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Abstract

Extended measurements in the microwave rotational

spectrum of carbonylsulfide (0CS) are presented and correlated with
the data obtained by other investigators. Precision measurements of
rotational transitionsg for Jl—»z’ 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 O16 12832, ol 013 32 16012 34
internuclear distances have been calculated. Equilibrium noments of
lnertia and internuclear distances cannot as yet be given, since thus
far only one of the three vibrational-rotational interaction coef-
ficients (az) has been renorted. Theoretlcal considerations involving
such equilibrium data are discussed. Data on {-doubling in

018¢12g32  ol6g13432 016014532 e presented. The Stark effect
of carbonylsulfide has been measured in OlGGl“S and 016013532.
These nmeasurements lead to the evaluation of the dipnole moment and
indicate the effect of isotopic changes on the dipole monent.
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ROTATIONAL ABSORPTION SPECTRUM OF 0CS

Carbonyl sulfide (OCS) is known to be a linear molecule. In this
paper we have attempted to correlate exigting information regarding the
structure of this molecule which may be deduced from the rotational absorption
spectrum, 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 experimental and theoretical data
considered below,

1. General Theory

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

[»]
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W= I}(J+l) - 22]thv - EI(J+1) - 2?_] heD, (1)

where W is in ergs,
J = total orbital angular momentum guantum number
£ = quantum number of angular momentum parallel to figure axis due
to a degenerate bending vibration

h = Planck!s constant

c gspeed of light

B, = "peciprocal moment of inertia" in em™ L, L
DV = centrifugal distortion coefficient in cm ~.

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

Vyygep = 20B(J¥1) - oD, EJ+1)3 - 22(J+1)] . (2)

The "reciprocal moment of inertia" of the molecule in any vibra-
tional gtate is related to the moment of inertia w%th the atoms in the minima
of the vibrational potentials through the relation

B, = B - % u’i(vi +%i-) (3)
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where B = cn
e 8n21 c
e

Ie = ecuilibrium moment of inertis

i = 1index over all vibrational states
vy =, vibrational guantum number
di = degeneracy of vibration: 1,2, ...
a@; = coefficlient measuring vibration-rotation inter-

action in cm T,

It should be noted that this representation is the usual one; in
view of present knowledge it would te better, verhaps, to sum over 211 vibra-
tional states separately instead of grouping the degenerate ones. For
exomple, in a2 linear triatomic molecule it is known that the bending vibration
is doubly degenerate since two orthogonal nlanes may be passed through the
figure axigs. Yet the vibration-rotation interaction ig different for the two
degenerate vibrations, so that the rotational absorption has a doublet
structure when the molecule is in the bending vibrational state (v1 = Vg = O,
Vo = 1). This splitting is referred to as I-doutling. The difference of the
displaced rotational energy levels in the two bending modes 1g given by

My = hqJ(J+1) ergs, (4)

and the two absorption lines (J=2J+1) are detected at freouencies different
by

by = 2cq(J+1)

where Av is in cycles/sec, and q is a measure of the
difference of vibrational-rotational interactions, in cm—l.

In other words, the two bending vibrational modes have different
interaction coefficients (“2)5 1f the average is used in the standard form
for Bv the same resultis are obtained as if, more correctly, every mode were
suimed over independently. The theory of 2-tyve doubling has been discussed
by Herzberg2 and calculations have been made by H. H. Nielson and W. H.
Shaffers.

The term values may also be nerturbed by external fields. In the
vpresence of an electric field the energy levels of a nolecule with an electric
dipole moment are perturbed because of the interaction of the rotating dipole
with the statlec electric field, i.e., the Stark effect. This verturbation
energy for linear molecules in the ground vibrational stete is of second

order and has been chown to be4
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where m = magnetic cuantum number and ]m[s J
i = electric dipole moment

E
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electric fileld strength.

Thug, -the original transition has the sgpatial degeneracy vartly
removed and the frequencles for induced transitions are now given by

("Stark)J-—-)Jﬂ = ("o)J—wﬂ *hv (6)

The selection rule 4J = +1, Am = O apvlies when the Stark field is parallel
to the electric vector of the incident radiation, and this is the case in
thege experiments, This 1s called a m-type transition and is the only case
which will be congidered in this paper. When Am = O,

Ay = 6m>(16J° + 32J+10) - 87(J+1)2(J+2) ( uoES
= "J'E'J"+'?',7'(2'5_—1‘)_('2_:J+LT(_1 e 'z)z'u‘Tqu-s L 2

o]

The perturbation of the energy levels given by Ed. (5) are indicated in
Fig. 1. The zbsorption spectrum for a given isotopic configuration with and
without a Stark field is indicated in Fig. 2.

For the trangition J—J+1, &m = O, the square of the dipole
direction cosine matrix element has a J+1)2 ~ m_| dependence. Therefore,
the intensity of each component follows a € J+l)2 - m2 law; € = 1 when
m=0 and ¢ = 2 for O0< |m|$J, because of the spatial degeneracy of the
+ and -m levels,

The study of the rotational absorption spectra of a molecule with
various 1sotoplc compositions with and without known electric fields can be
used to deduce certain physical quantities.5 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
meny isotoplic forms of the molecule are studied as there are structural
parameters, Thus, in a linear unsymmetrical triatomic molecule with known
atomic masses My, Mo, Mg, the moment of inertia is a function of the two
interatomic distances, Tios Toze One may then solve the following set of
equations for the interatomic distances 1o and Toige
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Fig. 1. Energy levels in g rigid linear rotor.
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Fig. 2. Theoretical spectrum of a rigid linear rotor,
Separation of unpverturbed lines = 2B_. Frequency
scale about unperturbed lines expandgd to show
relative shifts in Stark effect.
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The primes refer to the isotoplcally 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 obgerved, the zero-polnt
vibrational energy can be eliminated and the equilibrium moment of inertia
can be evaluated. In this way the true equilibrium interatomlc distances can




be computed. The vibrational-rotationsl interaction energies rust be used
in the precise evaluation of the interatomic distances, since only the
eguilibrium distances may be assumed to be indevendent of nuclear mass
changes.6

Secondly, the dilpole moment of the molecule mey be calculated for
the molecule 1in any given vibrational state, and for any isotovnic form, by
neasuring the Stark effect in that vibrational stete in a known, homogeneous
electric field. The dlpole moment may also be inferred from the line

intensitles, since the absorption coefficient o 1n em ™t can be shown to be

4N nv*p®  -neB J(J+1)/kr

BT Ave
where No = molecular density (molecules/unit volume)
h = Planck's constant
v = resonant frecuency
L = dipole moment
k = Boltzmann constant
T = gas temperature in %k

Av = half breadth of absorption at half intensity.

However, the dipole moment may not be evaluated by this method +ith 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 messuring
system, etec.

2. Experimental Method

Some knowledge of the structure of OCS is avallable from electron-
diffraction data.7 Such information is useful in calculating the reciprocal
moment to an accuracy sufficient for a preliminary prediction of the spectral
line frequencles to be expected in the microwsve region. Alternatively, the
bond distances may be calculated from the resonant bond model of Pauling.

A number of investigators have studied the absorption of 0OCS in the
24000-Mc /sec regiong’lo’ll’lz’ls’14 and Dakin, Good, and Goleéghave reported
some preliminary Stark measurements.

The absorption lines studied by us were detected with an apparatus
which has come to be known as a sweep spectroscope. The frequencies were
measured with a secondary frequency standard calibrated with the National




Bureau of Standards freouency signels transmitted by WWV., 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 spectroscopy.l Figure 3 1s a block dlagram of the
apparatus. The absorption cell used for these meagurements consists of 9.75
rneters of 3-cm Dbrass waveguide equipped with an electrode for the applice-
tion of the Stark field. Figure 3a shows the electrode orientation.
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Fig. 3. Block diagram of microwave snectroscope.

Figure 4 ig a picture of the 016012832

absorption J = 1—=2, The
line is scuare-wave Stark-modulated at a low frequency so that the unperturbed
and perturbed absorntions appear in alternate time intervals. Figure 5

shows the same absorotion as 1t appears thru a 6-kc/sec amplifier. The sweep
of Fig. 4 has been expanded considerably 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 absorptions ecuals the unperturbed absorption

o o
(center) and that their initensities obey the expected €(2°-m™) relation.
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Fig. 4. Stark effect in COS Jq 5.

Fig. 5. Star: effect in COS Ji—n (S8ignal

through narrowbsnd 6-kc/sec ammlifier).

The type of frequency standard used is described in Vol. 11 of
the M.I.T. Radlation Laboratory Series18 and i1s shown schematically in Fig. 6.
The frequency standard "pip" is generated 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 frequency will be set at the line frequency plus or minus the pip
amplifier i-f frecuency. Therefore, the standard is set higher and lower
than the line freouency, by an amount egual to the pip amplifier i~f frequency,
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Fig. 6. Block diagram of frecuency neasurement schene,

and these two readings are made., The average of these two readings is the
actual molecular absorption frequency.

3, Exverimental Data

Measurements of the 0CS spectrum are given in Table I. The
Jd = 172 and J = 2-93 transitions were measured with 2K33-type klystron
generators., The J = 374 and J = 4—5 transitions were measured with this
same tyve of osclllator 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 guoted 1ls not a probable error.
The standard 1ls adjusted to WWV to at least 2 parts in 107. Doppler shift
in transmissiong from WWV due to fading apprears to be less than one part in
lO7 and WWV 1itself is claimed to be accurate to two parts in 108. The
absorption lines are generally less than 200 kc/sec wide when measured



TABLE I,

Observed Absorption Frequencies

. Frecuency
Molecule Tra ti e ¢ Reference
Jf§1+ in 1 V2 V3 Mc/sec.
01612432 12 000 24325,92 *+ ,01
1-+2 010 24380,70 * .2
1—2 010 24355,49 % .2
23 000 3648882 + .03
34 000 48651.64 + .05
45 000 60814,08 + .05
016012533 12 000 24020,3 =+ .1 (12)
061234 12 000 23751,33 + .03 (12)
3ewd 000 47462,40 + ,05
01613532 12 000 24247.82 + 03
12 010 24301.05 * .2
12 010 24275,75 * .2
016c14g%2 12 000 24173,0 * 1. (14)
1-+2 010 24224,0 + 1, (14)
12 010 24197.0 =+ 1. (14)
TABLE II, Derived Constants for 0CS
Term Value Parcmeters
Moleculs | B om™t I xlo'éogmz cD_ cycles/sec cq Me/sec Mc/sec | Reference
o 000 y CcLes/s q s S
016012532 | | 202864 128,0 1600 + 50 6.31 .03 |-10,54 # .1
16 12 33
0 C s 200319 139,7 (12)
0t6c12s34 | 197910 141.4 1400 # 100
06613532 | 202016 138.4 6.45 + ,03 |[-10,08 % .12
026614532 | 20150 138,8 6.7 £ 41 | =9.4 x .3 (1)
Internuclear Distances
ro(C=0) re(C=O) ro(c=0) re(G=S) rO(S=C=O) Ref.
Covalent Radii|1.17 A 1.54 A- 3.71 A. (»)
0Co 1.1632 1,1615 4. (1)
S0S 1.554 (0
0cs 1,1637 £ ,0013%* 1.5586 + .0010% 3.7228 + ,0003 %
0Cs 1.16 * .02 1,56 =+ .03 3,72 % 05 (4)

* Brror determined from internal consistency of distances calculated

isotopic forms; see text.

~10-
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and readings are made to 4 varts in 107, The J = 1-22 line of 0-9012%% nag

been measured many tines over a period of 3 months giving results which are
constant within * 10 kc/sec. The error cuoted is thus large enough to insure
renroducibility of the lines neacsured.

These data may be immediately reduced to yleld the centrifugal
stretching coefficient, the moments of inertia of the molecules in the ground
vibrational state, and, to a rigid rotor aprroximation, the interatomic
distances. Thege reduced data are given in Table II. We have used

-27 1 -24
h = 6,6242 x 10 erg-sec, H~ = 1,65990 x 10 gm, and in atomic mass units

1 o 3
¢'® = 12.00386, 0*° = 13.00754, S°° = 31,08089, and S°% = 33.97711.
The J = 1=92 frangition frecuencies agree, within the exverimental
error, with thoge measured by Townes}z and Dakin, Good and Coles}3 Townes

I»)
has also published values of the rotationsl absorptlon frecuency of 015c1°553

16412452 . . 2 e
6612592 11 the doubly degenerate

in the ground vibrational state and of O
16013832

bending vibrational state.12 We have neasured the {-doubling in O

[ -' N (o]
16614932 Tnig measurement of

and Ro’oertsl4 has nmeasured the {-doubling for O
the recinrocal nmoment of inertia in an excited vibrational state allows
the eveluation of the ag coefficilent in the expression for vibration-—
rotation interaction (Eq. (3)). Values of a, and q obtained are given in
Toble IT. Since the similar coefficients for the interaction coefficlents

of the symmetric and antisymmetric stretching vibratlions are not also known,

D

this additionel information is of no use at present in evaluating the
equilibrium interatomic distances. Expressions due to Adel,l7 A. H. Nielsen,l8
and H. H. Nielsen19 are avallable to calculate theseunknown coefficients,
but unfortunately the vibrational potentigl function of OCS is not well
enough known to allow the coefficients 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 ag's determined from
igsotopic molecules., We have investigated this problem and feel that present
rrecision of the necegsary data, the aB's and the contrifugal distortion
coefficients, is not great enough to yileld gignificant values for these
force congtants.

Dakin,l5 Tovnes,
the factors limiting the accuracy of the determination of the dimensions of
0CS., We congider the most important corrections are those due to zero-point

12 and thelr collaborators have snalysed gome of

vibrations.

Svectroscopic determination of molecular structure parameters 1is
certainly not a new endeavor. Rotation, and vibration-rotation spectra in
the infra-red have long been used for such purposes. In fact, the dimen-
silons of 0CO, a molecule chemically and structurally similar to 0CS, have
been obtained from rotation-vibration spectra with corrections made for
zero—-point vibration., This is of course pogsible only in a linear, symmetri-

-11.-



cal, triatomic molecule, since then only one distance must be determined
from the one ecuilibrium moment of inertia. Only unsynmetrical linear
molecules possess the nermanent dipole nonments necessary for pure rotational
absorption. However, isotonic variations are readily observed, and though
corrections for vibration-rotation interaction is very difficult, useful
information ie still obtained by making the rigid rotor approximation.

In the case of 0OCS the rigid rotor approximation is not a bad
one, since it is the shift in frecuency of the absorption due to an isotopic
substitution upon which the interatomic cistances are devendent. This may
be seen roughly as follows,

Since the oy themselves are a small correction, and the change of
the a; with lsotope wlll be g much smaller correction, we may assume ai/Bv
to be constant to a zero order of approximation, The equilibrium moments of
inertia may then be written as:

aid

- 1 _ L2
Be-lav+§ii2 = BB,
/

it ads ooy
Be—BV+zi2—5Bv

=Za,d

where 52 = (1.+ ——5%—1) .
v

Ignoring the vibration interaction is thus roughly eculvalent to changing

the interatomic distances by the factor f. In 0CS the correctlon term

%? idi/“ can be as large as 60 Mc/sec; this will make B about 1,01.

Hence the calculated interatomic distances may be nigh by apnroximately

% per cent. The assumption that B is essentially congtant is apparantly

good to a rather high order, since calculations of interatomic dlstances
16,12,32 and 016012834, O16 13832 and O c12 32

from 0°°C~~S
016015832, 0160‘12534 yield identical results to about 0.1 per cent, the error
listed in Table II.

It might be thought that a better anvroximation nmay be made to the

and from

interatomic distances by considering three lsotopic molecules and solving
for the interatomic distances in terms of frequency chifts 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 night
cancel, However, this 1s not the case., Thls ig easily shown by solving
for the interatomic distance in terns of the ecuillibriun monent of inertia
of the original nolecule Ieo, and the ecuilibrium moment of incrtia irith




a center and end atom changed, Iec and Iee. The eguilibrium distances
then turn out to be:

o
n
) 2 5 % ™ 5
my - tmg
T 7 m.©
o) e
my 0, .0 -1
el )
= be = 8
23 SmO
where o §5m°2ﬂme(Ie° - Iee)
§ ~ =
e 0 e
(m3 My )
O<r_C o c
2 En°=n (Ie - I )
and 80 = 5 S .
(m2 "13'12)
By definition:
’ h 1 1
e T g ' )
e e 2 a,d /
8m™e i1 a,d
B, +& ’ 151
v 3 B, + = 5
’
s (1.1 . Zaidi_zaidi .
= 2 \B B7 2 2
8m7c v v 2Bv 2Bv

Again to zero order the ai's are proportional to Be or to Bv for the reasons
stated above, Thus we may wrilte

=13~



EZa 14y
(r12)e = (rlz)v(l )

1
Eiai i)

(rp5) (rp) (1 -

e

which are the identical expressions for the distances solved with only two
isotopic molecules,

' It 1s interesting to note the similarity of the 0-C and C-S
distances in the related molecules OCO and SCS, This 1s to be expected from
the simple resonant bond model of Pauling. These comparison distances are
given in Table II.

4, Stark Measurements

Stark measurements of the permanent electric dipole moment of
0CS are interesting in that they give the order of magnitude of the dependence
of the dipole moment on isotoplc substitutions. Figures 7 and 8 show the
experimental data for the Stark effect of the J = 1—2 transition in
16612 32 16015 32 as a function of electric field strength., The dipole
moments so determined in Debye units are 0,732 + 1 per cent for '
016c12532 1na 0.722 + 1 per cent for 078018832, The probable statistical
error 1s so low (.25 per cent) that the main error in the determination of
the dipole nmoment is due to the error in the measurement of the field
strength. This 1s essentially a matter of reading the voltage applied by
the souare-wave generator, since 1t can be shown that field inhomogeneities
over the cross section of the waveguide slightly broaden the observed line
without shifting it. The orientatlion of the central Stark electrode is
critical in that errors in centering can cause appreciable shift of the Stark
components, as well as line broadening. The septum centering in our
apraratugs is better than 0.5 per cent. The applied voltage can be
determined to better than 1 per cent so that this is the 1limit of error of
the measurement. However, the relative magnitudes are good to the probable
error of fit or to 2.5 parts in 103. The indicated variation in dipole
moment probably is due to the different zero-point vibration amplitudes in
the lsotopic molecules.

Good, Dakin, and Coles9 have previously reported a preliminary
12832 baged 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

value of .72 Debye units for the dipole moment of 0160

_14—
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of the gas. Zahn and Milesgo reported a value of ,68 Debye units and

Jelat1521 has recently repested the measurement and arrived at a vzlue of
«720 *+ ,005 Debye units for the electric dipole moment. The latter measure-
ment checks well with our determination. The value of the dipole moment
measured spectroscoplcally is independent of chemical 1mpurities, as

opposed to the Debye method in which the presence of impurities, esvecially
those of a polar nature, may cause appreciable error, It should be pointed
out that the svectroscopic value is determined for a given vibrational state
(zero vibrational here), while the Debye method yields a statistical

average of the dipole moment over all of the vibrational states of the
molecule exclted at the temperature of measurement.

-] 6~
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