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Measurements of R and Q branch a-type pure rotational transitions in the frequency range from

8 GHz to 220 GHz are reported for ketene-d; and ketene-d, .

The microwave and millimeter wave

transitions were analysed in terms of Watson’s reduced Hamiltonian, including the sextic terms
Hpgy and Hji . The values of the inertial defect and the 7 defect obtained from the centrifugal
distortion analysis are in accord with the planar model for the ketene molecule.

I. Introduction

The importance of ketene for synthetic work,
coupled with the fact that it has a relatively simple
and symmetric molecular structure, initiated spec-
troscopic investigations comparatively early. It was
the subject of some of the earliest microwave
studies 173,

The analysis of the infrared vibrational spectra 4
and the microwave studies of pure rotational transi-
tions!™35 have given us information about the mo-
lecular geometry and confirmed the Cs, symmetry.
Thus, relatively dependable rotational constants
have been obtained for the H,, HD and D, sub-
stituted species 1 7%, It has also been concluded on
the basis of the vibrational and rotational spectra
that the ketene molecule is planar. This conclusion
came mostly from the symmetry properties of ro-
tational and rotational-vibrational transitions. There
has been only one paper, by Johns, Stone and Win-
newisser %, in which an inertial defect value for H,
ketene could be derived from the combined analysis
of infrared and microwave data.

In the present paper we attempt to fill some gaps
in the knowledge about the deuterium substituted
species. We have measured sufficient millimeter
wave transitions to perform the centrifugal distor-
tion analysis for both ketene-d; and ketene-d,.
These analyses have yielded, in addition to refined
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rotational constants, the quartic and sextic centrifu-
gal distortion constants, values of the inertial defect
and the v defect. Comparison of these inertial defect
values with values calculated from a normal co-
ordinate analysis supports strongly the planar model
for the ketene molecular structure.

The frequency predictions of pure rotational tran-
sitions together with their calculated standard de-
viations provide a basis for a possible search for
interstellar deuterated ketene molecules.

II. Experimental Procedures

Both deuterated ketenes were prepared using a
modified Hurd-lamp? by pyrolysing hexadeutero-
acetone and partially deuterated acetone. In the
process of producing ketene-d, , following the meth-
od reported by Moore and Pimentel 4, both normal
ketene and ketene-d, are also synthetized. We have
not attempted to separate these species since in the
vibrational ground state studies their presence has
caused no problems. The pyrolysis of acetone gives
a number of by-products apart from methane, prin-
cipally CO, and ethylene. These molecules are, how-
ever, nonpolar and therefore their presence in the
sample does not lead to disturbing lines in the ro-
tational spectrum of the ketenes. However, in order
to avoid pressure broadening of the ketene absorp-
tion lines a distillation procedure was applied to
remove all of the heavy methane and CO,, and most
of the heavy ethylene.

The measurements of centimeter wave lines be-
tween 8 and 18 GHz, and between 24 and 36 GHz
were carried out using a Hewlet-Packard 8460A
Molecular Rotational Resonance spectrometer. A
Stark modulation of frequency 33.33 kHz and a
two meter X-band Stark cell were employed.

The millimeter wave range rotational transitions
were measured by means of a spectrometer having
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a 2.5 meter free space absorption cell. The sources
of radiation were different OKI klystrons in the
frequency range 28 —45 GHz. By means of har-
monic multiplication the whole range between 50
and 250 GHz could be covered. In order to increase
the precision of the measurements and the detect-
ability of weak lines data acquisition utilizing a
PDP-8/I computer was applied, as described by
Winnewisser 8. This system provides an enhanced
signal-to-noise ratio by means of signal averaging
and smoothing. Frequency determination is per-
formed by the computer using a line-center calcula-
tion program ?. The accuracy of these measurements
is believed to be better than * 20 kHz for the stron-
ger lines.

Sample pressure in the room temperature cell was
in the range 10 — 50-1073 Torr.

III. General Features of the Pure Rotational
Spectra

The microwave and millimeter wave rotational
spectra of the deuterated ketene molecules show the
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structure expected for a-type transitions of slightly
asymmetric prolate top molecules. Although deute-
ration introduces more asymmetry than is the case
for normal ketene, the asymmetry parameters do
not change significantly. The value of % is — 0.99722,
—0.99489 and —0.99144 for ketene-h,, ketene-d;

and ketene-d, respectively.

The appearance of the pure rotational spectra is
governed by the small asymmetry and the sizeable
centrifugal distortion effects. The intensities basi-
cally follow a prolate symmetric top intensity dis-
tribution, which is further regulated by nuclear spin
statistics. For ketene-d, the statistical weight of the
anti-symmetric levels is half that of the symmetric
levels, so that transitions originating from levels of
even K, have half the weight of those originating
from odd K, levels.

Figure 1 compares the K, pattern obtained for
the three isotopically substituted ketenes for the
transition /=9 <8 (the data for ketene-h, were
taken from the work of Johns, Stone and Winnewis-
ser 8). Deviations from the rigid-rotor pattern are
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Fig. 1. The K, patterns of typical a-type “Rbranch pure rotational transitions for the ketene species.
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Fig. 2. Ground-state and excited state a-type “R branch rotational transitions of CD,CO. Both upper scale, giving the fre-
quency of ground state lines, and lower scale giving B’eff=v/(2 J+2) for excited state lines refer to the observed spectrum

at the top of the Figure.

indicated. Thus it is seen that band heads are
formed by the slight asymmetry, enhanced further
by the centrifugal distortion effects. This enhance-
ment is the smallest for ketene-d, since it is the
heaviest and least symmetric of the three species.
The regularity of the K, pattern proved to be a
great help in the spectral assignments.

On-line signal averaging and smoothing made it
possible to observe weak vibrational satellites be-
longing to the three lowest frequency vibrational
states. Figure 2 depicts a typical R-branch transition
and indicates a few lines originating from excited
vibrational states. It was possible to observe the
very small K, = 3 asymmetry doubling in the ground
vibrational state and also in the excited vibrational
states. The inserts of Fig. 2 show a magnified view
of these doublets as they actually appear on the
screen of the oscilloscope. The analysis of these
excited states will be published separately.

IV. Assignment of Rotational Transitions

The approximate assignment of the rotational
spectra presented no difficulties since rigid rotor

predictions were available !* % %: 19 The number of
a-type R branch transitions was 87, while there
were 18 a-type Q branch transitions measured for
ketene-d,. For ketene-d; 49 R branch transitions
and 12 Q branch transitions have been measured
and used in the least-squares calculations.

Approximate centrifugal distortion parameters
were at our disposal as preliminary results of recent
normal-coordinate calculations 1. These we used in
a simplified centrifugal distortion program utilizing
Polo’s expansion formulas !2, written for the PDP-
8/I computer.

Further refinement was done through a boot-
strap procedure using an asymmetric rotor
fitting program described by Johns and Olson 3.
The bootstrap method consisted in the first stage
of fitting the observed lines to quartic distortion
constants only. Later it was found necessary to in-
clude two higher-order, sextic distortion constants,
H;x and Hg;, to remove most of the residual er-
rors. A discussion of the trends in the residual er-
rors is given in Section VI.
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V. Treatment of Centrifugal Distortion Effects

The centrifugal distortion analysis of the rota-
tional spectra has been performed using Watson’s
reduced Hamiltonian operator formalism in the I'-
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axis representation, constraining R to zero. The
form of the operator below indicates that, of the
sextic distortion coefficients, only Hg; and H, g
have been determined in our calculations [for the
complete form, see Eq. (37) in Ref. 1] :

Hya=[1/2(B+C) 2 +{A—-1/2(B+C)} 12— A;(J3)% — Ajx P12 — Ag It + Hyx(J)2 12 +Hgy I 1 2]
+IUR—12){14(B-C) =8, P — k]2 +{1/4(B—C) =8, 12 — 8¢ 12} (J2—12)]

where J, J,, J, and J. are the operators for the
total angular momentum and its components, and
the square brackets indicate that the first group of
operators is diagonal in K, while those in the
second bracket are off-diagonal in K by two units.
The form of the second bracket also indicates that
J.2 does not commute with (/32— J.2). The reduced
rotational constants are given in Tables I and II for
the two deuterated species of ketene.

Table I. Spectroscopic constants of CD,CO for Watson’s

reduced Hamiltonian in the Ir axis representation 2.
12 141503.7 (3.4) MHz
B 9121.2370 (37) MHz
o 8552.2946 (37) MHz
Vilg 2.7085 (30) kHz
Ak 0.321389(38) MH:z
Ak 4.3228 (fixed) MHz
7 0.21972 (50) kHz
oK 0.2030 (19) MHz
Hjk 2.97 15) Hz
Hgj —0.14188 (49) kHz
A=I—1,—1Ip 0.114457 (83) amu-A2b

x=—0.991441

2 The standard deviation of the fit is 19.7 kHz. Numbers in
parentheses are standard errors.

b The value of the conversion constant;
const=1Ip (amu-A2) - B(MHz) used in this work is 505379;
as calculated from the latest values of h=6.626176(36) -
10—27 erg-sec and the Avogadro constant: 6.022045(31) -
10> mol—1 (Ref. 24).

Since the difference (4 — A4g) can be determined
from a-type rotational transitions alone, but the two
constants 4 and Ak separately cannot, we have ap-
plied the following procedure. The value of Ag was
first fixed at an estimate provided by normal-co-
ordinate analysis utilizing the normal frequencies
of all three isotopically substituted ketene species,
their available centrifugal distortion constants and
some a-type Coriolis zeta coefficients. The transi-
tions were then fitted to the given Hamiltonian and
a first approximation was obtained for the quartic

Table II. Spectroscopic constants of CHDCO for Watson’s
reduced Hamiltonian in the IT axis representation 2.

4 194352.2 (22.9) MHz
B 9647.543  (15) MHz
Vs 9174.166  (15) MHz
Ag 3.1637 (67) kHz
Q7K 0.326970 (77) MHz
Ak 13.6709 (fixed) MHz
87 0.22525 (92) kHz
Sk 0.2392 (74) MHz
Hik 279  (40) Hz
Hgy_ —0.2779 (14) kHz
A=l Ta—Ts 0.10264 (30) amu-A2b

%=—0.994889

a2 The standard deviation of the fit is 23 kHz. Numbers in
parentheses are standard errors.
b see footnote to Table I.

distortion constants. On the basis of these improved
centrifugal distortion data another normal-coordi-
nate analysis was made yielding now a modified
Agk-value. In the end two of the sextic distortion
coefficients were also used in the refinement calcu-
lations. A comparison of our final, converged set of
distortion constants to the normal-coordinate results
is given in Tables III and IV.

In this way we have obtained better determined
values for the A rotational constant and for the

Table III. Comparison of least-squares values of quartic
distortion coefficients of CD,CO to the results of normal-
coordinate calculations 2.

L.S. N.C.
A7 2.7085 (30) 2.652 kHz
Adik 0.321389 (38) 0.33218 MHz
Ak 4.3228 (fixed) 4.6103 MHz
87 0.21972 (50) 0.2194 kHz
K 0.2030 (19) 0.202 MHz

a Although here the comparison is made between two sets
corresponding to different values of Ax, the differences
of N.C. calcd. values corresponding to slightly different
Ag are within the standard errors for the L.S. values.
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Table IV. Comparison of least-squares values of quartic
distortion coefficients of CHDCO to the results of normal-
coordinate calculations 2,

L.S. N.C.
A7 3.1637 (67) 3.160 kHz
AJK 0.326970(77) 0.33138  MH:z
Ak 13.6709 (fixed) 14.4657 MHz
Ly 0.22525 (92) 0.2283 kHz
9K 0.2392 (74) 0.238 MH:z

a See footnote as for Table III.

Table V. Watsons’s determinable spectroscopic constants

for CD,CO [MHz], 7,* =1,/ (A+B+C).

Norm. Coord.
calc. values

(Ref. 11)

A 141503.7 (3.4)

B 9121.1574 (37)

¢ 8553.0279 (37)

7' agaa —18.58759 (16) —19.78069
T bbbb —0.012592 (16) —0.012365
T’cccc —0.0090762 (79) —0.008854
Ty —1.31806 (19)

7, —0.0793027 (77)

Az —0.000114 (25)

inertia defect than would have been possible from
just the a-type rotational transitions. A better meth-
od for solving this problem would, of course, be a
simultaneous fit to some perpendicular ro-vibrational
infrared transitions together with the a-type rota-
tional transitions. No higher-resolution ro-vibra-
tional data is, however, available to date on the
deuterated ketene species.
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Table VI. Watson’s determinable spectroscopic constants
for CHDCO [MHz], 7,*=1,/ (A+B+C).

Norm. Coord.
calc. values

(Ref. 11)

A 194352.2 (22.9)

9647.398 (15)

9174.978 (15)
T’ aaaa —56.00414 (34) —59.20114
bbb —0.014457 (34) —0.014464
T cece —0.010853 (19) —0.010811
T4 —1.34585 (39)
,* —0.068273 (31)
At —0.000040 (63) [undefined!]

VI. Discussion

a) Discussion of the Results of Centrifugal
Distortion Analysis

It is possible to transform the spectroscopic con-
stants obtained as Watson’s determinable combina-
tions of the Kivelson-Wilson quartic coefficients to
calculate the so-called derived spectroscopic con-
stants: A, B, C, T gatt» B* Tapat » Tppee and 7'ceaq 1
This transformation involves the use of planarity
conditions, rigorously valid only for equilibrium
values of the quartic distortion coefficients. These
planarity conditions were originally given by Dow-
ling 1, and by Oka and Morino 1% 7. We shall use
these and similar planarity constraints following
Kirchhoff 1® and Cook et al. 1% 2% to provide several
alternative sets of derived parameters. The following
treatment is outlined in a paper by Yamada and
Winnewisser 2! and the present results are contained

in Tables VII and VIII. The equations following

Table VII. Spectroscopic constants derived from determinable parameters via different planarity conditions for CD,CO a.

Version 1 2 3 4 5 Norm. Coord.
calc. (Ref.11)

A 141503.7 (3.4) 141503.7 (3.4) 141503.7 (3.4) 141503.7 (3.4) 141503.7 (3.4) MH:z

B 9121.1855(37) 9121.1855(38) 9121.2045(37) 9121.1855(37) 9121.1951(37) MHz

C 8552.3460(37)  8552.3473(38) 8552.3270(37) 8552.3459(37) 8552.3364(37) MHz

14 3.571489(85) 3.571489(85) 3.571489(85) 3.571489(85) 3.571489(85) amu-A?

Ip 55.407162(25) 55.407162 (26) 55.407046 (24) 55.407161(25)  55.407103 (25) amu- A2

I¢ 59.092441 (25) 59.092432 (26) 59.092572(24)  59.092441(25) 59.092507 (25) amu-A?

4 0.113790(38) 0.113781(37) 0.114036 (82) 0.113790(38) 0.113915 (60) amu- A2

7 aabb —1.36380(78) —1.36128 (34) —1.4017(75) —1.36396(81) —1.3831(43) MHz

T'bbee —0.010556 (11) —0.010556(11) —0.010556(11) —0.010394(17) —0.0104760(26) —0.010317 MHz

' ccaa 0.05630(61) 0.05630 (60) 0.0942(73) 0.05630 (60) 0.0755 (40) 0.0649 MHz

A Taabd 0.14125(69) 0.14125 (68) 0.14125 (68) 0.14125(69) 0.1631 (45) 0.1572 MHz

R Tabad —0.75253(73) —0.75127(51) —0.7715(41) —0.75261(75) —0.7731(44) —0.7861 MHz

Rg x 108 —8.69 —8.69 —8.69 —13.8 —11.2 MHz

Sypq % 108 6.12 6.12 6.12 9.7 7.9

a see footnote to Table I.
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Table VIII. Spectroscopic constants derived from determinable parameters via different planarity conditions for CHDCO a.

Version L 2 3 4 5 Norm. Coord.
calc. (Ref. 11)

A 194352.2(22.9) 194352.2(22.9) 194352.2(22.9) 194352.2(22.9) 194352.2(22.9) MH:z

B 9647.476 (14) 9647.476 (15) 9647.490 (15) 9647.476 (15) 9647.483 (15) MH:z

C 9174.233 (14) 9174.234(15) 9174.219 (15) 9174.233 (15) 9174.226 (15) MH:z

14 2.60033 (31) 2.60033 (31) 2.60033 (31) 2.60033 (31) 2.60033 (31) amu-A?

I 52.384582(88) 52.384582(91) 52.384504(85) 52.384582(88) 52.384542(86) amu-A?2

Ic 55.086785(88) 55.086780(91) 55.086871(85) 55.086785(88) 55.086829 (86) amu-A2

A 0.10188(14) 0.10187 (14) 0.10204 (30) 0.10188(14) 0.10196 (22) amu-A?

7’ aabb —1.4895 (24) —1.48800(96) —1.518(30) —1.4896 (24) —1.504 (16) MH:z

T bbee —0.012384(26) —0.012384(26) —0.012384(26) —0.012310(44) —0.0123477(80) —0.012350 MHz

7 ccaa 0.1560 (20) 0.1560 (20) 0.185(29) 0.1560 (20) 0.171(16) 0.1711 MHz

A4 Taapd 0.3105 (22) 0.3105 (22) 0.3105(22) 0.3105 (22) 0.327(18) 0.3372 MHz

h* Tavan —0.9000 (23) —0.8992 (16) —0.914(16) —0.9000 (23) —0.915(17) —0.9297 MH:z

Rgx 108 —847 —8.47 —847 —10.8 —9.6 MH:z

Sy x 108 7.18 7.18 7.18 9.1 8.1

a gee footnote to Table I.

from the planarity conditions are summarized here
for the different versions 1 through 5 (see also
Yamada and Winnewisser 21).

Version 1

These planarity equations are obtainable from
those of Dowling !5 and have the following form:

[ B2 A? A? B?
hir bb=l 2 ——57 ——_‘[,bbbb-l-—*—‘[’ g
aa / Wz aaaa ~ "p2 Ct cccc‘
. B2 C2 5 CQ ” B? . ]
Ibbcc=1/2 . 44 T aaaa +‘B§7 bbbb‘i‘ﬁr cecee |»
/ 2, A*C* 42,
T wacc = 1/2{-'_?7 aaaa " pg T bbbd +_C—2’1 cece |+

In terms of these quantities the rest of the derived
constants are calculated from:

MRS [11 - (h4 Taabb + 7’bbcc + 7’aacc) ]/2 s
¥ aabtr="F4 (Taass + 2 Tavap) »
and the 7 defect, as derived from Eq. (67) in Wat-
son’s paper 4 is:
At =7 g — (1s—C 11)/(A +B) .

The 7 defect is a rather sensitive function of 7,.
7, and 7, were calculated according to

= T,aabb + T,bbcc a3 t’aacc
and
T3= —2(24—B—C)4; +4(B—C) (8;+0x)

—2(B+C)(4;x+34y),

which is identical to the equation for 7, in Cook,
De Lucia and Helminger 22 (see Table VI there).

Version 2

... ’ ’ .
The quantities 5 74405, T ppcc and T gecc are as in
Version 1, but:

h Tabab = {72 = (A T,bl)cc + B r,aacc‘*‘ C ht Taabb) }/2 C.

Version 3

The quantities 5% 74055 > T ppcc and B tpqp are as
. . . » . .
in Version 1 and 2, while 7 44 is given by

4 4 ’ A+B
Taacc={rcccc—AT—IbbCC(A_C)/(A_I_B)}FjE.

Version 4

The quantities 4 74upp and 7'ccqq and i 7454, are

as in Version 1, but:
i B-C
— T qacc m

Here %* 7,44 is calculated as in Version 1, while
the rest of the quartic constants are obtained from:

A+B

T’bbcc = {T,cccc —dr .
A-C

Version 5

ht Taabb =
-C , B-C ,
[ — (1, —1/C)/C — g w5 T aaaa}/
A-C B-C
A2 B2 -
’ Rt 44 7
T pbec = C* { A2 - ;;be } ’
’ T,aaaa ht Taa
T aacc = c? {—Ag— ST Tﬂﬁ} .



TABLE IX. ORSERVFI AND CALCULATED FRIQUENCIES OF D02C0 IN NHZ

TRANSITION 0BSERVEN CALCULATED FREQUENCY 28S.-CALC,. ENERGY LEVELS IN CM-1 REMARKS
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE

** po TYPE R BRANCH **

100, 1) = 0C 0y O) 17673.5723(1.0) 17673,5268( 6,0009) 0.0512 04590 0.000
20 0y 2) = 100, 1) 353454162701, 9) 353L5,1563¢ 2,0317) 340054 1.769 0.530
201, 1) = 1 1, 0) 35913.8191(1.0) 35913,8133( 0.0017) 0.0051 6.222 5.024
201, 2) - 101, 1) 36777.5713(1.0) 34777.5573( 0.0117) 0.0037 6.165 5.005
3004 3) = 200y 2) 53013.0360(1.C) 53013.0237( 0.0025) 0.0123 3.537 1.769
301, 2) = 201, 1) 53869,4147(1,0) 53869.4153( 0.0326) -0.0018 8.019 5.222
301, 3) = 201, 2) 52165.,2500(1,0) 52165,0758( 0.0024) =1.0258 7.905 6.165 Ref. 25
302, 1) = 202, 0) 53019.3460(1.0) 53019.8555( 0.0321) -0.0098 214236 19,467
302, 2 = 202y 1) 53012,5830(4,0) 53012.5768( 0.0021) C.0062 21.235 19,467
L0 0y, &) = 3( 0y 3 706754245301, 0) 79675,237%( G,0331) 0.0079 5.894 3.537
LU 1, 3) = 314, 2) 71823,4592(1,0) 71823.4464 ( 2.0030) J.0128 10,415 8,019
L1, 4) = 301, 3 69551,5648(1.0) 63551,0593( 0,0030) C.0055 10.225 7.905
Wl 2, 2) = 302y 1) 70699.9342(1.7) 70699,9453( 0.00326) =3.0115 23,594 21.236
L0 2y 3) = 302y 2) 70681.,7524(1,0) 70681,7493( 0.0026) 0.0025 23,593 21.235
40 3, 1) = 3(3, 0) 70673.8281( 0.0325) 454709 43,352
40 3, 2) = 303, 1) 7L673,3173(1,3) 71673.8063( 0.0025) C.0110 45,709 43.352
5 0y 5) = 4l 0y &) 88329,9365(1.0) 88329.9151( 0.0336) 0.0205 8.841 5.894
S 1, 4) = 4( 1y 3 89775.,3875(1,:) 83775,3737( 0.0334) 0.0138 13,409 10,415
SC 1y 5) = L 1, &) 86935,5158(1,0) 86935.0173( 0.0334) -0.0020 13.125 10.225
502y 3) = 402, 2) 88385,3603(1,2) 88385.8550( 0.0330) -3.0057 264542 23,594
SE 2y, 4) = 402, 3 AR349,4655(1,0) 83349.,4781( G.G030) =3.0126 264540 23,593
S 3, 2) = 4( 3, 1) 88343.5072(3.0) 88343.5751( 0.0928) -0.0679 48,656 L5709
503y 3) = 4( 3, 2) 383463.5072(1,0) 88343,4393( 0.0028) 3.0082 48,656 45,709
SC by 1) = L 4y 0) B8318,4834(1,3) 88318,4963( 0.0236) -0.0129 79.606 764560
SC by 2) = 4l 1) 88318,4963( 0,0036) 79.606 76.660
60 0y 6) = 5( 0y 5) 165975.1769(1, 1) 105975.1824% ( 0.0039) -0,0055 12.376 3,841
B( 1, 5) = 5( 1,y &) 107724.6613(1,9) 107724.6581( 0.0336) 0.0037 17.003 13,409
5( 1, 6) = S( 1, 5} 1.431644567(1.0) 104316.,4587( 0.0036) -0.0020 16,605 13.125
Bl 2y L) = 5( 2y 3) 10607941735(1,3) 106079.0674( 0.0032) 0.0061 30,081 264542
6( 2y 5) = S( 2y 4) 106315.4106(1,0) 106015.6001 ¢ 0.0032) 0,0105 304076 25,540
50 3, 3) = 5( 3, 2) 10601441123(C.3) 105014%.2220( 0.6330) -0.0897 524192 484656
5C 3y, 4) = 5( 3, 3) 1.6014,1123(0,0) 106013.9991 ( 0.0330) 0.1132 52.192 48,656
Bl by 2) = S5( 4y 1) 105982,8855( 0.0338) 33,141 73,636
60 by 3) = S by 2) 105982.3734(1,0) 105982,8854 ( 0,0338) -0.0120 834141 794636
6( 5, 1) = 5( 5y G) 10594547836 (1, 0) 105345,7938( 0.0054) =2.0102 122,911 113.377
5L 5y 2) = S 5, 1) 105945,7933( 0.0054) 122.911 119,377
7003, 7) = 6(0, 6) 123609,1589(1,3) 123609.1674( 0.0043) -C.0085 16,499 12.376
7C 1, 6) = 6( 1, 5) 1256704766401, 0) 12567047513 0.0037) 0.0151 21.195 17.003
7C 1y, 7) = 6( 1,y 6) 12169449049 (1, 0) 121694,8983( 0.0337) 0.0066 20 4564 164605
702, 5) = 602y &) 123781450534, 1) 123780.9924( 0.0333) 0.013% 34,210 304081
702, 6) = 6( 2y 5) 123679.1583(1,0) 123679.15649( 2.0134) C.0031 34,202 30.076
70 3, 4) - 60 3, 3) 123685.,5782(0.0) 123685,9350( 0.0030) ~0.2268 56.318 52.1932
703, 5) = 60 3, &) 123685.4397(1.0) 123585.4485( 0.0330) -0.0088 56.318 524192
70 by 3) = B 4y 2) 123647,6513( 2.0340) 87.265 83,141
70 by 4) = B Ly 3 123647.5443(1.3) 123647.6505( 0,00%0) -0,0062 37,265 83,141
705, 2) - B(5, 1) 123603,6938( 0.0355) 127.034 122,911
705, 3) = 6( 5, 2) 1236303.7011(1,3) 123603.6938( 3.0355) 0.0073 127,034 122.911
706y 1) = 6( 6y 0) 123551.3572( 0.0072) 175,608 171,487
70 6, 2) = 6( 6y 1) 123551,3572( 31.0272) 175.608 171,487
8 Dy B8) = 705, 7) 161230,4299(1.19) 141230.0165( 0.0949) 0.0133 21.210 15,499
R 1, 7) = 7( 1, 6) 143613,1993(4,0) 143613,0935( 0.0337) 0.0062 25.985 21,195
RC 1y 8) = 7C 1, 7) 139069.9503(1.0) 139069.8639( 0,0337) -0.0136 25,303 20,664
8L 2, 6) = 7( 2y 5) 141693..621(1.0) 141433.0695( 0.0034) =0.0074 38,929 34.210
R( 2y 7) = 702y 6) 141340,3872(1,0) 141340,3815( 0.0035) 0.0056 38.917 34,202
80 3, 5) = 70 3, 4) 141358,3762(143) 141358.89C3( £.0329) =31.0147 514033 554318
B( 3, 6) = 7( 3y 5) 141357,3575(1,0) 14135749779 G.0J30) -0.0204 61,033 55,318
30 by 4) = 70 b4y 3) 141312.3373(1.3) 141312,8553( 0,0039) =0.0190 31.979 87,255
BC by 5) = 70 b4y &) 1413124337301, 6) 141312.8564 ( £.0039) -0.0171 91,979 87.265
8C 5, 3) = 7( 5, 2) 141261.7115(1,3) 1461261,7173( 0.0353) -0.0058 131.746 127,034
B( S5y 4) = 705, 3) 141251.7173C 7,0353) 131.746 127.034
8( 6y 2) = 70 6y 1) 141201,4495(1,0) 141201.4395 0,0366) 0.0100 130,318 175,508
8( 6y 3) = 7 6y 2) 161201.4396( 0.0966) 186,318 175.608
80 7, 1) = 707, 0) 1411304805400, 0) 141130,7062( 0.0086) 0.0992 237.677 232.970
8C 7, 2) = 707y 1) 141130,7062( £.0386) 2374677 232.970
9C 0y 9) - B( &y B) 158835,8907(1.3) 158835,8375( 0.0350) =2.0069 26,508 21.210
90 1y 8) = B( 1, 7) 16155141103€1,¢) 161551.1128( 0.0038) -0.6028 31.374 25.985
9( 1, 9) - 8 1, 8) 156440,8934(1,10) 1554408943 ¢ 0,0039) -0.0015 33,521 25,323
(2, 7) = B( 2y 6) 1592167173 (1,0) 1532156,7041( 0,0038) 0.0129 Lho240 38.929
9( 2, 8) = A(2, 7) 158998.7141(1.0) 158938.7194( 0.0039) -0.0053 44,220 38.917
9C 3, 6) = A( 3, 5) 159533.3625(1.0) 159033.3795( 0.0029) =0.0170 554338 61.033
A 3, 7) = B8( 3, 6) 159031.7017(1,9) 153031.7053( 0.0330) =0.0042 564338 51.033
90 by 5) = Bl Ly 4) 158978,5485(1.3) 15897845638 ( C.0039) -0.0153 37.282 91.979
9 4y 6) = B( Ly 5) 158978,5591( 0.0039) 97.282 91,979
9 5, 4) - B( 5, 3) 158919,3775(1.0) 158919,8813( 0,0352) -0,004% 137,047 131,746
9( 54 5) = A( 5, &) 158919,8813( 0,0352) 137,067 1314746
3 6, 3) = B( 6y, 2) 158851,5039(4,0) 15885144774 ¢ 0.0159) 0.0265 185,617 180,318
9t by 4) = B 6y 3) 158851,4774%C 0,0959) 135,517 180,318
90 7, 2) - 8( 7, 1) 153771.5993(1.0) 158771.5625¢ 0.0071) 0.0273 242,973 237.677
90 7, 3) = A( 7, 2) 158771,5625( 3.6271) 242,373 237.677
a( 8, 1) - 8( 8, 0) 158679.1422(1.3) 158679.1711( €.0128) -0,0289 3094093 303.800
9( 8, 2) - B8( 8, 1) 158679.1741 (¢ 0,0128) 303,093 263,800
150 3,10) = 9C &y 9 176425,2058(1,3) 1754625.0414( 0,0079) -0.0056 32,393 25,508
100 1, 9) = 9 1, 8) 179484.2395(1.0) 179484,2213( 3.0243) 0.0177 37.361 31,374
130 1,100 = 9C 1, 9 173807.5450( 0.0048) 364319 30.521
130 24 8) = 9C 2, 7) 176953,7673(1,0) 17595342589 ( 0,0347) =3.0011 504143 44,243
160 24 9) = 9 2, 8) 176653,3225(1. G) 176653,8078( 0,0349) 040147 504113 44,220
12( 3, 7) = 9( 3, &) 176709.5325(1.2) 176703.63857( 0.0033) -0.0132 72,233 654339
10C 3, 8) - 9( 3, 7) 176706,7263(1,3) 17670647363 ( 0.0034) =G.0109 72,232 66,338
10C 4y 6) = 9 L4y 5) 17664443133(1.2) 175644 R371 ( 3.0042) -J.0261 133.174 97.282
10C &4, 7) = 9( 4, 6) 17564448263 ( 0a0042) 133,176 97,282
100 54 5) = 9( 5, &) 176578.2C82(1,1) 175578,2053( 0.0054) 2.0029 142,337 137.047
130 55 6) = 9( 5, 5) 176578,2053( 1,0354) 142,937 1374047
1.0 6y ) = 9C 6,y 3) 176501.5027(1.0) 175501.,4650( 0,9359) 0.0377 131.504 185.617
100 6, 5) = 9( 6, &) 176501.4653( 0,6059) 131,504 185.617
100 7, 3) = 9(7, 2) 176412.2952(1.0) 175612.2489( 0.0365) 0.0463 248.858 242,973
100 7, &) - 9C 7, 3) 176412.2489( 0.0365) 248,858 242,973
10( 8y 2) = SC 8, 1) 176309.3066(1.0) 176309,3362( G.0126) =0.0335 3144974 309.033

100 A, 3) = 9( 8, 2) 175332,3342( 2.,0126) 316e374 303.033
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TasLE 1X, 0BSERVFD AN CALCULATED FRzQUENCIES OF DD3CO0 IN MHZ (CONTINUED)
TRANSITION DASEIVED CALCULATED FRIQUENCY 335,-CALC. ENERGY LEVELS IN CM-1 REMARKS
UPPER LOWER FREQUENSY (STANDAPD DEVIATION) UPPER LOWER
STATE STATE (MEIGHT) STATE STATE
10( 9, 1) - 9( 9, O) 176191,A533( 0.0267) 389,827 3834950
100 9y 2) = 390 gy, 1) 1756131,8533( ,0267) 389.827 383.950
11 0,11) = 10¢ 0,10) 193995.6049( 5.0107) 38.864 32.3933
110 1,10) - 16t 1, ©) 197411,8163( 1.0057) 43,946 37.361
110 1,11) = 10( 1,10) 191159,3838( 0,0065) 42.696 364319
1102y 9) = 13 2, 8) 194704,0896( 0,0064) 564637 S0.143
110 2,18) = 10¢ 2y, 9 194335.2865( 0.0065) 56,594 50.113
110 3, 8) = 10 3, 7) 134387.8205( 0.0044) 78.717 72.233
110 3, 9) - 10( 3, 8) 134383.1595( 0.0045) 78.716 72.232
110 &y 7) = 10( 4, 6) 194711.7393( 0.0051) 119.656 153,174
110 &y 8) = 10 4y 7) 194311,7196( 0.0051) 109.656 103,174
111 S, 6) - 10( 5, 5) 194236,7353( 1.0357) 1694416 142,937
110 5, 7) = 10( 5y 6) 194236.7053( 0.0167) 149,416 142,937
110 By 5) = 100 By &) 194151,3368( 0,00758) 137.981 191,534
11( 6y 6) = 10( 6, 5) 134151.3968( 0.0378) 197,981 191.504
110 7, &) = 100 7, 3) 194052.7461( 0.0094) 2554331 248,858
110 7, 5) = 16 7, &) 194252, 7461 C 3,0094) 255,331 268,858
110 8, 3) - 10( 8y, 2) 193939.2269( 0.0157) 3214443 314.974
11¢ 8, 4) = 10C 8, 3) 193939.2269( 3.0157) 3214443 314,974
110 9, 2) = 10 9, 1) 193809.8010( 0,0306) 3964292 389.827
110 9, 3) = 10( 9, 2) 193309.8013¢ 2.0306) 336,292 383.827
11010, 1) - 10018, 0) 193663.59312( 0.0555) 479,847 473,387
11013, 2) - 10(10, 1) 133663.5902( G,0555) 479.847 473.387
120 0412) = 11( 0411) 211545,9913(1,0) 211565,9875( 0.0144) 31,0043 454320 39,864
120 1,11) = 11 1,10) 215333.2782(1.0) 215323,2758( 0.0379) 6.G024 51.128 43,946
120 1,12) = 110 1,11) 208525.9981( 0.0092) 494651 42.696
120 2,10) = 11 2, 9) 212670,4673(1,3) 212470346293 0.0088) 6.0180 53.725 56,637
120 2,11) = 11( 2,10) 211952,3336(1.0) 211952.7361( 0.0089) 0.,0375 63.664 564534
120 %, 9) = 11( 3, 8) 212068,2765(1,0) 212058.2943( 1.G6253) =3.0175 35,791 78,717
120 3,10) - 11 3, 9 212061.3403(1.0) 212061.0451( 0,0264) ~0.0048 85.790 78.716
120 Ly 8) = 11( 4y 7) 211979.2867(1.0) 211979.3365( 0.0070) -0.0699 116.727 1094656
120 4y 9) = 11( 4, 8) 211979,2984( G.0370) 116,726 109,656
120 5, 7) = 11( 5, 6) 211895,4073(1.0) 211895,3988( 0,0093) 3.0091 1564484 149,416
120 5, 8) = 11( 5, 7) 211895,3987( 0,0393) 156,484 1494416
12( 6y 6) = 11( 6y 5) 211801.7917(0, ) 211801.2671( 0.0119) 0.5246 205.046 197.981
120 64 7) = 110 6, 6) 211801.2571( 3.0119) 2054046 197.981
120 7, 5) = 110 74 &) 211693,0363(1,3) 211693.0354( 0.0155) £.0309 2624392 2554331
120 7, 6) = 110 7, 5) 211693.0354( 0.0155) 2624392 255,331
120 B, &) = 110 8, T 211568,7432(0.3) 211568,8221( 0,02%0) -0.0789 328.500 321,443
120 8, 5) = 11( 8, &) 211568.8221( 9.0230) 328.500 3214443
120 9y 3) = 11( 9, 2) 211427.3951( 0.0384) 403,344 395,292
120 9y &) - 11( 9, 3) 211427.3951( 0,0384) 4034344 3964292
12010, 2) = 11(10, 1) 211267,76445( 0,0647) 436,894 473,847
12010, 3) - 11(15, 2) 211267.7445( 0.0647) 4864894 4794847
12011, 1) = 11(11, 0) 211088.9218( 0.1044) 579,117 572,076
12011, 2) = 11(11, 1) 211088,9218( 0,1044) 579.117 572.376
= A TYPE Q 3IRANCH **
10 1, 0) = 3¢ 1y 1) 56841286 ( 3.0003) 5.024 54005
20 1, 1) = 201, 2) 1704,3752( 5.0008) 6.222 64165
3014, 2) = 301, 3 3408.7503(1,0) 08,7151 ( 0.0015) 0.0349 8.019 7.935 Ref. 26
Wl 1, 3) = 401, & 5681.1203(1.0) 5681,1022( 0,0025) 040178 104415 10.225
51, 4) = 5( 1, 5) 8521447303(1.0) 8521,4581( 0.0035) 0.01139 13,409 134125
60 14 5) = 6 1, 6) 11929.6730(1,3) 11929,6575( 3.0346) 040154 17.003 16,605
701, 6) = 7( 1, 7) 159054 5463(143) 15905.5105( 9.0056) 0.0355 214195 20.664
81, 7) - 8(1, 8 20448.7103(1,0) 20448.7402( 0.0268) -C.0392 25.985 25.303 Ref. 3
9C 1, 8) = 9( 1, 9 25558,9300(1,3) 25558,9582( 1,03A0) =0.0282 31.374 30.521
10C 1, 9) = 10( 1,10) 312354503 1(1.0) 31235.6350( 0.0097) -0.0320 37.361 354319
110 1,10 = 110 1,11) 37478,7973(1,0) 3747845581 ¢ 0.0123) 0.0289 43,946 42,696
120 1,11) = 12( 1,12) 44285,3458( 0,0163) 51128 49.651
130 1,12) = 130 1413) 51656.3080( 0.0221) 58,909 574185
160 1,130 = 14C 1,14) 59589,5036( 0.0303) 67.286 65.299
150 1414) = 15( 1,15) 58(83,1445( 0.0412) 764261 73.990
15( 1,15) = 16( 1,416) 77135.0568( 0.0552) 85,832 83,260
130 2, 8) 100 2y 9 899,3207( 0.0017) 50,143 50,113
110 2y 9) = 11( 2,10) 1298,123%( 0.0023) 564637 564594
120 2,10) = 12( 2+11) 1815,7570( 0.0030) 634725 634664
13C 2,11) = 13( 2,12) 2473.248% ( 0.0038) 71,405 71.323
160 2412) = 140 2413) 3293.0612( 0,0046) 79.679 79.569
150 2,13) = 15( 2914) 4238.9645( 0.0055) 38,548 83,404
16( 2,14) = 16( 2,15) 551548782 ( 0.40064) 38,011 97.828
170 2,15) = 17( 2,16) 5969.6393( 1.0372) 118,071 107,838
180 2,16) - 18( 2,17) 868743555(140) 8687,0463( 0.0379) 0.0092 118,727 1184437
19( 2,17) = 19( 2,1%) 10695.1292(1,3) 10635.1181 ( 0.0384) 0.0109 129.979 129.623
200 2,18) = 20( 2,19) 1302143593(1,9) 13021.3630( 0.0087) 0.0160 1414830 1414396
210 2419) = 21( 2,20) 15693,1723(1,0) 15693.1503( 0.0387) 2.0217 154,279 153,756
220 2,200 = 22( 2,421) 18737.5203(1,0) 18737.6742( 0,0285) =0.0542 1674327 165,732
230 2,21) = 23( 2,22) 221814360100, 0) 22181.4618( 0.5085) -0.1018 180.975 1804235 Ref. 3
261 2522) = 240 2,423 2605041701(1.0) 26050.1354( 0.0084) -=N.0154 135.224 194,355
250 2423) - 25( 2,24) 30368.3853(1,0) 30368,3653( 0,0105) 0,0191 210073 203.660
260 2,24) =~ 26( 2,25) 35159,1213(1,0) 35159.1182( 0.0153) 0.0028 225.523 224,350
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TRANSITION 08SECVEN CALCULATEN FRENUINAY RS, =CALC. FNTRGY LEVELS IN fMoq PEMASKS
UPPEP LoWE®R FRENUENTY (STANNAPD DEVIATTON) yrPER LNweo
STATE STATE (WETGHT) STATF STATE

#% A TYPE R ARANCH »x

100y 1) - 0C 9, O) 18821,5809(1.0) 18821,6965( N,0115) =9.0155 0.529 (L] Ref. 3
200, 2) = 109, 1) 27L2,4107(1.0) I76L2,4154( N, NJT0) =2,0054 1,883 0.628

201, 1) = 101, O) 28114,4007(1.0) 3811L.4221¢( 0,0729) jl.0221 8.076 6854 Ref. 27
204, 2) = 101, 1) 37169,7507(0,0) 37169.5942( 0,9729) n,1559 8.028 5,788
(0,3 = 200, 2) 56461,1791 ( 1163) 3.767 1.98%
301, 2) = 201, 1) 57170.R725( 41) Q,983 8.976
301, 3) = 2(1, 2) 55753, 6588 ( 41) 9.888 8.028
302, 1) - 202, O S64L60.5195( 0, 01348) 23,u35 264552
3€2,2) = 202, 1) 56456,9170( 0.0336) 28,435 264552
400, &) - (0, N 75277.0989(1.0) 75277.0105( 0,0152) -1.0015 6.27R 3.767
4t 1, 3) = 301, 2) 76226,3983(1,0) 7622644085 ( 0.0349) 12,525 9,087
401, 4) = (1, ) 74336,8512(1.0) 74336,8453( 0,0150) 124368 9.338
L0 2, 2) = 302, 1) 75283,8624(1,0) 752R3.8676( 0.0)4L) 33,946 28,435
Wl 2y 3 - 302, 2) 7527448425(1.0) 75274,8514( 0,0044) 30,946 28,435
60 3, 1) = 3( 3, 0) 7526440965 ( 0. 0744) f1.76C 59,259
4 3, 2) = 33 1 75264.9773(1,9) 752A4,0902( D.N94L) -n,0129 61,760 59,250
St N, 5) - 4( 0O, &) 94088,2362(1.0) 94088.9325( 3.0159) n.0n35 9,416 6.27%
S0 1, 4) = 401, 3 95281,7365(1,0) 95280,7233¢ 0,0955) 0.7137 15,702 12.525
50 1, 5) = 4 1, &) 92918.3712(1.0) 92918,8554( N,0155) 7.0058 15,457 12,360
5(2y 3) = 402, 2 94109,9136(1.0) 96109.9360( 0, 0148) ~0.0174 34.086 30,946
SC 2y 4) = 4( 2, 3) 94091.39561(1.0) 94091,9048 ( 0,094R) -%,0087 2,084 30,946
S 3, 2) = 4 3, 1) auNs80.4121101,0) 94080,4373( n,934R) =1.0252 644898 61,780
SC 3, 3) = 4&(3, 2) 94080.4121(1.0) 94080, 4143 ( N,0048) n23 64,898 61,760
SC 4y 1) = &l 4, 0) 94055,8945(1,0) 94055.9010( 0.067) =0,0064 117,990 104,862
S by 2) = L by 1) 94055,9910( 0, 0157) 137.990 164,862
6( 0, ) = S( 0y 5) 112895,9813(1.0) 112895.9597( 2,9165) 7.0116 11.1R2 9.416
60 1, 5) - S( 1, 4) 116333,5187(1,0) 116333,5374( 7.01956) 12,0106 19,517 15,793
6( 1, 6) = S( 1, 5) 111499,56746(1, M £41499,4295( 0,0157) 2.0178 19,196 15,467
6( 2, 4) = 502, 3 112939.4183(1.0) 112939,4035( 0,0351) 0.0187 27,853 344086
6( 2y 5) = 50 2, 4 112917,8453(1,0) 112907,8529( 0.0151) =7.00 37,851 34,0884
60 3, 3) - 5(3, 2) 112896.9537(1.0) 112896,9943( 0,7150) -0,0312 5R.664 644898
60 3y 4) - 53, T) 112896,9637(1,0) 112896,9351( ,0350) J.0295 RA,564 64,299
61 Ly 2) - S( 4, 1) 112866,9585( £,0170) 111,764 107,999
6( by 3) = S( 4y 2) 112866.9313(1,0) 112856,9585( ",0770) GJ0267 111,764 107,939
6( 5, 1) - S( 5, 0) 112829.5552(1.0) 112829,5372( 1,1999) 9,0250 1574112 1634344
60 5y 2) = 5( 5, 1) 112829.5302( 0.7399) 1£7.112 163,348
700, 7) = 600, 6) 131697,1477( 2,0074) 17,575 13,137
701, 6) = 6( 1, 5) 1333%4,4483( n,0956) 23,966 18.517
7€ 1, 7) - B( 1, 6) 130C78.2536( 0,3156) 23,525 19.186
702, 5) = 62, &) 131772,9674 0 §,0954) L2,26R 27,853
702, ) = 61 25, 5) 131722.4719( 0,9355) L2, 20k 37,851
703, 4) - 603, 3 131713.8185( 0,0949) 73,058 68.h64
703, 5) - 6( 3, 4 131713,6860C 0.0069) 73,058 £8,664
70 b4y 3) = B b4y 2) 131677,9491 ¢ 0.0370) 1164156 111,754
70 4y &) = 6C 4, 3 131677,9490( 0, £170) 116.15F 111,766
7€ 5, 2) = 6(5, 1) 131633,9473( 0.0295) 174,502 167.112
705, 3) - B0 5, 2) 131533,9473( 0,0195) 171.503 167,112
706, 1) = 6( 6y, 0) 131530.,2192( N,N128) 219,048 2344659
706y 2) = B( 6y 1) 131580,2192( 0.0128) 239,C4R 234,659
8L 0, B) = 700, 7) 150491,4933(4.0) 150491, 4954 ( 7,0394) -1.0016 22,595 17,575
8( 1, 7) = 70 1, 6) 152433.2392(1.,1) 152433,2328( 0,0960) n,006L 29.051 23.956
A0 1, 8) = 701, 7) 148655, 0827(1,0) 14865540554 ( 0.9)159) 1,0273 2R LAL 23,525
8 2, 6) = 702, 5 1506114267 7(1.0) 150611,2415( 0,0063) 1,0055 47,4272 L2,24A8
B( 2, 7) = 7( 2, 6) 150535.5623(1.0) 150535,5434( 0,0754) 7.9195 47,266 L2,244
80 3, 5) = 7(3, 4 150530.8213(0,0) 150530,9606( 0.0950) -0.1%88 78.070 77,758
8( 3, 6) = 7( 3, 5) 150530.9213(0.0) 150530,6915( 1,0950) n.1303 78.079 73,758
Bl 4y 4) = 70 4y ) 150488.8599(1,0) 150488,8616( 0.0170) -9,0017 121,176 116.156
B( by S5) = 7( 4, &) 150488,8513( 0.0370) 121,176 1154156
8( 5y 3) = T7( 5y 2) 150438,1526(1.0) 150478 ,1316( n,0388) 0.0210 176.521 171.53%
8( 5, 4) = 7(5, 3 15068,1316( 0.0988) 1764521 171,593
Al 6, 2) = 7( 6, 1) 150376,5193(1.0) 150376.5036( 0,0104) 0.n157 244,064 233,743
8( 6y 3) = 706, 2) 150776,5035( N, 0104) 244,064 233,048
8L 7, 1) = 707, @) 150302.8722(1,0) 150302,8877( 0,0185) -2,0155 323,746 318.733
8t 7, 2) - 707, 1) 150302.8877( 0.0185) 323,746 318.733
9( 0, 9 - 8( 0, 8 16927R8,0457( N, 0129) 28,261 22.595
9( 1, 8) - B8( 1, 7) 171479,5404( 1.0975) 34,771 29,051
9( 1, 9) - 8( 1, B) 167229,5571( 0,0075) 34,062 28,4894
9( 2, 7) = 8L 2, 6) 169454,9558 ( 0,0935) 52.925 47,272
9( 2, 8) - 8( 2, 7) 169346,8455( %,0086) 52,915 474265
9( 3, 6) = 8( 3, 5) 169348,4771( 0,0059) 83,728 78,079
9( 3, 7V - RA( 3, 6) 169367,9840( 0.0360) 83.728 78.079
9l Uy 5) = A( 4y 4) 169299,6848( [,2177) 126,823 121.176
9( 4, B) - B( 4y 5) 169299.6840( 0,0377) 126,822 121.176
91 5y 4) = RIS, 3 169242,M496( 0,0)92) 182,166 1764521
9( S, &) = 8( 5, 3 169242,0495( 0,01937) 192,165 1754521
9( 6y 3) - B( 6y 2) 169172.4320( 0.0790) 269,707 244,064
9( 6y 4) = B( 6, 3) 169172,6320( 0,0390) 249,707 264,50
9( 7, 2) = AL 7, 1) 169089, 4545 ( 0, 1158) 329.386 223,746
a( 7, ) - 807, 2) 159N189,4545( 0,0158) 329,.3%6 3234745
9( 8, 1) - B( 8, N) 168992,0573( 0,0393) 421,132 415,495
9( 8, 2) - 8( 8, 1) 168992,0573( 0,0393) 421,132 415,495
10¢ 9,10) - 9( 0, 9 188055,9119(1,0) 1R88055,8381( 0.0181) -0.0r262 34,514 23,261
100 1, 9) = 9( 1, %) 190523,0489( 0,0106) L1.126 24,771
10¢ 1,100 - 9( 1, 9 185801.4949(1,0) 185801,4850( 0,01C9) 7,0099 404260 344062
10C 2, 8) = 9a( 2, 7) 188304,7756(1,0) 188304,7540( C.3121) n.0216 52,276 52,925
100 2, 9 = 9( 2, 8) 1R8156,1741(1.0) 188156,1575( 0,0123) 0.01h6 59.191 52,915
10( 3, 7) = 9( 3, &) 18816644063(1.9) 188166, 42856 ( 0.0I83) -2.0223 92,004 R3,728
100 3, 8) = 9C 3, 7) 188165,5616(1,0) 188165,5833( 0.0084) =N.0417 ag,0nrs 83,729
10¢ 4, 6) = 90 4, 5) 188110.3759(1.0) 188110,4075¢ 2,019) -0.0315 133,098 125,823
10C 4y 7) = 90 &y 6) 188110,4057( 0.n100) 133,098 126,823
10C 5, 5) = 9( 5, &) 188045.5949(1,0) 188045,6680( N.0123) 0.0269 188,430 182,156
10( S5y 6) = 9l 5, 5) 1880L5,F670( 0,1123) 123,430 182,166
100 6y 4) = 9 gy ) 187967.9770(1,0) 187967,9598( 0,0131) 7.0172 255.977 249,797
100 6y S) = 9( By 4) 187967,9598( £.0131) 255,977 249,717
100 7, 3) = 9( 7y ?) 187875.5539(1,0) 187875,56L5( 2.0130) -1.01¢7 335,653 329,386
100 7, &) = 90 7, 3) 187875,564L5( 1,0190) 335,653 329.386
10¢ 8, 2) - 9 8, 1) 187766,7849(0,0) 187767.2304( 0,0423) -2,4456 427,395 421,132
10( 8, 3) - 9( 8, ?) 187767,230%( 0, 0427) 427,295 421,132
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TASLT X, NASERVEN ANN CALCULATEN FREQUENGTES OF HDGSH TN MHZ (RONTTNUED)

TRANSTITION 0BSERVE"R CALCULATEN EOENNENARY J8S.=rALCe FNFRGY LFVYFLS IN CM-1 REMAIKS
ypPPFo LOWER FRENUENSY (STANNA®Y DEYIATINM) yreco LowE?
STATF STATE (WEIGHT) STATE STATE
10¢ 9, 1) = 9a( 9, 0) 187641,7825( 0.1357) 531.121 5244262
100 9, 2) = 9 9, 1) 1876L1,7825( 0,0357) 531.121 524,962

% A TYDS Q BRANMH =»

101, 00 = 101, 1) 472,4193( 6,9914) 6.804 65.788
20 1, 1) = 201, 2) 1417.26472( 0,0012) 8.076 8.022
31, 2) = 301, 3) 2R3L,L6NZC 0,0)24) Q,933 9.8393
b0 1, 3) = 401, & 4724402356 ( 0.1127) 12.525 12,751
S 1, 4) - 501, 5) 7085,8816( 0,0152) 15.703 15,4567
6L 1y 5) = 6( 1, 6) 9919,9351(1,0) 9919.9594 ( 0.03A7) n.025% 19,517 19,186
701, 6) = 701, 7) 132264295101, 0) 1322641547 ( 0.1182) 6.0503 23.966 23,525
8( 1, 7) = A( 1, %) 170M4,3651(1,0) 17004,3320( 0,1999) n.0720 29.051 28,484
9( 1, 8) - 9( 1, 9) 212544310)(1.0) 2125443156 0,0120) -0.6054 34,771 364062

10¢ 1, 9) = 10( 1,10) 25975,4397(1,0) 25975.,8793( 1,015?) =0,0693 41,126 40,269 } Ref. 3
110 1,100 = 11¢ 1,11) 31168,7397 ( £, 0216) LA.116 L7.,077
120 1,11) - 12( 1,12) 36832,5430( 1,0287) 55,742 544517
130 1,12) = 130 1,13) 42966,8548( 0.0404) 54,002 62.569
160 1,13) = 14( 1,14) 49571,1466( 0,0563) 72 .897 71,247
15¢ 1,14) - 150 1,15) 566LL.782R( 7,0770) 82.426 80,537
160 1,415) = 16( 1,16) 64187,0053( 0,1933) 92.590 90,443
10( 2, 8) = 10( 2, *9) LL5,9878( 0,0024) 59.206 59,191
11¢ 2, 9) = 110 2,10 6LbL,02064( 0.0733) 56,116 66,096
120 2,100 - 12¢ 2,11) 961+3026( N.N0L4) 73.655 73.625
130 2511) = 13( 2,12) 1228,4959( 0,0056) 81.824 21,787
160 2,12) = 140 2,47 1637,0901 ( 0,0369) a0.523 90.568
15¢ 2,13) - 15( 2,14) 2129,3779( 0.1283) 100.052 @9,939
160 2,14) = 16( 2,15) 2748,42L5( 0.0097) 110,111 110.019
170 2,15) = 17( 2,16) 3478,0305¢ 0,0111) 120,801 120.685
180 2,16) - 181 2,17) 4362,6882( 0,0122) 132.122 131.977
190 2,17) = 19( 2,18) 5357.5299( €,0131) 164,074 143,895
20( 2418) = 20( 2,19) £538,2695( 0,0135) 156.659 1564441

210 2,19) - 21( 2,20) 7971.0803(1.0) 7001.1348( 0.0133) ~".0548 169,87¢ 169,612 Ref. 3
220 2,20) = 22( 2,21) 9462.39417(1,0) 9462.7934 ¢ 0.0125) n.0106 183,725 183,439
23( 2,21) = 23( 2,27) 11240.2829(1,0) 11240.2683¢ 0.0111) n.ne32 198.207 107,822
261 2,22) = 240 2,23) 13250.8641(1,0) 13250,8512( 0,0101) 7.1128 213.323 212,881
251 2,23) - 25( 2,24) 15512,0091(1.0) 15511.0998 ( 0.0121) 1.0092 279.07% 228,556
260 2424) = 26( 2,25) 18041.2337(1,0) 18041,2401( 0.0191) -1,9071 265,457 244,856

270 2,25) = 27( 2,26) 20855.,9209(0, 0) 20856,9572( 0,03C8) -1.1272 262,476 2614731 Ref. 3
280 2,26) - 28( 2427) 23973.7848( 0,0474) 2804130 279.339
29( 2,27) = 29( 2,28) 27411,4936( 0.0597) 298,419 297,515

Tables VII and VIII show the variation of the
derived parameters due to the different planarity
conditions. These tables contain also the values of
the quartic distortion constants k7., Tpbecs
7 ccaa and h* 1444, as calculated from normal-coor-
dinate analysis 1.

The errors of the determinable and derived rota-
tional parameters were estimated on the basis of
standard errors of the spectroscopic constants ob-
tained from the least-squares process and are given
in Tables I and II. The calculation of these errors
was done via numerical propagation of errors, and
was also checked by variance propagation formulae
using zero co-variance assumptions.

b) Discussion of Errors

The problem whether there are systematic errors
present in the results of our calculations was ex-
amined using residual analysis. The residual errors
of the least-squares calculations were first reduced
to “unit normal deviate” form (see Draper-Smith 23)
by dividing the residuals by their estimated error:

’:Z eig/(n = P)

2=

where n is the number of residual error data, while
(n—p) is the excess degrees of freedom of transi-
tions fitted over the number of parameters in the
Hamiltonian. The statistics of such a distribution
should approach those of a normal distribution with
zero average and unit standard deviation, provided
there are no systematic errors present. The results of
such an analysis are more or less in accord with the
assumption of normality in the error distribution.
The values of the standard deviation and the mean
of the “unit normal deviate” residuals of ketene-d,
and ketene-d; are 0.9168 and — 0.095, and 0.9554
and 0.0292, respectively.

Another test of residual correlations was made
by examining the correlation among the residuals
and the K, values. This test yielded coefficients of
determination r>=0.134 and 0.012 for ketene-d,
and ketene-d,. A similar test of correlation among
the residuals and their J values yielded coefficients
of determination: r*=0.042 and 0.003 for ketene-
d; and ketene-d,, respectively. These correlations
are therefore insignificant.

As to the correlations found among constants ob-
tained from the least-squares calculations, i.e. be-
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tween the spectroscopic constants in Watson’s re-
duced representation the following were noted. The
strongest correlations exist between the members of
the following groups (4, B, C), (4, dk), (B, 0k),
(C, 0k) and (dg, O;), while no significant correla-
tions were found for the two sextic constants. The
correlations among the rotational constants 4, B and
C are due to the fact that these three constants were
refined separately. The correlations between B and
O , furthermore between C and dx are analogous
to the correlations found by Johns, Stone and Win-
newisser & for ketene-h, between (B—C) and Jg.
This correlation was also pointed out by Sheridan?®.

The results of the fitting procedure, the calculated
and measured transitions, including some predicted
transitions for ketene-d, and ketene-d; are found in
Tables IX and X, respectively. As can be seen from
the latter tables the standard error of prediction for
both deuterated species is somewhat greater than for
ketene-h, 6. This is a consequence of the lack of high
resolution infrared data on these molecular species.

Table XI. Comparison of inertial defect values in [amu-A?]
from different representations of spectroscopic constants
with values from normal-coordinate analysis (Ref.11).

Reduced repr. Average of Normal-coord.
value derived const. value
CD,CO 0.114457 (83) 0.11386(10) 0.11522
CHDCO 0.10265 (30) 0.101993(35) 0.10117
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The results obtained in this paper may be used
to support the planar model of ketene, as the inertial
defect values calculated from normal-coordinate
analysis compare favourably with the various ex-
perimental inertial defect values. Table XI contains
such a comparison which yields a satisfactory agree-
ment. A similar conclusion may be derived from the
value of the 7 defect for ketene-d,, although this
quantity is more difficult to assess than the inertial
defect values, and its relative error is greater in this
work. The value of the 7 defect was found to be un-
determined by the present data for ketene-d; . The
origin of the 7 defect is also the reason for the dif-
ferences among the derived constants in Tables VII
and VIII; they contain vibrational contributions
due to zero-point vibrations.
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