.'?
We have measured the l-doubling in O'%C®S% and
Robertst4 has measured the I-doubling for
01C14S%2, This measurement of the reciprocal
moment of inertia in an excited vibrational state
allows the evaluation of the as-coefficient in the

expression for vibration-rotation interaction (Eq.
(3)). Values of a; and ¢ obtained are given in
Table II. Since the similar coefficients for the
interaction coefficients of the symmetric and
antisymmetric stretching vibrations are not also
known, this additional information is of no use at
present in evaluating the equilibrium interatomic
distances. Expressions due to Adel,'” A. H.
Nielsen,!®* and H. H. Nielsen!® are available to
calculate these unknown coefficients, but, unfor-
tunately, the vibrational potential function of
OCS is not well enough known to allow the coeffi-
cients to be computed with any accuracy. Of
course, the inverse process could be performed,
i.e., that of solving for the two unknown cubic
force constants, by using the known a,’s de-
termined from isotopic molecules. We have in-
vestigated this problem and feel that present
precision of the necessary data, the a:'s and the
centrifugal distortion coefficients, is not great
enough to yield significant values for these force
constants.

Dakin,!® Townes,!2 and their collaborators have
analyzed some of the factors limiting the accu-
racy of the determination of the dimensions of
OCS. We consider the most important corrections
are those due to zero-point vibrations.

Spectroscopic determination of molecular struc-
ture parameters is certainly not a new endeavor.

17 A, Adel, Phys. Rev. 46, 222 (1934).
18 A, H. Nielsen, J. Chem. Phys. 11, 160 (1943).
19 H. H. Nielsen, Phys. Rev. 60, 794 (1928).
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Rotation and vibration-rotation spectra in the
infra-red have long been used for such purposes.
In fact, the dimensions of OCO, a molecule
chemically and structurally similar to OCS, have
been obtained from rotation-vibration spectra
with corrections made for zero-point vibration.
This is, of course, possible only in a linear, sym-
metrical, triatomic molecule, since then only one
distance must be determined from the one equi-
librium moment of inertia. Only unsymmetrical
linear molecules possess the permanent dipole
moments necessary for pure rotational absorp-
tion. However, isotopic variations are readily
observed, and though corrections for vibration-
rotation interaction is very difficult, useful infor-
mation is still obtained by making the rigid rotor
approximation.

In the case of OCS the rigid rotor approxima-
tion is not a bad one, since it is the shift in fre-
quency of the absorption due to an isotopic
substitution upon which the interatomic dis-
tances are dependent. This may be seen roughly
as follows.

Since the a; themselves are a small correction,
and the change of the a; with isotope will be a
much smaller correction, we may assume a;/B, to
be constant to a zero order of approximation. The
equilibrium moments of inertia may then be
written as:

B,=B,+ X (aidi/2) =8B,
B,/=B,+Y; (a/d:/2) =8B,
where
B*=[14+ (X aid:/2B,)].

Ignoring the vibration interaction is thus roughly
equivalent to changing the interatomic distances
by the factor 8. In OCS the correction term
s aidi/2 can be as large as 60 Mc/sec. ; this will
make B2 about 1.01. Hence, the calculated
interatomic distances may be high by approxi-
mately % percent. The assumption that g is es-
sentially constant is apparantly good to a rather
high order, since calculations of interatomic dis-
tances from O¥C12S%2 and O18C12S34 from O8C13532
and O*%C12S%2 and from O6C1S32, O18C12S34 yield
identical results to about 0.1 percent, the error
listed in Table II.

It might be thought that a better approxima-
tion may be made to the interatomic distances by
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considering three isotopic molecules and solving
for the interatomic distances in terms of fre-
quency shifts alone. The purpose here would be
to use the data to yield equilibrium distances to a
higher accuracy since to zero order the vibration-
rotation interaction might cancel. However, this
is not the case. This is easily shown by solving for
the interatomic distance in terms of the equilib-
rium moment of inertia of the original molecule
1% and the equilibrium moment of inertia with
a center and end atom changed, I,° and I,° The
equilibrium distances then turn out to be:

ip= [ms®/ (m1*+m2) J[8,— 8]
P L (msd) (mad+ma0) —17
Y3 = (66_ 64:)/2 mov

where

d2=2 m° 3. m*(I,°—1.°)/(ms"—ms)
and
2= m* Y me(I0—1,°)/(ms®—my°).

By definition:

h 1
I—-1/ [

T 8x% | Bot T (adi/2)
1
_Bv’+2 (ai’di/z)]
3 h [1 1 LZa,"dg Za,d;]
= | ——— - )
8r% LB, B, 2B,? 2B,?

Again to zero order the a’s are proportional to B,
or to B, for the reasons stated above. Thus we
may write

(712)e = (7’12)0[1 - (Z aidi/ZBu)J*,
(r28)e= (r12)o[1— (X aidi/2B,) ]},

which are the identical expressions for the dis-
tances solved with only two isotopic molecules.

It is interesting to note the similarity of the
O—C and C—S distances in the related mole-
cules OCO and SCS. This is to be expected from
the simple resonant bond model of Pauling. These
comparison distances are given in Table II.

IV. STARK MEASUREMENTS

Stark measurements of the permanent electric
dipole moment of OCS are interesting in that
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they give the order of magnitude of the depend-
ence of the dipole moment on isotopic substitu-
tions. Figures 7 and 8 show the experimental data
for the Stark effect of the J=1-—2 transition in
01C12S%2 and O1CBS* as a function of electric
field strength. The dipole moments so determined
in Debye units are 0.73221 percent for O¢C!2S%
and 0.7224-1 percent for O'C®S®, The probable
statistical error is so low (0.25 percent) that the
main error in the determination of the dipole
moment is due to the error in the measurement of
the field strength. This is essentially a matter of
reading the voltage applied by the square-wave
generator, since it can be shown that field
inhomogeneities over the cross section of the
wave guide slightly broaden the observed line
without shifting it. The orientation of the central
Stark electrode is critical in that errors in center-
ing can cause appreciable shift of the Stark
components, as well as line broadening. The
septum centering in our apparatus is better than
0.5 percent. The applied voltage can be deter-
mined to better than 1 percent so that this is the
limit of error of the measurement. However, the
relative magnitudes are good to the probable
error of fit or to 2.5 parts in 10% The indicated
variation in dipole moment probably is due to the
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different zero-point vibration amplitudes in the
isotopic molecules.

Good, Dakin, and Coles® have previously re-
ported a preliminary value of 0.72 Debye unit for
the dipole moment of O'%C12S3 based on Stark
effect measurements. The dipole moment of OCS
has also been measured by the Debye method of
observing the temperature dependence of the
polarization of the gas. Zahn and Miles?® reported
a value of 0.68 Debye unit and Jelatis?* has re-
cently repeated the measurement and arrived at
a value of 0.72040.005 Debye unit for the
electric dipole moment. The latter measurement
checks well with our determination. The value of
the dipole moment measured spectroscopically is
independent of chemical impurities, as opposed to
the Debye method in which the presence of
impurities, especially those of a polar nature, may
cause appreciable error. It should be pointed out
that the spectroscopic value is determined for a
given vibrational state (zero vibrational here),
while the Debye method yields a statistical aver-
age of the dipole moment over all of the vibra-
tional states of the molecule excited at the tem-
perature of measurement.

20 Zahn and Miles, Phys. Rev. 32, 497 (1928),
2 J, Jelatis, J. App. Phys. 19, 419 (1948).
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FiG. 5. Stark effect in OCSJ.. (signal through
narrowband 6-kc/sec. amplifier).



