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The Ground State Rotational Spectrum of H,Se:
Weighted Microwave—Infrared Analysis®

Paur HeELMINGER AND Frank C. DE Lucia

Department of Plysics, Duke University, Durham, North Carolina 27706

Ninety-four transitions of the five major species of hydrogen sulfide have been measured
in the 100-600 GHz region of the microwave spectrum. These data have been combined with
infrared data for the calculation of the energy levels and spectral constants of the several
species. The data in both spectral regions can be fitted to within expected experimental error
by means of Watson’s reduced centrifugal distortion Hamiltonian. The rotational and P*
distortion parameters are for Hy¥Se (in MHz): @ = 244 099.89 4+ 0.29, & = 232 561.95
+0.29, @ = 116 874.93 &= 1.76, Ay = 34.950 £ 0.03, A;g = —118.189 + 0.07, Ax = 88.1873
+ 0.13,86; = —2.12091 & 0.012, §x = 461.0394 4+ 1.0.

I. INTRODUCTION

H,Se has been studied in the infrared by a number of workers (7, 2) and most recently
by Hill and Edwards (3, 4), who resolved for the first time the spectra of the several
isotopic species. In the microwave region Jache, Moser, and Gordy (5) measured the
three lines of each isotopic species that fall in the region below 175 GHz. In this work we
report the measurement and assignment of 94 previously unobserved transitions in the
100-600 GHz region and the analysis of these data. The microwave data for H,¥Se and
H,"8Se are analyzed with the infrared combination differences of Hill (6) to provide
the most comprehensive analysis. For the less abundant species H,%Se, H,""Se, and
H.%Se no infrared combination differences are available. These species are analyzed
primarily on the basis of the observed microwave transitions. These analyses are shown
to be consistent with the more comprehensive analyses of H,"3Se and H,*Se.

Since there are five abundant isotopic species of H,Se, these species present a unique
opportunity to study the effects of isotopic substitution in light asymmetric rotors of
the form H,X. The abundance of these species also leads to a dense, complex spectrum
in the microwave region because the isotopic multiplets are not well isolated from one
another and in many cases overlap. In addition, the large rotational constants of these
species result in low J transitions which are scattered throughout the millimeter and
submillimeter region of the microwave spectrum. It has been shown previously (7, §)
that a large number of these transitions must be measured to calculate adequately the
rotation-distortion parameters which are necessary to characterize the observed spectrum
to within the accuracy of microwave spectroscopy (<1 MHz).

1 This work was supported by the National Science [Foundation, Grant No. GP-34590.
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We have previously discussed the use of Watson’s (9, 10, 11) reduced centrifugal
distortion Hamiltonian for the analysis of light asymmetric molecules (e.g., H:0,
NH.D). It is well known that the transformation that leads to this Hamiltonian breaks
down in the symmetric top limit and it has also been suggested (12, 13) that different
transformations are more advantageous under certain circumstances. Since H.Se is
substantially more symmetric (x = 0.82) than any of the other light asymmetric species
which we have analyzed, it is interesting to see what effects, if any, result.

II. EXPERIMENTAL PROCEDURE

The millimeter and submillimeter microwave spectrometer used for this work has been
discussed previously (14, 15). In brief, it consists of a klystron-driven crystal harmonic
generator, a quasi-free-space absorption cell 1 m in length, and a 1.5 K InSb photo-
detector. The inside of the copper cell was coated with “Plasti-Kote™ to retard the
decomposition of the molecules. The H.Se was prepared by the reaction

Small quantities of H:0 remain in the sample, but were easily identified from the known
spectrum of H,O in the microwave region (/6).
IIT. ANALYSIS

We have previously discussed the use of Watson’s reduced centrifugal distortion
Hamiltonian for the analysis of the microwave spectra of light asymmetric rotors (7).
For H.®Se this Hamiltonian takes the form

50 = 50, + 3@ + 30a® + 50a® + 3€,10, (1a)
3¢, = 3(@+ ®)P*+ [€ — §(@+ ®) I[P — bl 2], (1b)
504® = —AsPt — AjP?P2 — AgPt — 20,P2P2 — dg[P2P 2+ P P71, (1c)

50,® = H ;PS4 HyxPP2+ Hgs PP+ HeP.t + 2y PiP2
+ hyxP[P2P2+ P2P2)+ he[PAP 2+ P2PF], (1d)

304® = LycPP2+ LigPPA+ LgksP2P.S+ LgP* 4 LigP PP 2 — PP
+ Ig[P.SP24 P 2P.S], (le)
50400 = PygPSPA+ PryPP.5 4+ PrrsPP.2+ PP, (1f)

where P* = (P2+ P2+ P2) is the total angular momentum, P_? = (P —= P2,
and by = (@ — ®)/(2€ — @ — ®) is Wang’s asymmetry parameter for a near-oblate
top.

Table I shows the 25 microwave lines of H.®Se that are included in the analysis along
with the 84 distinct combination differences obtained by Hill (6) from his analysis of the
near-infrared spectrum. Since the microwave data are approximately 3000 times more
accurate than the combination differences, each microwave transition was assigned a
weight of 9 X 10 for transitions between levels for which J < 2. In order to allow for

2 A product of Plasti-Kote Corporation, Medina, Ohio.
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‘T'able 1. Observed Microwave Transitions of HoSe (MHz).

H27gSe 1‘127 e 1127 e H, 80ge H, e

1gg =1y, 128212 10 128 155.40% b 127 973.40% 127 860.35%
Oy =1y 302208.8¢  362167.63 362 069. 14 361 879.28 361 698. 54
81y ~2, 142783.02 142 623.48% 142 400.58% 142 171.86% " 141 889.02%
8o —~2,; B84193.75  534003.88 383 819.46 383 463.65 383 125.26
%05 —2y; 344787.02  344830.48 344 872.29 344 953,15 345 030,44
1, =20 581 180. 62 581 098. 89

1y =2 596 336. 52a 596 197.06SL 596 061. aea 595 800. wa 595 552, 80a
89y =85, 106485.14° 166163.20° 165 847.57 165 240.46% 184 663.10
Bgy —8gy 40378307 403403.92 403 153.23 402 553.93 401 983, 80
5o —5g 822 500.51 320 604.45 320 795.90 329 992.71 330 131,47
4y ~4,, 201000.01  200420.85 199 858.66 198 776.38 197 748. 31
fg—dy 12010608 42870145  428221.28 427 295.16 426 414,25
dgo =gy 515684.32 315 807.45  315928.10 316 164.20 316 392. 60
byp—~bsy 24730871 216382.75 245 484.52 243 754,62 242 112.28
S —0s 459 502.13  458850.03 458 160.01 456 827.96 455 560, 94
Bos =5,y 307626.U5 307 600.68 307 754.78 307 884.72 308 016,04
6o =5 904543.20 30330144 301 999.28 209 490.16 297 105.08
B = C1ig 489 861. 69

640~ 0 30 760.43 300 661.15 300 568.45 300 399. 66 300 251.68
Ty —~Tgq 360837.85  368038.70 366 331.05 362 998.90 359 828.07
Top—=Tgy 225 677.38  325290.72  324938.27 324 255.52 323 624.01
801 = 240 429 235. 84

8so =8y 358010.12  357238.72 356 498.41 355 087.30 353 768.27
Yg1 % g 492 152. 55

Gpg —~0y;  408036.27 405 781.99 405 571.85 403 269,55 401 087.63

a. Ref. 5,
b. Analysis indicates that frequency reported in Ref. 5 is in error by approximately
7,

possible contributions from model errors at higher J, the remaining microwave lines
were assigned a weight of 10%. The spectral constants which result from this analysis
are shown in Table I1. Also shown in Table II are the results of an analysis based entirely
upon the microwave data of Table I. The apparent small differences (=5 MHz) between
the rotational constants of the two analyses are discussed in the following section. For
both of these analyses the standard deviations for both the microwave and infrared
lines are shown. It should be pointed out that the values for 0., are strongly dependent
upon the relative weighting between the microwave and infrared data. Since both the
standard deviations for the microwave and infrared data are consistent with expected
experimental uncertainty, it can be concluded that model errors are of minimal
significance.

The energy levels calculated from the constants of the combined analysis are shown in
Table III. They are in good agreement with those of Hill at low 7 (e.g., 9¢9) but differ
substantially at high 7 (e.g., 949). This is not an unexpected result and demonstrates the
manner in which the microwave and infrared data are complementary. At low J the
microwave lines connect most of the energy levels, and as a result, these levels are known
to approximately microwave accuracy. Although the infrared combination differences



378 HELMINGER AND DE LUCIA

AR
0. 00003
3, 005
O, 000 -

L 000y

connect many more levels, they do not connect those at high 7, and as a result, previous
energy levels which have been based primarily on these combination differences fail to
predict accurately the high J, high 7 microwave lines reported here. For example, the
95190 transition at 492 152.55 MHz is predicted to be at 502 242 MHz. Inclusion of the
microwave data in the fit substantially improves the accuracy of these energy levels. On
the other hand, the high J, low 7 energy levels are primarily determined by the infrared
combination differences although the inclusion of the high-precision microwave data in
a good theoretical model should improve the accuracy of these levels. It is felt that at
low J, the energy levels are good to approximately microwave accuracy and that now
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both low and high 7 levels at high J are good to approximately infrared accuracy
(=0.01 cm™, 300 MHz). At high 7 the microwave lines in the analysis result in differ-
ences between the energy levels which are substantially more accurate than this.

Hill has reported 48 distinct combination differences for H,’8Se. These have been
combined with the 21 microwave lines shown in Table I in an analysis similar to the one
described above for H,8Se. The spectral constants which result are shown in Table II.

For the less abundant species H,7%Se, H,"’Se, and H,*Se, no combination differences
have been published. An analysis procedure similar to that discussed previously for
H.,70 (17) has been adopted. Inspection of the results for H,*Se and H,"8Se shows, to
within experimental uncertainty, that the P® and P constants are identical. Therefore,
for the analyses of the three less abundant species, their values of the P# and P con-
stants were fixed at the H.8°Se values. In addition, it can be shown that the 21 micro-
wave lines observed for each of these three species do not determine the value of H or
Hx. These constants were also fixed to the H,%Se values. The spectral constants which
result from these analyses are shown in Table IV for all five species. Both the good fit
of the experimental data and the excellent agreement between the H,®Se constants
calculated by this procedure and those shown in Table II indicate the general validity
of this procedure. Since the uncertainties in the variables depend upon the uncertainties
in the fixed constants that were obtained from the full H,%Se analyses, the uncertainties
of the constants in Table IV should be taken to be approximately the same as those of
H.%Se.



380 HELMINGER AND DE LUCIA

1l i 1 L :
P A .
anif s} Aats (CEH7),
e v 78, 0
o J o 9 .lZ 172 Al/ 938

Lol Bulive
1le 2710
0. 3duis
-0 115180
U. 331802
-0, 212052

0, 4510041 0. 2043735

O, 402215 U. iluzy 0.1
L 11430u -0, 11ouus -0, 11s6ug
0. 25025 U.25713 0.2052132
). 310512 ~0, 61702 -0. 01610y

Q. 1u37e

O, 31230

The distortion constants omitted from this tabls are fixed at their G e valines,

IV. REMARKS

H.Se is the most symmetric (x ~ 0.82) light asymmetric rotor that has been analyzed
by means of the Hamiltonian of Eq. (1). For an oblate top the @, ®, € of Watson are
related to the 4, B, C of Kivelson and Wilson (18) by

@ = A+ 16Rs(C — B)/(B — A), (22)
® = B — 16Rs(C — 4)/(B — A), (2b)
C = C + 16R6. (2C)

In the limit of an oblate symmetric top these relations break down, and for near-
symmetric tops these corrections can be large. This is one manifestation of the break down

74‘1
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in the symmetric top limit of the transformation which results in the reduced
Hamiltonian of Eq. (1).

Since this breakdown occurs whenever 4 — B is of the same order of magnitude as
the P* distortion parameters (1500 and 500 MHz, respectively, for H,Se), it is of interest
to test for evidence of this breakdown in the results presented here. For the weighted
microwave-infrared and the pure microwave H,¥Se analyses shown in Table II, @, ®, C
differ by approximately 5 MHz, while the 4, B, C agree to about 0.2 MHz. Changes in
the @, ®, @ for H8°Se can also result from different choices of the higher-order distortion
constants. Although these changes can be as large as 100 MHz, the A4, B, C which result
via Eq. (2) are in good agreement with the analyses presented here.

Table V shows the A, B, C which result from the analyses of Table IV via Eq. (2).
Since an on-axis substitution should not affect the moment of inertion about that axis,
B should remain unchanged for isotopic selenium substitutions. For these analyses the
difference between ® for Hy7%Se and & for H,%Se is 22 MHz, while the same difference
for B is only 1.5 MHz. Also included in Table V are the rotational constants calculated
by Oka and Morino (19, 20) from the microwave measurements of Ref. (5) and distor-
tion constants calculated from infrared vibrational data via the force field relations as
well as the infrared results of Hill and Edwards (4).

Since @, ®, @ are fitting parameters and have no direct physical meaning, no incon-
sistency results from any of the above. Furthermore, it can be demonstrated that, like
the A, B, C, the energy levels which result from the various analyses are in good agree-
ment. The consistency of the results presented here may in large part depend upon the
accuracy of the numerical methods employed. All calculations reported in this work
were performed in double-precision arithmetic on an IBM 370/165.

It is interesting to note that although the asymmetry of CH,DF is substantially less
(x = —0.978) than that of H,Se, the &, B, @ of CH,DT are extremely stable (21). But
unlike H,Se, for CH,DF the P* constants are small compared to ® — © and it is this
ratio which is a measure of the breakdown of Watson’s transformation (10).

V. THE RESULTS OF DISTORTION ANALYSES OF LIGHT
ASYMMETRIC MOLECULES

The combination of the millimeter and submillimeter microwave techniques described
in Ref. (14) and Watson’s Hamiltonian have made it possible to characterize the rota-
tional spectra of the lighest asymmetric molecules over a wide range of J , states. These
molecules can be divided into classes: First, the bent triatomic species of water and
hydrogen sulfide, all of which are rather asymmetric; second, hydrogen selenide, which
is considerably more symmetric than the first group; third, prymidal XY.Z molecules
such as NH,D and ND,H; and finally, slightly asymmetric species with large 4 rota-
tional constants like CH,O and CH,DF.

Table VI summarizes the results of these analyses and shows both a number of
similarities as well as several important differences. In all cases the experimental data
can be fit to within experimental uncertainty and transitions within the general J , range
of the data set, but not included in the analyses, can be predicted with good accuracy.
But only for NH,D/ND.H and CH.DF has it been demonstrated that transitions well
beyond the J, range of the rest of the data can be predicted accurately. This is not the
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Molecular type

Water, hydrogen sulfide

and isotopic species Yes Ve 15 IR o
Hydrogen Selenide Yes Ves 15* o Some
Asymmetric Ammonia Yes Yes G Yeis o
Slightly Asymmetric Yes Y 8] Yes No

case for the first two classes of molecules. This result is directly related to the number
of distortion parameters required to characterize the spectrum of each specie. Since the
higher-order constants are often highly correlated for the available data set, substantial
errors can result in the predictions of the frequencies of transitions beyond the general
J » range of the data set.

It is also important that the constants which result from any spectroscopic study be
characteristic of the molecular species and not the details of the data set or choice of
Hamiltonian. This has been demonstrated for all of the species represented in Table VI
if, as discussed above for HSe, it is remembered that it is 4, B, C which relate to molecu-
lar geometry rather than @, ®, ©. In particular, for the species of water and hydrogen
sulfide it has been demonstrated both that accurate structural parameters can be cal-
culated from the rotational constants and that the molecular force fields calculated from
the P* distortion constants are consistent with those calculated directly from vibrational
data (22, 23).
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