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Millimeter and Submillimeter Wave Rotational Spectrum
and Centrifugal Distortion Effects of D,S
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Rosert .. Cook', FFrank C. De Lucia, axp PavrL HeLMINGER

Department of Physics, Duke U naversily, Durhane, North Carolina 27706

The rotational spectrum of D:N in the ground vibrational state has been
studied in the millimeter and submillimeter wavelength region by means of a
tunable, high-resolution microwave spectrometer. Sixty-six transitions, 53 of
which fall at wavelengths between 1.00 and 0.45 mm have now been measured by
microwave techniques. These transitions have heen analvzed with a 22 param-
eter rotation-distortion Hamiltonian which includes distortion effects through
P, Only a partial set of terms in % and ’' 1s necessary, however. The rota-
tional constants, and quartic and sextic distortion constants are (in Mec sec):
G = 164 571.118 &= 0.045,® = 135 380313 = 0.045,C = 73 244.068 £ 0.071,

A, = 13.0763 & 0.0026, A,x = —41.7800 & 0.0066, Ax = 29.2170 x= 0.0113,
5, = —1.95725 & 0.00068, 65 = 47.2516 £ 0.0037, H, =378 X 107 £ 0.041 X
1073, H, e = —3.206 X 1072 4 0.020 X 1072, Hg, = 6.373 X 1072 £ 0.044 X 1072,
Hg = —3.620 X 1072 £ 0.075 X 1072, h; = —9.84 X 107% £ 0.16 X 1074, hyk =

9 413 % 102 & 0.019 X 1072, and hx = 8.804 X 107 &= 0.065 X 1072. The analysis
of the spectrum is discussed.

[. INTRODUCTION

The recent advances in submillimeter wave rotational speetroscopy and the
accompanying theoretical advances in centrifugal distortion theory have pro-
vided significant impetus to the study of light asymmetric rotors. In the past,
<ueh molecules have eluded an aceurate microwave study because of the occurence
of many, if not most, of their rotational transitions at frequencies inaccessible to
conventional microwave spectrometers. In addition, inadequacies in the previous
formulations of centrifugal distortion theory have handicapped the empirical de-
(ermination of the distortion constants from observed spectra. The use of a
photocondueting indium antimonide detector has made possible the measurement
of <ubmillimeter wave transitions as high as 813 Ge/sec as described recently by
Helminger, De Luecia, and Gordy (/). As a consequence, it is now feasible to
measure microwave lines containing sufficient independent information for an
evaluation of the rather large number of distortion constants necessary to charac-
terize the spectra of these light molecules. I'urthermore, Watson (2-4) has shown

1 Present address: Department of Physies, Mississippi State University, State College,
Ms 39762
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124 COOK, DE LUCIA, AND HELMINGER

how to properly remove the indeterminacy associated with any attempt to caleu-
late the distortion constants of the Hamiltonian of Kivelson and Wilson (5)
from spectroscopice data. This 1s particularly important because use of the planar
approximation to remove this indeterminacy gives unsatisfactory results when
applied to molecules of this type (6). The theoretical formulation of Watson also
explicitly indicates the number of terms to be introduced into the Hamiltonian
for each order of distortion; the inclusion of such higher-order distortion effects is
necessary for the analysis of the spectrum of these light molecules.

In two previous papers, we have reported analyses of HDS (6) and HDO (7)
based exclusively on precision microwave data. Benedict ef al. have analvzed
D,O (8) using a mixture of microwave and infrared data, and Bellet and Steen-
beckeliers have analvzed HDO (9) using a somewhat limited set of microwave
data. In this paper, we report an analysis of the microwave spectrum of D,S.
Unlike HDO, D,0O, and HDS, the spectrum of D,S is unique in that it is almost
devoid of low frequency microwave transitions and, as a consequence, very little
microwave data has been published on D,S (10-12) although it has been studied
in the infrared region (13-20). The lack of low J microwave data has been over-
come, as mentioned previously, by employment of a submillimeter wave sweep
speetrometer. A total of 66 microwave lines for which the total angular momen-
tum quantum number J ranges from 0 to 12 have been measured and assigned.
Of the 66 microwave transitions measured only 13 fall below 300 Ge/see and
only 1 falls below 100 Ge/see.

[I. EXPERIMENTAL TECHNIQUES

Submillimeter microwave energy for this experiment was produced by a klvs-
tron-driven crystal-harmonic multiplier and detected by an InSb photoconduet-
ing detector operating at 1.6°IX. Typically, an OKI 55V11 klystron was used as
the fundamental klystron. The absorption cell consisted of a copper tube, 1.9 em
in diameter and 30 em in length. In its present or slightly modified form this
tunable microwave spectrometer has been used in recent submillimeter wave-
tength studies of the rotational spectra of the hydrogen halides (7, 21), the Group
V hydrides (22, 23), and the light asvmmetrie rotors HDS and HDO (4, 7), and
has been described in greater detail therein. Lines in the millimeter wavelength
region were measured with a similar harmonie source, a more conventional erystal
diode detector, and a free space absorption cell deseribed previously (24). The
.S sample was prepared by the reaction of I'eS with dilute 1.SO, .

[II. THEORY

IFor light asymmetrice rotors, such as D,S, centrifugal distortion effects are ex-
tremely important in the interpretation of the observed spectra. The reduced
Hamiltonian including distortion effects through P for an oblate asvmmetric
rotor has the form

o= ae, 4 Al + e+ ae 4 5", )
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3 = ly(@ + B3P+ (€ — Ly(@ + &P — b7, (2)
W = — AP — ARPIPE — AP — 26,P'P Y — 5P 4 PP,
3 = H,P" + H,xP'PP+ Hg, PP + HiPS + 20,P'P°

+ hxPIPIPE 4 PP + hel PP 4 PP,
Y = P+ LyxlP’P2+ LicP'Pt + Lexs PP+ Ll + 20,P°P°
+ LePPEPE 4 PP 4 e PIPIP PP
+ k[PP P + PP, (5)
" = PPN A PP PR A PP Pt 4 P PP A P, PP+ Pl
4 2, PP A pkPUPEPE 4 PP+ pieP PP 4 PP
+ presPIPIPE 4+ PP 4 pe[ PSP+ PP, (6)

9

where P* = (P2 + P} 4+ P.?) is the total angular momentum, Pl = (P} —
P, b, = (@ — ®)/ (26 — @ — ®) is Wang’s asymmetry parameter appropriate
for a near oblate top, and where @, ®, € are related to the usual effective rota-
tional constants A, B, C by the relations

@ = A+ 16R(C — B)/ (B — A), (7)
® =B — 16R(C — A)/ (B — A), (S)
e = C + 16R;. (9)

In the above, 3¢, is the rigid rotor Hamiltonian and 3¢;"" are the various distortion
Hamiltonians of degree n in the angular momentum. The matrix elements of this
Hamiltonian in the symmetrie rotor basis are summarized in Table 1. Since the
energy matrix has only (K ‘ K), (K| K & 2) type elements, the Wang tranx-
formation gives four separate submatrices for each .J (25).

In previous analyses of the rotational spectrum of HDS and HDO, we have
emploved a rigid rotor basis distortion analysis. Briefly, this procedure makes use
of the rigid rotor basis, i.e., the basis in which 3¢, is diagonal, to derive from Fq.
(1) a first-order energy expression from which the rotation—distortion constants
can be obtained with least-squares techniques. The second- and higher-order
centrifugal distortion contributions of 3¢, (the so-called *‘second-order” effects)
are taken into account by use of the constants obtained from the first-order treat-

TABLI 1

Matrix Elements for the Angular Momentum Operators in a Symmetriec Rotor Basis

J. KPP I K) = J"U + D)Ko nom=0,1,2 -

J,KIP"PEJ, K+2) = —13J"J+ 1., K)

. K| PMIPMP2 + PP, K+2) = =" + DK™ 4+ (K+ 2™, K)
fLU K =1JU0 4+ 1) — KK+ DU +1) = (K= 1)(K % 2)]{1?

2 Phase choice that of G. W. King, R. M. HaiNngr anp P C. Cross, J. Chem. Phys.
11, 27 (1943). Angular momentum is in units of k.
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ment to construet the complete energy matrix of the Hamiltonian. The encrgyv
matrix is subsequently diagonalized and the transition frequencies of the observed
lines calculated. The differences between these ealculated frequencies and those
caleulated from the first-order energy expression represent the *‘second-order”
effects of the distortion terms in the Hamiltonian. The observed frequencies are
then corrected for these “‘second-order” effects, a first-order analysis is again
carried out, and the procedure is repeated until the ealeulations converge.

Thix mode of analysis is very convenient and is applicable to all heavy mole-
cules; it has also been applied suceessfully to the light molecules HDS and HDO.
When, however, the *“‘second-order” effects become large (=100 Me/sec), the
convergence of this procedure becomes very slow. It is then convenient to employv
an alternative procedure which involves linearization of the problem from the
start (26) and is very similar to that used in obtaining the rotational constants
from « rigid rotor spectrum (27). Beecause “‘second-order” effects are large in
DS, we have analyzed this molecule using the semirigid rotor basis discussed
below.

I'or convenience, we denote the Hamiltonian of q. (1)

o= 2T, (10)

where T, correspond to the various constants of Eq. (1) which we are interested
in e lehlzltihg, and the TI; represent the corresponding quantum mechanical

operators. If Eq. (10) is evaluated in the semirigid rotor basis, i.e., the basis in
whieh 3¢ is diagonal, we have
(1) = E(T,) = 2 T«I,). (11)

7

[f the T'; ave the correet set of constants, then ISq. (11) represents the true energy

of the level. In general, the energy may be expanded in a Tavlor series about the
: 0 .

approximate parameters (7';7), and to first order we have

E(T) = E(T") + Z(‘”’) 57T, (12)
Q0

This expression, which is linear in the parameter corrections 87, , may be used
as the basis for a least-squares analysis in which the corrections to the constants
are caleulated. The derivatives are given by (28)

aly
- = (I1;), (13)
<8T,)u (M,

where the average value on the right is caleculated in the semirigid rotor basis
emploving the 7'

The procedure for the analysis in the semirigid rotor basis is as follows. Ap-
proximate values of the spectral constants 7" are used for the construetion of the
energy matrix of Fq. (1), and subsequent diagonalization of this matrix vields
the £(T") and the {I1,),. Fquation (12) and the least-squares eriterion are used
in an analysis of the observed transitions for the caleulation of the 87'’s. These
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corrections vield an improved approximation to the constants given by

T:=T"+ oT,:. (14)
The above procedure is then repeated with the improved approximations to the
rotation—distortion constants. This numerical iteration procedure is continued
until the 867",’s are negligibly small.

This semirigid rotor basis analysis is employed here on DS and hax been used at
various stages in the analyses of HDS and HDO. Both the rigid rotor basis dis-
tortion analysis and the semirigid rotor basis distortion analysis produce the
same parameters for each of the latter two molecules and, hence, each procedure
serves as a check of the other. In general, when the *‘second-order’ effects are
large, the rigid rotor basis tends to be inconvenient because of the number of
iterations which are necessary, whereas the semirigid rotor basis has been found
to converge very rapidly. Usually, reasonably good approximations to the con-
stants can be obtained from a rigid rotor basis first-order analvsis. As additional
higher-order distortion constants are subsequently added to the analysis, these
constants may be initially equated to zero with success. In fact, with an initial
choice of zero for all of the distortion constants, no difficulty was experienced in
the convergence of the analysis. This 1s illustrated in Table I1. In both cases,
the same final constants were obtained as were obtained with alternate initial
constants which were closer to the final results.

IV. CHOICE OF HAMILTONIAN

Of eritical importance to the proper analysis of molecules such as D.S and
other light asymmetric rotors is the selection of distortion terms to be retained
in the Hamiltonian. This selection is complicated by the rather slow convergence
of the power series in the angular momentum as well as by the high statistieal
correlation among many of the terms. Both the statistical uncertainty o, in each
of the constants and the correlation coefficients p,; among the constants serve ux
guides in this selection process. These quantities are caleulated in the usual
manner (6, 26) from the normal equation matrix which is derivable from Fq. (12).

We have found that the following procedure produces a satisfactory Hamil-
tonian. IFirst, the data set is restricted to transitions which are thought to be
largely free of " effects (J/ < 9 for DuS). An analysis is then performed in which
all P* P and P effects are included. In general the error analysis will show that
some of the P* terms are poorly determined. The least determined of these con-
stants is subsequently omitted and the procedure repeated, with one term elim-
inated at a time until all of the remaining constants are determined. Toward the
final stages of this process it Is necessary to examine the standard deviation
of the fit in order to judge whether marginally determined constants should be
retained. Because of the possible high correlation among some of the constants,
it is not alwavs clear in which order the terms should be eliminated. In such situa-
tions, inspection of the results of the several alternatives will usually indieate the
proper choice.
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TABLIS 11
Semi-Rigid Rotor Basis Distortion  Analyses (Mec ‘sec)?

Itlntorni A Ak AK ds ‘ S 3@ R e a¢

.S (606 transitions)®

I 13.12049 (—42.08801| 28.22253 —1.97370 |47.67065 f*().358§ 0.963 —6.138/10.00

2 13.07073 ' —41.74308] 29.20019 |—1.95773 |47.20557 | 0.4181414077 6.323) 0.38

300 13.07631 [—41.78028] 29.22368 | —1.95753 |47.24903 ;~0.0501 0.104 —0.149] 0.14

4 13.07632 [ —41.77999)  29.21701 |—1.95725 |47.25157 3—0.()14, 0.0111—=0.030 0.12
HDO (53 transitions)®

1 10.84084 34.22088; 377.14485 3.65319 (32.81535§ ().()77{—()‘5]2 0.5041 0.20

2 10.83745 | 34.20714| 377.07707 3.64712} 63.08907 é().lOJff 0.478/—0.483| 0.12

31 10.83749 34.20729) 377.07828 :{.(34713“ 63.08750 0.0()31-().()()2 0.003] 0.12

* In both cases a 22 parameter Hamiltonian was employed in the analyses. Only the
quartic distortion constants and the changes in @, 3, € from each previous approximation
are shown.

! Initial approximation to all distortion constants was zero. Initial approximations to
the rotational constants for 12,8 were: @ = 164 571.122, B = 135 380.313, C = 73 244.061.
and for HDO: @ = 701 931.526, B = 272 912.635, € = 192 055.220.

o Standard deviation of the least squares fit.

Next, the remaining lines are introduced into the analysis and various P
terms added to the preliminary Hamiltonian., The selection of these terms ix
euided by the determinancy of similar terms of lower order as well asbythe
correlation among the terms. In addition, the reintroduction of some " terms
previously eliminated must be considered. This final selection of terms should

produce a Hamiltonian which

() fits the data to within experimental uncertainty,
(b) adequately prediets groups of lines removed from the fit,
(¢) has the minimum number of terms consistent with (a) and (b),
(d) 18 consistent with a converging power series.
With regard to (d), thisimplies, for example, that Lg should be better determined
than Py .
Vo ANALYSIES OF THE SPECTRUM

»

D.S 1s an oblate asymmetrie rotor, whose spectrum consists entirely of b
tyvpe transitions. F'ourteen R-branch and 52 ()-branch transitions have now been
measured and assigned. These transitions were assigned primarily on the basis of
the distortion analvsis. Methods similar to those deseribed for HDO and HDS
were used in the analysis of DuS except that the semirigid rotor basis distortion
analvsis deseribed in Section 111 was emploved. In addition to a complete set of
Y and P° terms, six P° terms and one P term have been retained which results
in a 22-parameter rotational Hamiltonian. The selection of these terms has been
discussed in the previous section. All caleulations were made with 16 digit floating
point arithmetie.
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Table III lists the observed and caleulated frequencies of the microwave
transitions of D,S. The parameters of Table IV were used for this compilation.
The errors listed for the rotation and distortion constants in Table IV are for
95 % statistical confidence. The average and standard deviations of the fit are
0.07 and 0.12 Me/sec, respectivelv. As a check of the assignments and the
Hamiltonian, each of five sets of data (13 transitions per set ) was removed from
the fit and predicted from an analysis of the remaining lines (¢). It was found
that all 66 lines were well predicted by this method, and that the rotation and
distortion constants obtained from each of the five fits o data subsefs were
virtually identical with those shown in Table IV,

Because additional higher-order constants will be important at higher ./,
the predictions of such lines must be viewed with this in mind. IFurthermore,
because of the correlation among the constants, the addition of higher ./ transi-
tions or the inclusion of additional distortion constants can be expected to have
an effect on the constants. However, this should be significant only for the /”°
or P distortion coefficients. It is hoped that the P* and °° distortion coefficients
obtained here will be useful in further characterizing the potential funetion of
D.S. Work along these lines is presently in progress.

The pure rotational spectrum of .S in the far-infrared region has been studied
by Miller, Leroi and Hard (20). They derived both the ground state rotational
constants and the quartic distortion constants 7ouq, T, Taabh , aNd 7,40, . In
Table V we give a comparison of the infrared and microwave results. I'rom the
constants of 3¢, given in Table IV, the three taus (7qaae) and two linear com-
binations of taus (7, 7.) may be caleulated directly with the relations summarized
for convenience in Table VI. This set of constants may be considered equivalent
to the original set (note: 7, requires a knowledge of A, B, " for its caleulation )
and is also given in Table V. Three of the distortion constants Taaa y Thhhh » Trvee
may hence be compared directly with the infrared results, However, if it is
desired to extract the individual Taaps [TOM oUr constants and to obtain A, B, €
from @, ®, €, the planar relations (see Table VI) must be employed. One pro-
cedure would be to use the planar relations and perform a least-squares analysis
on the constants A, , ete. Alternately, one of the planar relations ean be used to
caleulate 7., for example, and then solve r; and 7, simultaneously for T,:(,b))
and 74, . The planar relation for 7., then gives muw from o, . The results for
these and other methods of reduction will, in general, not be quite the same; in
fact, significant differences have been found. The latter of the two procedures
mentioned here, which requires a minimum number of planar relations, gives the
values of 7, and 7., given in Table V. In addition; Ry = —2.156 Me/see which
vields, from gs. (7)-(9),

A = 164 643.9,
B = 135 273.0,
= 73 278.6.

These are compared with the infrared results in Table V. Unfort unately, in such
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aleulations, uncertainties are unavoidably introduced and have to be expected
when relations for equilibrium constants are applied to effective constants,

Some estimate of the departure from the planarity conditions and hence the
effect~ of vibration can be obtained from

T e
6('«/ - (, - 71 — <

ble I, Rotational Transitions of J_Zo (Me/sec).

(15)

")

§

Calculated Distortion  Devi- I o!
b'requency Effect @ ation

1 - ET 91 359,12 vl 359,15 32.10 -0.03  ¢,d

1,0 0,1
;? Ll ; 122 315,31 128 315,26 133. 1Y 0. 05 )
S S
o .=l 185 ovl. a7 1355 591,83 -181.50 0.04 c
/_J, . - &
2.0 2. 4 1ot 139, 30 194 189, 31 -333. ¢4 -0.01 g
1,2 y &
Do e vl Uh 592,13 149h 692,23 243,649 -0.10 C
5, U Ly -
3 —ig C 196 900, &4 196 200,75 271,36 0.09 >
L,< 4,0
Sy 1 TRy 9 201 300, 54 201 306.73 113, 34 -0.15
<, s 4
I, o= 237 503, 50 237 203, 63 28,44 0.17 :
JV}_ > i\
Dol o 250 390, vb 250 390,98 1 390,45 -0.03 2
P A
2o 5 I 5 273 379,14 273 379.23 -101.92 -0.05 e
4, L L, 5
S e 231 788,085 231 758,07 -145,13 C.01
S syl
) s . 290 043, 30 290 043,88 -1 554.4 -0.02 c
,’Q Ly o
T 221 340,25 291 340.13 -428.28 0.12 c
P =
Too—7. .,  305363.5¢ 308 663.66  2666.46  -0.10 e
= =y
by o s 210 555, 09 319 555.91 -1 673.901 0.0 ¢
&, 4 Ly0
SeoLo—ig o 321 784,13 321 784,23 -509. 45 -0.10  c,e
t)’ - L
o o —lc o 324 355,04 324 356,05 3 44,27 -0.01 S
Ly S,
S 335 350. 2 335 350.15 2 082.15 0.12 ¢
)y — _;L.‘

20 o =1, . 346 732. 35 315732, 37 -215, 93 -0.01

3. & oA . Sol 473,27 351 473,42 -1 032, 44 0. 05 a
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T,

1. (continaed)

. L Observed Calculated Distortion Devi-  _ .
‘I'ransition - ] - mep 4 A e nat,
I'requency Hrequency Iiffect stion
B8 g3, 374 158,37 374 158.31 -3 495,15 0.0
Dy 0 I,
- <—;‘ 3 i 376 492,75 376 492,73 1 9ed, 72 0.02
\j,U . ”A
6 =3 o4 377 560,13 377 560, 28 0 284,12 0.1z =
0,4 5,3
2 1. 384 452, 14 364 452,20 43, 3¢ -0.0: z
1,2 0,1 84 45 ba. 20 1 0
i —4, 385 315,93 3sH 315,97 -1 570,67 -0, 0= 3
i,l g,2
3 ~3, . 337 843,17 387 843, ¢t -340. 90 0. 01 =
52’2 1,3 878 /Q 316 09 0.40 U
Yo A D, 403 291. 63 103 291,62 -2 304,79 0.01
),O 1,1
VNS S 405 800. 95 405 800. 56 D 642,71 G. O z
1,0 d’__‘,
4, — 406 857, 42 106 357, 81 ~-504.02 0.01
3,2 2,3 106 357.8 06 857 >0 O U
107 10, , 424 386,25 i24 386.13 10 280, 1& 0.1z
) Yy =
) O o 140 500, 74 440 500,72 =796, 49 0.0% 2
H v
52 4 —i. 1 444 159,43 444 159,43 877,39 C.0C >
b “
7. =T, 147 210, 3¢5 147 210,13 982,11 0. 17 2
G,1 5,2
6}8,3 <—<52,J1 51 575, &8 451 575,80  -5H 068,48 G.C. 2
4, o 34 A 154 804,75 b4 304, 82 2.20 -0.07 >
2,3 3,0
11, <11, . 155 36b. 73 155 3h. ot =3 774,53 0. 07 e
/”: J’ 9
Dp 4 D, 161 763, 4y 1ol 763,54 -4 184,77 -0.0:2
),l ’.:,2
10, , —10. . 473 265,25 478 256,28 -12 075,468 -0. 02
'Z),l D, 0
12 12, . 479 524, 4" 479 524,53 10 784, H2 -0.07
8, 4 7, 79 5 / 19 524.5 0 by G
9 ~9 483 402. 85 a3 403,03 523,40 -C.1s

22
)

1
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Table III. (continued)
. e Observed Calculated Distortion Devi- . b
fransition Frequency Frequency Effect® ation Het.
S T 490 325. 67 490 325,47 -1 636.40 0.20 e
5,2 18
>2,3 <—51, ; 101 247,75 491 247.77 -3 257.06 -0.02
50,3 -—21’2 510 025. 44 510 025.51 -107.35 -0.07 e
11,3 «40,1 515 114,05 b1lh 114.07 -1 550.00 -0.02 e
“"v;%,r;‘) <—©5,1 y16 361, 3¢ 516 362,03 -7 642,82 -0.14 e
110;, '_11’7,»—; 518 317.29 018 317.23 18 904, 3¢ C.06 e
251,; <—20, o o1y 905,23 51y 905,33 121.41 -0.10 e
S «11’: bob 317.63 525 317,68 -9606.1¢ -0.056 e
3.3 «52) 4 52¢ 701.22 526 701, 30 -1 466,57 -0.058 e
I 530 145, b1 530 145,50 -13 365,24 0.01 e
4 <—‘53’ 1 536 003. 85 53¢ 003. 86 -1 044, ¢4 -0.01 e
17052 546 989, 47 546 989,49 -3 716, 5¢ -0.02 e
7 2775 3 2bb 378,25 obh 378,22 -3 684,98 0.03 e
- -—"/4’#; 557 878.11 557 878,11 -1 544, 8¢ 0.00 e
23: 1 -—LLO 566 972, 29 566 972,26 14,36 0.01 e
7,1 7%, 2 508 108,12 568 407, 50 -3 406. 74 0.32 e
. -—3’3, . 5806 ¥26. 59 586 920,58 -11 241,30 0.01 e
2’;1:? «22)1 Ha' 620, 04 537 620. 10 -1 105,40 -0.06 e
<5 «;3‘5, i bud 505.2 D2H 505, 44 -1 53z, 3 -0.19
16 . 10, O 672,07 609 172,95 5726, 08 -0.01
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Table III. (continued)

Cemnision Chserved Calculated Distortion Devi- Rt b
T Frequency I'requency Effect? ation et
/ «72 5 030 485, 63 530 485, 57 -7 363. 31 -0. 0= e
“o ‘)
Soo9 TTia g 332 477,38 032 478, 00 -7 740. 5C -0.20 e
/, ‘), )
;O AT g 30 413,18 600 418.08 -1358.12 G.1¢ e
- ki
L =T 3 562 245, 07 662 245,02 -9.37 0.05 e
P )
Ze 0 -1 1 0od 787,00 0669 786,94 -3066. 3¢ 0. 04 e
“ =
2o 4 <—51 - 072 337,45 672 337,358 -1 773,44 0.07 e
2,4 s
2
Viis: " Veale T Ve (AL 03, C)
“ The observed irequency is taken from the last reference listad
“C. A Luarrus, Ref. 10.
¥, C. De Lucia and 7. W. Cederberyg, Ref. 11,
ePfe sent work
TABLLE 1V
Rotational and Distortion Constants of D.S (Me sec)s
@ = 164 571.118 + 0.045
® = 135 380.313 & 0.045
C = 73244068 & 0.071
Ay = 13.0763 &£ 0.0026 Ay = —41.7800 £ 0.0066
A = 29.2170 £ 0.0113 0; = —1.95725 + 0.00068
O = 47.2516 + 0.0037
Hy = 3.783 X 107% £ 0.041 X 107* Hykx = —3.206 X 1072 £ 0.020 X 1072
Hiy = 6.373 X 1072 £ 0.044 X 102 Hg = —3.620 X 1072 &£ 0.075 X 10
hy = —9.84 X 107t £ 0.16 X 1074 hjk =  2.H3 X 1072 £ 0.019 x 107
hig = 8.804 X 1072 & 0.065 X 1072
Lijw = 2747 X 107> £ 0.101 X 107? ik = —8.85 X 107% £ 1.07 X 1072
ko = 7.8 X 107> £ 2.1 X 107> I, = 7.72 X 1007 £ 1.02 x 1077
liw = —1.750 X 107» &£ 0.131 X 10=* Ik = —5.76 X 107" &£ 0.25 X 107*

pk = 1.95 X 107% = 0.32 X 10°¢

* The errors quoted are for 959 confidence limits. There is a high positive correlation
( p > (G.9)) between (”] ,Ay), (h] s 6,]), (L,] K, ”1\'), and (/) , L,],u\’)‘ and a high Il(‘;{zHiVP
correlation between (L]\'[\',l s HK), (L](]u N L“\'). (1] , h.l) and ([1\‘ . hl\‘)-
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TABLIZ V

Comparison of the Rotational and Quartic Distortion Parameters of D

N

iy

Microwave® Microwave® Infrared Infrared*

A 164 643,90 5.491930 5.4918 5.484

B 135 273.0" 4.51222" 4.511 4.508

« 73 278.G" 2 44310 2. 4445 2 444
Tanun —67.9633 —0.002267 —0.00213 —0.00211°7
Thbbl, —36.6473 —0.001222 —0.00117 —0.00106!
Tecee —2.0533 —0.00006849 — (. 000067
T 10.2042
Ty 2,196 X 10°
Taabh 32 420 0.00108" 0.00113 0.00009 ¢
Tabal —7.88 000206

—0.000263"

—0.00036

—0.

a Caleulated from this work. All parameters in units of Me/sece except 7o which has
units of (Me/sec)?.

b Calculated by means of the planar relations. See text.

« Iintries of previous column converted to units of em™!. Conversion factor 2.997925 X
104 (Me see) ‘em™t,

T From Ref. (20). In units of em™".

“From Ref. (17) and (18). In units of em™1.

" Caleulated from foree constants.

TABLE VI
Relations for the Quartie Distortion Coefficients

Alternate tau constants?

Toana = —4HAr + Ak -+ Ak), ooy = —4+(A) + 20;). Teeee = —4(A; — 20y),

, , ,
T = Tawihh + Tanee + Thhee = —4(A5k 4 335),

/ . . B —-C B+ C
v = Atiiee + Briwee + Craan, = 5 8(8; + ox) — Hod; + 7 o)l
—1
“oi = N
(%
Planar relations®

1 Tanan Thhbh Teece
Taabl, = 2 A2B2f ——— Ry )
L

>|4A.l + il c=02A -B—-C).(B - Q).

A Bt C

_ ! A2 2 Taaan Thhbh + 7,'“(:”\
- e N - )
2 LA Be o

1 of o B Tanan Thbhbh Teece
A I W TR cg]

« Relations given for a prolate top (a < z, b & x, ¢ & y). For D3, which is an oblate
top (a e v, b e x, ¢ © z), simply interchange A and C, and a and ¢. For a planar mole-
, ;
s Taahl, = Tuaahb + 27:11:;:!: .

b Appropriate for both prolate and oblate tops. Molecule in the ab plane.

p
cule Tyaice = Tunee s Thbee = Thhee



M OF DS

C'TRU

SPI

ROWAVI

Bl

MIC

AT OIYEL

w poist| s owuaed O} U0 PINB( 908 SUOTIIIPAL] o

WY G°() St

AVUIRLIIUN [BIUQWLIANS PolRWISH (&) "Jo] "UMVI] "IN "L ANV "TONAT[ "o 1) “HETIIY 4] "3 O STUQWOINSEIW [RUOLIRIOL 04N (] «

FOr el
reu 1al
FO6 CTT
8GETV01
668 ¢01
1207101
GeO L6

oG o

(N vdl
GO 1gl
00" +1L
CETY0L
90T
Y0 101
a9 L6

g o

RO 26 69726
Fea 16 o616
611718 0L°1%
uow
(UL -3Inseaw
AARMOIDNN i
paleljuy

PO — e K% I+ ¢s
E A4 | R €07 €8
LT — F T e10°Ts €0°Ts
0 T GEY 62 CH 62
LG ST 6SG 9L Al
FUH o F N0 8GLIEL S JAR)
AR 00¢°2L 6GGL
(1 S B | g6 0L 00" 12
g — TN er0" 99 €099
g — g 8GL €Y 81764
g f g 18029 6029
. QUONIDIPAL] v tow .
UOTISUBL T, . -aAnseaN
y.zdﬁcpu:/ U,u‘:u:_.«:—

B S e | 9¢e 19 6219
ST — YT GETTTY 8019
VA 662 0¢ 159¢
SOl — YT €L cg [Lz¢
SO — T LA R A Y DAY
Peg — B EG eer ot O OF
G — 01 RIASR R 19714
SOEIT — R 0Lz ¢ 8¢ 66
U -t 60t ¢ RE G
e — by 0ZR 1€ 6L°1¢
Ut — g 662 0¢ Fe 0
o quonodipaad _;:‘oE
uosuel ], o -aanseaw
- IABMOIDTN

patedju

G L

I — # ez
< .x3 e h _:~
i ;.ﬁ — | ....Anw

1 ,::M s h H:—
SUIQ s B

Ly /,:7‘

[ NM @ .m*

uonisued |,

(1 WD) SISX[RUY 9AVMOLI[Y ¥ WL} SUOTIIPAL] YN E(] JO SIUQWAINSROTY podrlju] jo uosteduwo))

TEA T VL



136 COOK, DE LUCIA, AND HELMINGER

where 6.4 1s somewhat analogous to the inertial defect, a *‘centrifugal defect.”
If all parameters are referred to the vibrationless state, 6., = 0. I'or HDS, HDO
and DS one obtains 2,27, 22.08 and 1.20 Me/sec, respectively.

In Table VII a comparison is given between the observed infrared spectrum
and the spectrum calculated on the basis of the parameters of Table IV. Although
in Table VII only about half of the observed lines are listed, the general agree-
ment 1s representative of all the measured lines. Only in a few cases is the dis-
crepaney as large as the quoted experimental error of 0.06 em” .
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