Observation and analysis of the v, and v; fundamental bands of the H,D* ion
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The observation of the high-resolution absorption spectrum of the H,D* molecular ion in the
region 2010-2610cm ~ ! in discharges through mixtures of H, and D, gases is reported. Two types
of tunable monochromatic sources are employed, either a diode laser (in Ottawa) or a difference-
frequency laser system (in Chicago), and the sensitivity is improved by using either discharge
modulation or Doppler velocity modulation techniques. A total of 66 new lines of H,D* have
been measured and assigned, mostly on the basis of ground-state combination differences, to
specific rotational transitions of the v, and v; bands. These data, as well as the two known
microwave lines, are fitted by means of two theoretical models, either an effective Hamiltonian
model] including a Padé representation of a conventional A-reduced centrifugal Hamiltonian for
each vibrational level together with Coriolis and higher rotational interactions between v, and v,
or a supermatrix model in which the matrix of the untransformed Hamiltonian is set up in a large
vibration-rotation basis and diagonalized directly. In the supermatrix model most of the
vibrationally off-diagonal matrix elements are constrained to values derived from Carney’s ab
initio calculations, while the v, parameters are fitted to the observed lines of Amano. Because of
the large number of parameters required in the effective Hamiltonian, the less flexible
supermatrix model was valuable as a check of the assignments. The results of these fits make it
possible to assign seven of the nine lines reported by Shy, Farley, and Wing in 1981. The observed
band origins, v, = 2205.87 cm ™" and v, = 2335.45 cm ™, as well as the rotational constants, are
in good agreement with ab initio predictions. With the use of one calculated term value to relate
the stacks of levels with even and odd values of K 7, a table of observed term values of the lower

rotational levels of the ground state and the v, and v, states is constructed.

1. INTRODUCTION

The H;" molecular ion is of fundamental importance in
physics, chemistry, and astronomy. Although there has been
considerable interest in this simplest of polyatomic mole-
cules since its discovery' in 1912, high-resolution spectra
were not available until 1980, when Oka® detected the v,
fundamental band of H;* around 4 ym in the infrared, and
Shy, Farley, Lamb, and Wing® detected the same band for
D;t around 5.5 um. A comprehensive analysis of the H;*
spectrum has recently been published* and the reader is re-
ferred to that paper, and to reviews by Oka,’ Herzberg,® and
Porter’ for further introductory details.

The isotopes of H;" are of significant interest, and in
particular H,D™ is of key importance because of its pre-
sumed role in the deuterium fractionation of interstellar
molecules, and its possession of a permanent electric dipole
(=0.6 D) and hence an allowed pure rotational spectrum.
Shy ez al.® observed several lines of the infrared spectrum of
H,D™ in 1981, but no specific rotational assignments of
these transitions were made at that time. In 1984, Amano
and Watson® detected and analyzed the v, fundamental
band of H,D* around 3.3 um, and recently Amano'® has
extended these observations. Subsequently, three groups
have detected two pure rotational transitions: 1,,~1,; near
372 GHz,'"'? and 2,,~2,, near 156 GHz."* Based on the
laboratory data, a possible detection of the 372 GHz line of
this species in the giant molecular cloud NGC 2264 has been
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reported.’* Extensive ab initio calculations of the structure
and vibrational frequencies of H,D* have been made by
Carney and Porter,!* Carney,'®!” and Tennyson and Sut-
cliffe.'®

In the present paper, we report the observation and
analysis of the v, and v, fundamental bands of H,D* in the
4-5 pm region. These results were obtained using tunable
infrared laser sources to record the absorption spectrum of
mixtures of H, and D, subjected to an electric discharge. The
analysis was complicated by a strong Coriolis interaction
between v, (2206 cm ') and v, (2335 cm ™ !), but the interac-
tion parameters thereby obtained provide valuable addi-
tional information. A total of 66 lines from the v, and v,
bands have been measured, assigned, and fitted, and an addi-
tional 7 (out of nine) of the lines detected by Shy e al.® were
assigned with some confidence as specific higher-J (> 5) tran-
sitions of the v, band. The experimental energy levels and
molecular parameters arising from our study are in generally
good agreement with previous ab initio calculations.!>-!®

Il. EXPERIMENTAL DETAILS

Spectra were obtained in Ottawa using a tunable diode
laser source in the 20002500 cm ~! region, and in Chicago
using a tunable difference-frequency laser source® in the
2300-2600 cm ™! region. The diode laser apparatus has been
described previously*'® and only a brief discussion will be

given here. It utilizes a commercial laser source spectrom-
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eter and laser diodes manufactured by the Laser Analytics
Division of Spectra-Physics Inc. H,D™* spectral line posi-
tions were calibrated relative to nearby known infrared ab-
sorption standards with the aid of interference fringes from a
temperature-stabilized Ge etalon. During the present work
the system was refined by incorporating three infrared detec-
tors and a three-pen chart recorder so that the sample
(H,D™), reference gas, and etalon fringe spectra were re-
corded simultaneously. The absorption cell, based on the
design of Van den Heuvel and Dymanus,? consisted of a
large copper hollow cathode, and incorporated multiple-tra-
versal mirrors which gave an effective absorption path of
11.2 m in the discharge region. A discharge modulation
scheme*'%?! was used to enhance sensitivity and discrimi-
nate in favor of ions, and typical peak currents were 0.6 t0 0.8
A. Most spectra were recorded with the hollow cathode di-
rectly cooled with flowing liquid nitrogen.

The dependence of the relative intensities of H;',
H,D*,and D,H™" spectral lines on H, : D, mixing ratio was
studied by Amano and Watson,? who found a strong prefer-
ence for deuterium substitution due to the effect of the lower-
ing of zero-point energies and of the missing J = 0 level of
H;". Our observations are in general agreement, and indeed
the deuterium preference may be even greater in the hollow
cathode cell due to a slightly lower effective temperature (we
estimate T, =~ 7\, =~ 150 K in the hollow cathode, com-

pared to ~200 K in the positive column discharge of Refs. 2
and 9, with both cells cooled by liquid nitrogen). Specifically,
we found the H,D* spectrum to be maximizedbyan H, : D,
partial pressure ratio of around 80:20, whereas D,H™" exhib-
ited a much broader maximum centered about a 50:50 ratio.
This difference made it relatively easy to distinguish experi-
mentally between the two molecules except in the case of
very weak lines. Many of the present measurements were in
fact made while simultaneously searching for H,D* and
D,H™* transitions using an intermediate H, : D, ratio of
about 70:30. The D,H* v, and v, band results will be report-
ed in a separate paper, while an analysis of v, was recently
published by Lubic and Amano.??

The difference-frequency laser system used for the mea-
surements in the range 2300-2600 cm~! in Chicago is simi-
lar to that described earlier in our paper on H;" .4 A liquid-
nitrogen cooled ac discharge through a gas mixture with
H, : D, = 75:25 at a total pressure of 800 mTorr was used in
the observations of low-J transitions. Later, higher-J lines
were measured using a water-cooled cell. The discharge tube
is 12 mm i.d. and about 1 m long, and the radiation is passed
through it six times unidirectionally. The velocity modula-
tion technique® was used to increase the sensitivity of detec-
tion.

The observed wave numbers of 66 lines are presented in
Table I, together with our assignments, the residuals in the

TABLE I. Observed lines and assignments in the v, and v, bands of H,D™*.

Upper level Lower level e Residual 4 *° Residual B>  Intensity?
v, 6,5 T 1837.573¢ 0.003 0.128 0.0000
v, 6,5 726 1837.688° 0.003 0.186 0.0000
v, 50s [ 1892.541° 0.006 0.310 0.0005
v, 55 66 1892.558° 0.001 0.315 0.0015
v, 514 6,5 1895.995¢ 0.007 - 0.193 0.0003
v, 524 6,5 1896.345° — 0.000 —0.043 0.0001
v, 4,5 514 1952.024¢ -0.013 —0.268 0.0010
v, 303 40, 2012.621 0.012 —0.239 0.0045
v, 353 4., 2013.010 0.007 —0.202 0.0137
v, 24 3, 2053.211 —0.002 0.082 0.0053
v, 2, 3,5, 2060.684 0.001 - 0.051 0.0017
v, 202 303 2066.958 - 0.003 —0.160 0.0075
v, 2,, 3 2068.680 —0.008 —0.148 0.0233
v, 4,, 3, 2081.851 —0.005 —0.109 0.0000
v, 1,6 24 2102.488 —0.002 0.068 0.0068
v, 2, 350 2108.633 —0.001 0.129 0.0097
vy 25 35 2111.226 0.004 0.076 0.0105
v, 1oy 202 2115.046 0.004 —0.003 0.0074
v, 1y 2, 2119.938 — 0.008 - 0.052 0.0221
vy 2, 3, 2157.701 0.004 —0.147 0.0042
v Oco 1oy 2160.176 0.007 0.054 0.0043
vy 1, 156 2186.344 —0.001 - 0.018 0.0034
Vs 1o 2, 2190.664 0.008 —0.097 0.0123
v, 25 25 2208.417 0.003 0.076 0.0032
v, 1,0 1, 2218.393 0.002 0.101 0.0189
vy 202 345 2223.706 —0.002 —0.135 0.0266
v, 3 3, 2225.501 0.002 0.183 0.0016
Vs 2, 303 2239.637 0.001 0.077 0.0085
v, 2, 2 2240.512 —0.001 0.121 0.0119
vy 2, 32 2242.303 — 0.005 0.112 0.0037
V, 1o, 2., 2245.109 — 0.005 - 0.120 0.0523
v, 1oy Oy 2246.697 —0.002 0.065 0.0018
vy 3 35 2257.495 0.005 0.105 0.0082
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TABLE I (continued ).

Upper level  Lower level - Vb’ Residual A4*® Residual B**  Intensity?
vy 4o 4y 2261.176 — 0012 — 0025 0.0058
v, 3, 3, 2263.807 0.002 0.102 0.0034
Vs I, 202 2271.135 0.002 0.055 0.0112
vs 2, 2 2272.395 —-0.013 0.102 0.0071
v, Oco 1, 2275.403 —0.003 —0.101 0.0749
vy 4, 4y 2279.085 0.018 0.119 0.0027
v, 2,, 2 2283.810 0.003 —0.013 0.0033
vy 30 312 2284.565 0.004 —0.035 0.0233
v, 4, 4, 2287.118 0.008 —0.288 0.0037
vy 2, 20 2288.623 — 0,003 —0.133 0.0150
v, Sos 45, 2290.658 0.003 —0.137 0.0002
vy 24 2, 2301.830 0.003 - 0.073 0.0686
v, 11 1,0 2311.512 —0.001 ~0.090 0.1138
vy 2, 202 2380.824 0.002 —0.112 0.0206
v 2 1; 2381.367 0.000 0.147 0.0025
v, 250 2, 2393.633 —0.007 0.100 0.0388
vy 1, 0o 2402.795 0.005 0.132 0.0413
vy 20 1, 2417.734 0.005 —0.041 0.0660
vy 2, 2 2429.647 0.039 0.194 0.0250
v, 2, 1o, 2445.348 —0.010 0.177 0.0456
v, 3, 2 2445.606 - 0011 —0.111 0.0032
v, 3, 25 2448.627 0.002 0.220 0.0010
Vs 3, 3 2466.041 0.002 —0.175 0.0020
vy 30y 2 2471.865 0.003 0.002 0.0810
v, £ 202 2486.932 0.001 0.139 0.0376
Vs 4y 4, 2490.782 —0.020 —0.064 0.0040
v, 2, 1io 2496.014 0.007 0.189 0.1070
Vs 4, 3, 2505.693 —0.017 0.066 0.0031
vs 20 1y 2509.541 —0.000 0.136 0.0922
v, 3 2, 2512.598 ~0.002 —0.120 0.0092
Vs 404 355 2523.271 0.004 — 0.008 0.0541
vy 4, 305 2523.953 —0.001 0.021 0.0074
vs 3, 2, 2534328 0.003 0.195 0.0579
v, 4,, 303 2537.200 —0.001 —0.090 0.0148
v, 4,, 3.2 2568.302 0.018 0.042 0.0262
vy S0 4,, 2571.585 ~0.003 —0.162 0.0245
vy 5, 4y 2572.755 ~0.001 —0.178 0.0079
v, 3, 2, 2578.462 —0.002 0.123 0.0334
Vs 3, 20 2596.960 — 0.008 —0.164 0.0177
Vy 3 2, 2602.146 0.006 —0.161 0.0182

*Units:cm .

bResidual (observed—calculated) from effective Hamiltonian fit.

¢ Residual (observed—calculated) from supermatrix fit.

4 Line strength (in D?) multiplied by lower-state Boltzmann factor at 200 K.

¢ Data from Shy, Farley, and Wing (Ref. 8).

two different fits described in Sec. III, and the calculated
relative intensities at 200 K. Also included in Table I are
assignments of seven of the nine lines measured by Shy, Far-
ley, and Wing.®

Ill. THEORETICAL MODELS

The (v,, v;) spectrum of H,D* is essentially a many-line
spectrum, with no obvious branches or regularities, and we
have found it valuable to use two different theoretical ap-
proaches in order to have a crosscheck on the analysis and
line assignments. The first approach employs a conventional
effective vibration-rotation Hamiltonian within the near-de-
generate (v,, v;) diad, while the second approach employs a
larger vibration-rotation supermatrix in which most of the
off-diagonal elements are constrained at values derived from
ab initio calculations.'” In the effective Hamiltonian the vi-

bration-rotation matrix elements between the v, and v,
states are included explicitly, but the effects of other off-
diagonal matrix elements are represented in the usual way by
centrifugal distortion terms for each vibrational state. The
advantages of the effective Hamiltonian approach are that it
is easier and cheaper to implement because the matrices are
relatively small and additional terms are readily added.
However, for a light molecule such as H,D™ a rather large
number of centrifugal terms is required. The advantage of
the supermatrix approach is that the Hamiltonian contains
no terms higher than quadratic in the total angular momen-
tum, but the matrices are in general large and expensive to
diagonalize. In this approach the vibration-rotation matrix
elements must be parametrized so that they can be extrapo-
lated to higher vibrational states, but it is relatively easy to
incorporate constraints based on ab initio values of vibra-
tion-rotation matrix elements."’
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A. Effective Hamiltonian model

In the effective Hamiltonian approach, the rotational
levels of the ground vibrational state of H,D* are represent-
ed by a I” A-reduced asymmetric rotor Hamiltonian,** with
one important modification, namely the use of Padé-type
expressions to represent the sextic and higher centrifugal
distortion terms. This was adopted following the notable
success® achieved by applying Padé expressions to the fitting
of the v, bands of H;t and D;* The specific approach fol-
lowed here is based on that recently formulated by Po-
lyansky,?® which has the merit of treating the centrifugal
distortion in a way that can be easily related to the conven-
tional power series approach,®* using distortion parameters
whose limiting values are the same as the conventional series
coefficients.

The specific form of the rotational Hamiltonian used
here for a vibrational level v is as follows:

Hv - (Hding)u + (Hoﬂ'—diag )v! (1)
(Hdiag)u =H2v +Hiv/(H4v —H6u)’ (2)
(Hoﬂ'-diag)u = [J%J _Jg’ {hZU + hiv/(hw - h6v)}] 4+
H,, =A4,J; +}B,+C) ¥ -J7),
H, = —AKKJ4 _ AJKJ2J2 — A7, (3)
H6 =q>KKKJ6 +¢JKKJ2J4

+ (DJJK J4J2 + ¢JJJJ6

hlu = i(‘Bu - Cu )’
hy = — 8572 —8])F, (4)
he, = #5%J5 + ¢TI + 43

It can easily be seen that in the limit of small centrifugal
distortion (H, <H,,, h¢, €h,,), these expressions reduce to
the usual A-reduced form?* for an asymmetric rotor in a
prolate symmetric rotor basis.

For the near-degenerate (v,, v;) diad, we use diagonal
blocks specified by Eqgs. (1)—(4) and add an off-diagonal block
to describe the Coriolis and higher-order rotational interac-
tions between the fundamentals. The major interaction
between v, and v, is due to the Coriolis term H,,, in the
notation of Aliev and Watson,2® and we also include centri-
fugal corrections to it of the type Hy;,

Hy + Hyy = g0~ 431

X{ ——§23Jc +77§3Ja Jc Ja +7T2’3 JZJC}.
(5)

In the harmonic approximation &,; is given by

£y = (@, + @3)C.8 53 /(w2 @3)' 2, (6)
but we implicitly allow for anharmonic deviations from this
(H,, terms) by treating &,; as an adjustable parameter. The
centrifugal corrections 7%, and %;; are similar to the con-
stants 7¥ and %, of symmetric top molecules.?” The funda-
mentals also interact through a term of the type H,,, which
can be regarded as an off-diagonal vibration-rotation a cor-
rection.

(F122)oﬂ‘—ding = - agg(qus +p.0)Ja Iy + T Ja)- (7)
The combined matrix elements of Egs. (5) and (7) with pro-
late symmetric-rotor rotational functions are

(Vor Iy Koy + Hyp + Hislvs, J K, £ 1)

=i{ + [£2 —pakalk, £ 1) — 755 J(J+1)]
—a5i(2k, £ 1)}
X[J(J+ 1) —kolkg £ 1] - (8)

The various coefficients here include the effects of perturba-
tions by other vibrational states, particularly v,, but in the
effective Hamiltonian procedure they are treated as empiri-
cal parameters whose values are determined by an optimum
fit to the spectrum. The lower-order coefficients &,; and a35
are, however, equivalent to F,, and — D,,/2, respectively,
of Carney'” (see Sec. III regarding the sign of the Coriolis
term) or to G,; and — F,;, respectively, of Tennyson and
Sutcliffe,'® so that there exist ab initio estimates of these pa-
rameters.

B. Vibration-rotation supermatrix model

In the supermatrix calculations it is assumed that the
basic vibration-rotation Hamiltonian?® has been trans-
formed by a J-independent contact transformation which
diagonalizes the pure vibrational energy. This produces an
effective Hamiltonian that can be expressed as a power series
in the vibrational coordinates g, and momentap, , but which
contains no terms higher than quadratic in the total angular
momentum. The specific form chosen is

H= ; Ve + DO XV — 1)+ Y Xgbiey
k k<l
+ S BJ2 4 B(J, J, + I, )

—2J.{C.6 539,03 — @, 431’1)/((”1‘03)1/2

+ C.$ 53(03 @2 p3 — 0295 Po)/(@2005)' '}, (%)
where v, is an abbreviation for
ve =gk +p% — 1) (10)

and the rotational tensor components are given by

Be=Bg"+ 3 P

k=12

- 3 e -1/2)-

k=1,2,3

‘llgqlqzs
(11)

B =p$q;—2 a5 g
k=12
In the final line of Eq. (9) the harmonic frequencies w,, are
calculated from the other parameters according to

Wy =V — 2y — ikz:lxkl- (12)
#*

To calculate the vibration-rotation energy levels from
this Hamiltonian it is necessary to use a moderate to large
vibrational basis together with a complete set of rotational
functions for each J. Since the three vibrational frequencies
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are comparable in magnitude, it was decided to base the cri-
terion for inclusion in the vibrational basis set purely on the
value of the total vibrational quantum number

Vie = ; V. (13)

For an accuracy of ~0.1 cm™" in the lower-J rotational
levels of the ¥, = 1 states a value of V,,, = 2 was adequate,
but the final calculations were performed with ¥V, = 3. To
facilitate the use of this program for the symmetrical iso-
topes H;" and D;", a Wang oblate rotational basis was used.
In order that the matrix elements of the Hamiltonian should
be all real, the phase of the vibrational functions were chosen
to make the matrix elements of ¢,, ¢,, and p, real and posi-
tive, so that

Vi £11g:|Vi) = FilVi £ 1pe| Vi)

— 2V + 1+ )2, k=1,2,
(14)
(Vs+ 1 ps|V3) = £ i(V, 1 1] gs|V3)
— 2V + 1 £ 12, (15)

Initial values for the parameters in this Hamiltonian can
be derived from the ab initio calculations of Carney and Por-
ter.!*-17 The vibrational parameters v, and x,, were deter-
mined from the vibrational levels with V,, <2 in Ref. 15,
while the rotational and Coriolis parameters in Egs. (9) and
(11) were determined from the matrix elements with ¥, <1
given by Carney.'” In this comparison it was assumed that
Carney’s matrix elements could be equated with the matrix
elements of Eq. (9) evaluated in a basis in which Eq. (14} is
valid for all three modes. Once the values of the parameters
were obtained in this way, the basis (14) and (15) was used to
calculate the matrix elements for the present calculations.

Some inconsistencies with calculations by the effective
Hamiltonian method eventually led to the suspicion that the
signs of the Coriolis matrix elements F,,, of Carney are all
incorrect, and this was confirmed by a calculation of these
matrix elements in the harmonic approximation. For exam-
ple, the product of matrix elements D,,F,,C,, (in Carney’s
notation) is independent of phase choices, and is — 751
cm ™ from Carney’s table, whereas the harmonic calcula-
tion gave + 987 cm 3. By changing the sign of all the F,,,
elements, a consistent set of phases is obtained.

The matrix elements of the Hamiltonian {9} were calcu-
lated by first setting up the matrix elements of each vibra-
tional and rotational operator separately and then combin-
ing them together as a sum of products. For V,, <3 and J<6
the maximum dimension of the matrices is 73. In view of the
slowness of diagonalizing a number of such large matrices, it
is not feasible to vary as many parameters in fitting the spec-
trum as in the effective Hamiltonian method. It was there-
fore decided as a general rule to adjust only the V-diagonal
coefficients v,, B§° and afi, and to constrain the V-off-
diagonal coefficients to the values derived from Carney’s
matrix elements'” with the sign change discussed above. The
only exception to this rule was the coefficient a25 between
the near-degenerate levels v, and v;. Adjustment of the coef-
ficient C,{ §; was attempted, but was found to give moder-
ately strong correlations with a5; and a3;. The resulting

slow convergence of the least-squares fit made the calcula-
tions very slow, and it was decided to constrain this coeffi-
cient to its ab initio value.

IV. ANALYSIS

A preliminary (v,, v;) spectrum of H,D* was calculated
with the vibration-rotation supermatrix program of Sec.
II B, using the ab initio vibration-rotation matrix elements of
Ref. 17 and ab initio electric dipole transition moments de-
rived from Refs. 15 and 28. This gave a good general picture
of the structure of the spectrum, but at this stage there were
some minor errors in the supermatrix program and also the
phase inconsistency in the matrix elements of Ref. 15 (see
Sec. III B) was not appreciated. For these reasons there were
difficulties in making detailed line assignments, and it was
decided initially to accept only those assignments that were
supported by ground-state combination differences.>'® In
fact, many of the measurements in Table I were made in
searches for lines separated by known differences from pre-
viously measured and tentatively assigned lines. Eventually
most of the previously observed ground-state differences®*°
were confirmed and a number of additional new ones were
established. Wherever possible the assignments in Table I
are supported in this way.

The observation of a known ground-state difference
between lines does not uniquely identify the common upper
level of the lines, particularly when one is dealing with over-
lapping and interacting bands, and therefore the assign-
ments of the upper levels are based on calculated spectra.
These assignments can then be included in a least-squares
refinement of the parameters in either of the theoretical
models of Sec. II1, and new predictions and assignments be-
come possible. The main intention in the supermatrix ap-
proach is to make comparatively small adjustments in a few
of the parameters, so that the calculations should remain
physically reasonable, possibly at the expense of a poorer fit
of the line positions. In the effective Hamiltonian approach a
larger number of parameters is varied and a more precise fit
is obtained, but for such more flexible models there is a
greater danger of misassignments being accepted and then
being difficult to diagnose, essentially because particular pa-
rameters may be determined purely by the energy of particu-
lar misassigned levels. The two parallel approaches should
therefore act as checks on each other, and the final set of
assignments in Table I is supported by both models.

Table I also contains assignments of seven out of nine
lines observed in the region 1837-1952 cm ™' by Shy ezal.® In
view of the fact that the effective temperature of their ion
source is rather high, the two remaining lines may have high-
erJ values or may belong to one of the hot bands. Our assign-
ments of four of these lines agree with those of Tennyson and
Sutcliffe,'*® but we have changed the X, assignments of the
P(7) doublet of v, at 1837 cm ™ from 6-7 to 5-6. Their as-
signments would give a doublet about 9 cm™' lower with a
smaller splitting and a 3:1 intensity ratio in the opposite
sense. The other change is in the assignment of the 1952
cm ™! line, for which Tennyson and Sutcliffe suggested ei-
ther a P(5) or a Q(5) line, but we have chosen a different
component of P(5).
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The relative intensities in Table I are theoretical values
calculated for a rotational temperature of 200 K from the
eigenvectors of the supermatrix model, using the dipole mo-
ment and derivatives for this isotope,

(o). =0.607 D, (Ju,/dq,), =0.119 D,

(16)
(Qu,/3q,), =0.112 D, (du,/3q,), =0.275 D,

obtained from the dipole moment function of Ref. 28, and
allowing for the 3:1 ratio of proton spin statistics. We have
not included observed intensities because reliable estimates
are difficult to make when, as here, the lines are mostly mea-
sured individually over a period of months, and the mixing
ratios and experimental conditions are adjusted frequently
in order to identify the carrier of each line. Qualitatively, the
observed relative intensities are similar to those calculated,
and minor differences may be due to a somewhat lower rota-
tional temperature or to slight variations in the experimental
conditions.

V. RESULTS

The results of our assignments can be presented in terms
of a table of rotational term values of the three vibrational
states involved. Ground-state combination differences allow
us to build up the level stacks with K K, = ee, eo, oe, 00
separately, while the two observed microwave lines allow us
to relate ee to eo and oe to 0o. To complete the level scheme,
we have related K, = e to K, = o by calculating the separa-
tion 1,,— O, from effective rotational constants that were
fitted to the ground-state differences. With these ground-
state term values established, the upper-state term values are
obtained by simple addition to the line wave numbers. The
results are presented in Table II. For the ground state, we
find on average that the ab initio rotational term values of
Carney!® are 0.26% higher, while those of Tennyson and
Sutcliffe'®® are 0.13% lower. These discrepancies are simi-
lar to those found for the ground state of H;",* although the
Carney deviations are here somewhat smaller than the
0.34% found for H;" . The rotational energies calculated by
Tennyson and Sutcliffe'*® for levels of the v, states are with-
in 0.7% of the observed values in Table II, but the deviations
are somewhat variable for different levels.*

The ground state rotational transition 3,5-3,, is of some
interest because it lies in a convenient region of the micro-
wave spectrum and might be observable from astronomical
sources.>® From ground state combination differences and
the observed microwave line 1,,~1,,, the 3,535, line is cal-
culated to be at 1.4885 cm ™~ '==44624 MHz with an estimat-
ed uncertainty of + 100 MHz. This is significantly lower
than the unidentified line U45.379 observed at Nobeyama
Radio Observatory.*!

In the determination of molecular constants the line
wave numbers for the v, and v; bands, together with the two
known microwave frequencies'''* with a relative weight of
100, were fitted with the effective Hamiltonian of Sec. III A.
Altogether 75 lines were included in the fit and 39 param-
eters were adjusted, giving the values presented in Table III.
The standard deviation of the fit of the infrared lines was
0.0093 cm . The closest comparable theoretical values are

TABLE II. Observed rotational term values of H,D™*.*

Level Ground state v, state v, state
0Ogo 0 (2205.880) (2335.438)
1y, 45,703 40.819 48.534
1,y 60.034 52.922 67.355
10 72.457 72.548 73.881
202 131.655 112.493 142.332
2:2 138.864 116.867 155.613
2, 175.940 173.497 177.043
2, 218.655 209.585 233.031
250 223.859 221.192 234.136
305 251.415 275.292
355 254.066 210.816 283.149
35 326.165 328.823
3, 354.780 374.830
3 376.344 374.402 381.890
35 458.348 445.582 485.382
350 459.835 485.363
40, 441.900
4., 403.685 334.319 439.930
4, 516.161 484.922 525.035
4,, 559.029
4,, 581.388 582.736
S50s 639.832
5.4 738.778

*Units: cm ™. The level 1,, of the ground state is calculated from effective
constants in order to relate the stacks with even and odd values of KX /7.

those of Tennyson and Sutcliffe'*®" ?® and these are included

in Table I11. The agreement is generally reasonable, the most
important differences being in the set of constants (C,, Cj,
&,3), for which the strong correlations mean that small differ-
ences in the data can produce quite large differences in the

constants.
In the supermatrix model of Sec. I11 B the above data set

was supplemented with the lines of the v, band,>'° and a
total of 111 lines were fitted with 16 adjustable parameters.
As the standard deviation of 0.13 cm ™! is clearly limited by
the present theory, the data were not weighted. The resulting
constants are reported in Table IV, where they are compared
with the values derived from Carney’s ab initio matrix ele-
ments.'” Clearly the agreement is good, and with the correct
phases the Carney matrix elements would have provided a
rather accurate prediction of the structure of the spectrum.

The optimum values of the band origins v, and v, ob-
tained here are compared in Table V with a number of theo-
retical estimates. There is good agreement of the calculations
among themselves and with the experimental values, except
that the original ab initio values of Tennyson and Sutclif-
fe!®® seem unusually low. The recent calculations of Carney
and Adler-Golden®? are particularly close to the observed
values.

Apart from zero-point vibrational effects and small
terms from the breakdown of the Born-Oppenheimer ap-
proximation, the 4, rotational constant of H,D* should be
the same as B, of H;". The observed value® of the latter is
B, = 43.565 cm ™!, slightly larger than 4, of H,D* from
either of the two fitting models employed here. The two
models give slightly different values of the ground-state rota-
tional constants A,, B, C,. Part of the difference can be
explained by considering the second-order effects of the p2*
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TABLE IV. Parameters from the supermatrix fit of the v,, v,, and v, bands
of H,D*.*

Parameter Observed® Correlation® Ab initio®
4, 43.3874(81) 1.8 43.146
B, 29.0597(56) 1.5 28.864
C, 16.6621(39) 20 16.563
v 2992.413(40) 34 2999.71
[ 1.7771(109) 22 1.747
at —0.1674(76) 2.9 —0.119
as 0.4224(46) 22 0.395
vy 2205.799(45) 2.8 2203.11
ay’ 1.2197(163) 35 1.188
at — 1.2934(96) 36 —1.324
as 0.4238(59) 45 0.403
V3 2335.494(47) 4.2 2328.51
a= — 2.7089(122) 34 —2612
ag” 1.2949(100) 4.1 1.189
asy 0.9895(78} 5.5 0.762
a2 1.9854{129) 2.1 1.753

=The following parameters are constrained at values derived from Carney
and Porter (Refs. 15 and 17): x;; = — 56.0, x,, = — 46.0, x53, = — 26.5,
x,= — 1360, x3= —83.0, x;= —420, p?"= —11.8709, p*
= —29083, p*= —2.9628, p¥= —170781, pi*=8.0398, pf
=1.6794, p*=8.1742, a5 =12285, a%= —15575 af
= —0.0575, af; = —0.1215, C,§§; = —6.1959, C,{5, = — 13.6789
(allincm™!).
®Observed value in cm ™! with standard deviation on last digit in parenthe-
ses.
¢ The correlation of each parameter is the diagonal element of the reciprocal
of the matrix of correlation coefficients (Ref. 4).
< Ab initio values are derived from Carney (Ref. 17).

terms of Eq. (11), which produce the 74,5 centrifugal con-
stants*® according to

Tagys = — 2 ;P?PZG/VIC-

The rearrangement® and reduction*® of the centrifugal
terms to the A-reduced form of Eqs. (1)~{4) produce the fol-
lowing differences in the rotational constants:

Ag‘] —Agm) = — Taan/2 + 16R6»

B —B§™ = —1,,/2—16(4 — C)Rs/(B—C),
(18)

(17)

TABLE V. Theoretical and observed values of v, and v, of H,D*.

CY¥) — C§™ = 37, /4 + 16(4 — B)R/(B — C),
with
Re = (Topop + Tecee — 2Tibcc — ¥Tbenc )/ 64. (19)

The calculated differences (18) are, respectively 0.0195,
0.0485, and — 0.0537 cm ™!, while the observed differences
from the fits are 0.0787, 0.0782, and — 0.0594 cm .. Clear-
ly, this contribution provides only a partial explanation of
the differences. In general, the delta centrifugal constants
from the effective Hamiltonian fit are larger than the values
calculated from the formulas* relating them to the taus (17),
and apparently there are compensating changes in the prin-
cipal rotational constants.

In the upper states the two fits give different values for
the three constants (C,, C;, £,,) but this is largely a result of
the strong correlation between these constants. In the effec-
tive Hamiltonian fit these three constants are all varied, but
in the supermatrix model this correlation is constrained by
maintaining the Coriolis interaction at its ab initio value."’

The data for the rotational structure of the three funda-
mental bands of H,D* make it possible to obtain a first esti-
mate of the equilibrium structure of H;* . The equilibrium
rotational constants determined from the supermatrix fit are

A, =43.531, B, =28977, C,=17.580 cm~".(20)

These give the inertial defect A, =I¢—71¢—1°

= —0.0101 uA? compared to the zero-point value
A, = + 0.0431uA2 The appreciable negative value of A, is
probably due to the neglect of ¥ terms in the extrapolation of
the rotational constants. The structural parameters derived
from A4, and B, are

r,(HH) = 0.8766 A, r.(HD)=0.8773 &,
6,(HDH) = 59°57',

and the deviation from exact equilateral geometry is prob-
ably due to the neglect of the ¥ terms. The ab initio estimates
of r, are generally somewhat shorter, close to
1.650a, = 0.8731 A.

Potential surface Vibrational calculation v,(em™')  vy(cm™Y)
Carney and Porter, 1974* Carney and Porter, 1977° 2203 2329
Schinke, Dupuis, and Lester, 1980° Tennyson and Sutcliffe, 1984¢ 2184.0 2309.7
Burton et al., 1985° Tennyson and Sutcliffe, 1985° (fit A) 2196.1 23213
Burton et al., 1985° Tennyson and Sutcliffe, 1985 (fit B)  2202.7 2331.8
Burton, et al., 1985° Jensen, §pirko, and Bunker, 1985 ¢ 2200.1 2325.2
Meyer, Botschwina and Burton, 1985" Meyer, Botschwina, and Burton, 1985" 2204.4 2332.8
Dykstra and Swope, 1979 Carney and Adler-Golden, 19857 2207 2336
Observed® 2205.87 233545
* Reference 28. S Reference 34.

b Reference 15. b Reference 35.

°Reference 32. {Reference 36.

9Reference 18(a). iReference 37.

°Reference 33. k Present work.

fReference 18(c).

J. Chem. Phys., Vol. 84, No. 1, 1 January 1986



Foster ot a/. : Fundamental bands of the H,D* ion 99

ACKNOWLEDGMENTS

We are grateful to T. Amano for numerous discussions,
and to B. T. Sutcliffe, J. Tennyson, P. R. Bunker, P. Botsch-
wina, and G. D. Carney for information in advance of publi-
cation. The research at the University of Chicago is support-
ed by NSF Grant No. 84-08316.

'J. J. Thomson, Philos. Mag. 24, 209 (1912).

>T. Oka, Phys. Rev. Lett. 45, 531 (1980).

3J.-T. Shy, J. W. Farley, W. E. Lamb, Jr., and W. H. Wing, Phys. Rev. Lett.
45, 535 (1980).

4].K. G. Watson, S. C. Foster, A. R. W. McKellar, P. Bernath, T. Amano,
F.S.Pan, M. W. Crofton, R. S. Altman, and T. Oka, Can. J. Phys. 62, 1875
(1984).

5T. Oka, in Molecular Ions: Spectroscopy, Structure, and Chemistry, edited
by T. A. Miller and V. E. Bondybey (North-Holland, Amsterdam, 1983},
pp- 73-90.

5G. Herzberg, Trans. R. Soc. Can. 20, 151 (1982).

"R. N. Porter, Ber. Bunsenges, Phys. Chem. 86, 407 (1982).

8J.-T. Shy, J. W. Farley, and W. H. Wing, Phys. Rev. A 24, 1146 (1981); J.-
T. Shy, Ph.D. dissertation, University of Arizona, 1982.

°T. Amano and J. K. G. Watson, J. Chem. Phys. 81, 2869 (1984).

1°T. Amano, J. Opt. Soc. Am. B 2, 790 (1985). In this reference the wave
number 2871.937 should be 2871.897, as in Ref. 9 (T. Amano, private
communication).

1'M. Bogey, C. Demuynck, M. Denis, J. L. Destombes, and B. Lemoine,
Astron. Astrophys. 137, L15 (1984).

2. E. Warner, W. T. Conner, R. H. Petrmichl, and R. C. Woods, J. Chem.
Phys. 81, 2514 (1984).

138, Saito, K. Kawaguchi, and E. Hirota, J. Chem. Phys. 82, 45 (1985).

14T. G. Phillips, G. A. Blake, J. Keene, R. C. Woods, and E. Churchwell,
Ap. J. Lett. 294, L45 (1985).

3G, D. Carney and R. N. Porter, Chem. Phys. Lett. 50, 327 (1977).

16G. D. Carney, Chem. Phys. 54, 103 (1980).

YG. D. Carney, Can. J. Phys. 62, 1871 (1984).

18y, Tennyson and B. T. Sutcliffe, (a) Mol. Phys. 51, 887 (1984); (b) 54,
141 (1985); (c) (in press).

198. C. Foster and A. R. W. McKellar, J. Chem. Phys. 81, 3424 (1984).

2F, C. Van den Heuvel and A. Dymanus, Chem. Phys. Lett. 92, 219
(1982).

21T, Amano, J. Chem. Phys. 79, 3595 (1983).

22K, G. Lubic and T. Amano, Can. J. Phys. 62, 1886 (1984).

¢, S. Gudeman, M. H. Begemann, J. Pfaff, and R. J. Saykally, Phys. Rev.
Lett. 50, 727 (1983).

23 K. G. Watson, Vibrat. Spectrosc. Struct. 6, 1 (1977).

250. L. Polyansky, J. Mol. Spectrosc. 112, 79 (1985).

26M. R. Aliev and J. K. G. Watson, in Molecular Spectroscopy: Modern
Research, edited by K. Narahari Rao (Academic, Orlando, 1985), Vol.
L, p. 1.

27M. R. Aliev and J. K. G. Watson, J. Mol. Spectrosc. 75, 150 (1979).

25G. D. Carney and R. N. Porter, J. Chem. Phys. 60, 4251 (1974).

9This slightly irregular behavior is probably due to incomplete conver-
gence of the ab initio calculations, which also causes the apparent split-
tings of degenerate levels in H;* [Ref. 18(a)]. The value of G,, quoted in
Table I of Ref. 18(b) should be changed to — 22.460 cm ™! [J. Tennyson
(private communication) ].

30A. Dalgarno, E. Herbst, S. Novick, and W. Klemperer, Astrophys. J. 183,
L131 (1973).

3H. Suzuki, N. Kaifu, T. Miyaji, M. Morimoto, M. Ohishi, and S. Saito,
Astrophys. J. 282, 197 (1984).

32R. Schinke, M. Dupuis, and W. A. Lester, Jr., J. Chem. Phys. 72, 3909
(1980).

3P, G. Burton, E. von Nagy-Felsobuki, G. Doherty, and M. Hamilton,
Mol. Phys. 55\,/ 527 (1985).

34p. Jensen, V. Spirko, and P. R. Bunker, J. Mol. Spectrosc. (in press).

35W. Meyer, P. Botschwina, and P. G. Burton (to be published).

%C. E. Dykstra and W. C. Swope, J. Chem. Phys. 70, 1 (1979).

3G. D. Carney and S. Adler-Golden, paper presented at the Fortieth Sym-
posium on Molecular Spectroscopy, Columbus, Ohio, 1985.

33D, Kivelson and E. B. Wilson, Jr., J. Chem. Phys. 21, 1229 (1953).

39D, Kivelson and E. B. Wilson, Jr., J. Chem. Phys. 20, 1575 (1952).

405, K. G. Watson, J. Chem. Phys. 46, 1935 (1967).

J. Chem. Phys., Vol. 84, No. 1, 1 January 1986



