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Observed rotational–vibrational transitions of HI dimer in the geared bending mode, centered at
511.9 GHz, are reported. This �50 kHz spectrum was recorded using a co-axially configured pulsed jet
submillimeter spectrometer and hyperfine structure of R(J) and P(J) transitions from the quadrupole
moments of iodine nuclei are completely resolved for low-J transitions. Analysis of hyperfine patterns
was carried out using a theoretical approach accounting for the large amplitude motion effects and
hyperfine matrix elements within and between vibrational states. The submillimeter analysis is consis-
tent with a vibrationally averaged ground state Rcm = 4.56372(1) Å and average bending angle
h = 46.405(1)�.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

(HF)2, (HCl)2 and (HBr)2 have in many ways been considered as
prototypical hydrogen bonded interactions and consequently their
structure and dynamics have been the subject of extensive exper-
imental and theoretical investigations [1–14]. However, there have
been relatively few corresponding studies of (HI)2 where such
ground state information is significant in characterizing mecha-
nisms associated with (HI)2 photochemistry [15–17]. Although
(HI)2 has been the subject of theoretical calculations [18,19], and
infrared matrix isolation studies [20–23], there have been no rota-
tionally resolved infrared studies of this dimer until relatively re-
cently [24,25]. These latter spectroscopic results were
inconclusive regarding specifics of molecular dynamics. The poten-
tial of this dimer could be similar to other members of the homol-
ogous series having a barrier to tunneling interconversion and an
L-shaped global minimum. Alternatively, the barrier could be be-
low the ground state or even non-existent, thus being consistent
in the latter case with a single global minimum and a symmetric
dimer structure. Additionally, the previously investigated rovibra-
tionally resolved 4.5 lm supersonic jet spectrum of HI dimer [24]
was recorded with an instrumental resolution of only 30 MHz
which unfortunately prevented effective resolution and analysis
of the expected complicated iodine (I = 5/2) quadrupole substruc-
ture. Resolving such hyperfine substructure through analysis of
the microwave spectrum of (HI)2 or HI–DI would also be expected
ll rights reserved.
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to be difficult to accomplish due to a non-existent or small perma-
nent dipole moment. However, further characterization of the
structure and dynamics in the ground state of (HI)2 is possible
through resolution of the hyperfine structure of transitions be-
tween the ground state and its lowest vibrational excited state that
occur in its submillimeter spectrum [26]. The hyperfine structure
of iodine containing molecules has been found to be intrinsically
interesting because such molecules display a very large hyperfine
quadrupole coupling that can be accurately measured giving quan-
titative information about molecular dynamics and structure. ICN,
HI, and I2 for example have eQq hyperfine coupling constants [27–
29] of �2420, �1828, and �2980 MHz, respectively, orders of mag-
nitude larger than that of H35Cl and about 500 times larger than
the 4 MHz value in 14NH3. Because hyperfine coupling effects are
so large in these types of molecules, second-order quadrupole cou-
pling effects [30] or DJ = ±2 hyperfine coupling matrix elements
[29] must be taken into account in order to accurately reproduce
such spectroscopic data.Large hyperfine effects attributable to its
two iodine atoms are expected in the submillimeter spectrum of
the HI dimer but are not known to have been analyzed and com-
pared with experimental [1,10,13,31] and theoretical [1,32,33]
investigations of the structure and dynamics of homologous mem-
bers in the hydrogen halide dimers series (HF)2, (HCl)2, and (HBr)2.
Investigation of the submillimeter spectrum of the HI dimer is now
reported allowing us to resolve for the first time its complicated io-
dine–iodine quadrupole structure and to spectroscopically charac-
terize its ground and first excited vibrational states using high
resolution spectroscopy. The submillimeter data is also analyzed
[26] in order to elucidate the effects of the large quadrupole
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coupling and its interaction with the geared bending vibrational
motion. Furthermore, these precisely determined dimer parame-
ters give further insight into the structure of the HI dimer.

2. Experimental

The vibrational–rotational transitions of HI dimer associated
with the m5 geared bending mode have been observed using a co-
axially configured pulsed jet submillimeter spectrometer [34] with
some modifications [14]. An OB-80 backward wave oscillator tube
was used as the radiation source from 500 to 713 GHz. The molec-
ular complex was produced in a supersonic jet with the adiabatic
expansion of 2% HI in 98% Argon at a stagnation pressure of
2 atm absolute pressure. The output frequency of the BWO tube
was scanned in 10 kHz steps (4 ls/step) through the line profiles
with forward and return scanning and Doppler-displaced compo-
nents recorded using an InSb liquid helium cooled bolometric
detector using 400–900 co-additions to give an averaged 2 kHz fre-
quency accuracy for linewidths of �50 kHz as shown for a single
quadrupole component (Fig. 1). A broadband prediction of the
spectrum is expected to be complicated even when predicted at
an effective temperature of 1.2 K. The measured data consisting
of 345 lines centered around 510 GHz connecting the ground
vibrational state and the first excited vibrational state of the dimer
are given in Table 1. All observed transitions are a-type transitions
with K 0a ¼ K 00a ¼ 0 and DJ = ±1. For the R(0), R(1), R(3), R(3), and R(3)
transitions, 24, 72, 54, 10, and 16 hyperfine components were mea-
sured, respectively. For the P(1), P(2), P(3), and P(6) transitions, 24,
71, 34, and 40 hyperfine components were measured, respectively.

3. Initial spectral analysis

The measured data were first fitted to a Hamiltonian for a linear
molecule with inclusion of appropriate distortion, as was used pre-
viously for the HBr dimer [14]. Our fits included use of Pickett’s
SPFIT program [35] to a Hamiltonian H = HVR + HQ. The geared bend-
ing mode is characterized by the frequency, m5, the rotational B
constants determined for the ground and excited vibrational states.
We added one centrifugal distortion term DJJ, using the Watson
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Fig. 1. Doppler-displaced components of one qu
centrifugal-distortion Hamiltonian written in the A-reduced Ir rep-
resentation. In addition to the rovibrational Hamiltonian, we also
included the 127I nuclear electric quadrupole Hamiltonian HQ, char-
acterized by the quadrupole constant vzz for both identical iodine
nuclei in both states. Each value was constrained to be equivalent
to one another. The magnetic hyperfine structure arising from the
two hydrogen atoms was neglected as it could not be resolved. The
standard deviation of the fit was 80 kHz, large compared to the
estimated 2 kHz frequency accuracy of the measured transitions
and indicating that a more sophisticated Hamiltonian needs to be
developed and this will be considered in the next section. The cur-
rently determined parameters are: m5 = 511931.440(9), with
ground state B (MHz), DJJ (kHz) and vzz (MHz) 378.299(2),
0.377(35), �389.997(34) and the corresponding excited state B
(MHz), DJJ (kHz) and vzz (MHz) 370.810(1), 0.296(20),
�377.371(34).

Fig. 1 shows the Doppler-displaced components of the recorded
spectrum of HI dimer for the R (0) I0; F 0  I00; F 0 : 3;3  3;3 tran-
sition. The measured center frequency of the transition is deter-
mined to be 512679.0404 MHz.
4. Theory

An approach is developed for calculating the observed submilli-
meter frequencies that accounts for the fact that the hyperfine cou-
pling Hamiltonian has DJ = ±2 nonvanishing matrix elements
within as well as between the two lowest vibrational states: the
ground vibrational state and the first excited vibrational state of
the geared bending motion. Expressions for the rovibrational and
hyperfine coupling Hamiltonians to be used for these two states
will be given using symmetry considerations. This involves choos-
ing the coordinates used to parameterize the dimer as well as
determining their transformation properties under the operations
of the dimer symmetry group. These results will also be given as
well as expressions for the Hamiltonian matrix elements using
the same ideas as for a somewhat analogous monomeric system
[36]. The strength of the quadrupole coupling and matrix elements
of the hyperfine Hamiltonian within as well as between the two
vibrational states will be considered in order to improve the accu-
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Table 1
Assignments,a frequencies, and observed minus calculated differences in the
rovibrational–hyperfine spectrum of the HI dimer.

F0 I0 F00 I00 Obsb Diffc

R(0)
0 1 1 1 512557.1724 5
1 2 2 2 512565.4390 5
1 2 0 0 512569.9796 0
5 5 5 5 512579.0021 2
2 1 3 3 512584.5271 3
2 1 1 1 512589.9444 �2
3 2 4 4 512615.1986 0
3 2 2 2 512618.2403 �3
4 4 4 4 512633.2140 �5
4 3 3 3 512653.2445 �2
4 3 5 5 512657.1485 �4
3 3 3 3 512679.0404 �6
5 4 4 4 512688.9916 1
6 5 5 5 512714.5617 5
2 2 2 2 512714.8160 0
1 1 1 1 512739.3156 1
2 3 3 3 512748.1820 5
1 0 2 2 512748.3820 9
3 4 4 4 512751.8212 4
1 0 0 0 512752.9200 1
2 3 1 1 512753.5983 �1
3 4 2 2 512754.8620 0
4 5 3 3 512759.7410 4
4 5 5 5 512763.6443 1

P(1)
5 5 4 5 511081.8432 1
3 3 4 5 511085.4560 �7
2 2 3 4 511090.6880 �6
1 1 2 3 511092.3686 4
0 0 1 0 511093.3580 12
4 4 3 4 511093.5028 �12
3 3 2 3 511097.3826 �6
2 2 1 0 511097.5620 3
1 1 1 1 511107.2336 14
2 2 2 2 511132.1470 12
5 5 6 5 511132.6049 4
4 4 5 4 511158.3993 �5
3 3 3 3 511168.7351 6
5 5 4 3 511191.8096 11
3 3 4 3 511195.4241 6
4 4 4 4 511216.0261 2
2 2 3 2 511231.8977 5
4 4 3 2 511234.7140 0
1 1 2 1 511261.4816 1
3 3 2 1 511266.4948 �9
5 5 5 5 511272.6600 �5
0 0 1 2 511282.3440 �5
2 2 1 2 511286.5475 �15
1 1 0 1 511295.4247 �15

R(1)
5 5 4 5 513240.8662 26
3 1 2 3 513253.3503 11
2 0 1 0 513256.7110 17
1 1 1 1 513276.7870 26
0 2 1 0 513281.3123 39
4 5 4 5 513285.6935 �42
2 0 2 2 513291.2957 26
5 5 6 5 513291.6340 36
3 4 3 4 513293.4790 �46
2 3 2 3 513297.3035 �38
1 2 1 0 513299.3000 �24
6 5 6 5 513302.4349 �8
2 3 1 1 513312.1720 �25
4 4 5 4 513317.2872 12
5 3 4 5 513323.8235 2
3 1 3 3 513324.7028 23
1 3 2 3 513328.1095 �3
1 2 2 2 513333.8853 �14
3 4 2 2 513334.9376 �29
4 3 4 5 513341.7040 �8
4 2 3 4 513348.6793 1
5 5 4 3 513350.8284 33
3 1 4 3 513351.3870 18

able 1 (continued)

F0 I0 F00 I00 Obsb Diffc

5 4 5 4 513358.0029 �16
2 2 3 4 513359.2380 �1
2 2 1 0 513366.1134 9
2 3 3 3 513368.6592 �23
4 5 3 3 513368.9758 �26
4 4 4 4 513374.9145 20
3 3 2 3 513375.5493 7
3 2 3 4 513381.9205 �7
2 0 3 2 513391.0471 19
4 4 3 2 513393.6019 17
4 5 4 3 513395.6604 �31
2 2 2 2 513400.6990 19
6 4 5 4 513406.0227 1
2 4 3 4 513408.5846 �2
2 1 2 3 513410.1606 �11
3 5 4 5 513412.0470 8
4 2 5 4 513413.5750 7
2 4 1 0 513415.4625 10
5 4 4 4 513415.6308 �7
7 5 6 5 513415.9560 11
3 4 4 4 513416.0060 �28
3 1 2 1 513422.4619 7
3 2 2 2 513423.3801 11
2 1 1 1 513424.9880 �38
4 3 3 3 513425.0420 63
1 1 2 1 513431.0280 7
5 5 5 5 513431.6789 16
5 3 4 3 513433.6896* �88
3 4 3 2 513434.6883 �36
6 5 5 5 513442.4909 �16
2 0 1 2 513445.6963 �1
3 3 3 3 513446.9046 22
2 4 2 2 513450.0442 16
4 3 4 3 513451.6703 2
1 1 0 1 513464.9776 �3
2 3 2 1 513466.4182 �39
0 2 1 2 513470.3002 24
4 2 4 4 513471.2032 16
3 3 4 3 513473.5923 21
4 5 5 5 513476.5113 �47
1 2 1 2 513488.2867 �40
4 2 3 2 513489.8900 12
3 5 3 3 513495.3220 17
1 3 2 1 513497.2220 �6
2 2 3 2 513500.4480 10
3 2 4 4 513504.4431 7
5 3 5 5 513514.6386 �6
3 5 4 3 513522.0055 11
4 3 5 5 513532.5205 �15

P(2)
2 1 3 3 510259.6870 �10
5 5 4 3 510272.9687 3
4 3 3 5 510278.3447 0
5 5 5 3 510291.2896 �10
4 4 3 2 510297.7890 �7
3 2 2 2 510303.1438 �18
3 3 3 5 510304.1402 �4
2 1 1 3 510308.6287 �13
3 2 4 2 510314.0551 �19
3 3 2 1 510318.4720 0
1 2 1 2 510319.6300 26
4 3 3 3 510328.4041 �14
5 5 4 5 510330.9150 51
4 4 4 2 510332.0730 �21
2 1 2 3 510340.6474 35
0 1 1 1 510344.2856 �15
2 2 2 4 510348.8211 1
4 3 4 3 510351.1160 �3
3 3 3 3 510354.2002 �18
1 2 2 0 510363.4707 �9
5 5 6 5 510366.0726 6
4 3 5 3 510369.4358 �17
3 2 3 4 510371.2550 44
2 3 3 5 510373.2740 �2
1 1 2 1 510373.3240 5
2 2 3 2 510376.3467 �2
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Table 1 (continued)

F0 I0 F00 I00 Obsb Diffc

3 3 4 3 510376.9123 �6
5 5 5 5 510376.9698 �25
1 0 2 4 510382.3860 9
6 5 7 5 510384.2610 1
4 5 3 5 510384.8398 4
2 1 3 1 510385.9332 �13
2 3 2 1 510387.6110 7
5 4 4 2 510387.8490 �18
3 4 2 4 510388.8692 3
4 4 3 4 510389.2718 41
4 4 5 4 510389.5310 6
5 4 6 4 510395.6537 �9
4 3 4 5 510409.0612 44
3 2 4 4 510413.5375 �18
3 2 2 0 510416.2700 �19
3 4 3 2 510416.3940 �1
2 3 3 3 510423.3403 �9
6 5 5 3 510426.8494 �8
4 4 4 4 510431.5538 �22
1 0 2 2 510433.2770 �15
4 5 3 3 510434.8586 �51
3 3 2 3 510435.1626 28
3 4 2 2 510439.7649 �16
5 4 5 4 510445.3080 11
3 4 4 2 510450.6765 �17
4 3 3 1 510454.6503 �17
4 3 5 5 510455.1163 �31
4 5 4 3 510457.6099 0
2 2 3 4 510467.8285 45
2 2 1 2 510469.0010 16
2 3 1 3 510472.2838 �11
4 5 5 3 510475.9320 �12
3 3 3 1 510480.4476 �20
1 1 2 3 510490.0193 38
6 5 6 5 510501.6327 9
1 0 1 2 510502.5670 24
2 3 2 3 510504.3019 36
3 4 3 4 510507.8780 48
6 5 5 5 510512.5325 �19
2 2 2 0 510512.8439 �18
4 5 4 5 510515.5584 50
1 1 1 1 510526.4310 �18
1 0 2 0 510546.4100 �9
2 3 3 1 510549.5873 �11
4 5 5 5 510561.6137 �25

P(3)
2 0 2 2 509565.4153 22
5 4 5 2 509569.7613 �26
3 2 3 2 509584.1584 �2
3 4 3 4 509585.2945 �13
4 3 4 3 509588.2146 �17
4 3 3 5 509588.9600 19
4 2 4 2 509589.0484 �2
4 4 4 4 509593.9590 35
4 5 4 5 509594.7249 �16
6 5 7 5 509596.1720 0
3 5 2 5 509601.8828 �1
7 5 8 5 509605.2196 1
5 5 5 5 509607.0095 34
2 1 3 1 509607.5571 4
1 2 2 2 509608.0040 �19
1 3 2 3 509608.4540 25
3 4 2 2 509609.0570 �33
5 4 6 4 509609.1923 1
3 3 4 3 509610.1320 �3
2 4 3 2 509610.8213 1
6 4 7 4 509612.0282 �13
5 3 5 3 509612.1360 1
0 2 1 2 509613.2662 15
4 4 5 4 509616.1407 �7
1 1 2 1 509616.4670 2
6 4 5 2 509617.8220 32
6 5 5 5 509617.8220 3
3 1 4 1 509617.8746 2

(continued on next page

Table 1 (continued)

F0 I0 F00 I00 Obsb Diffc

2 0 3 0 509618.1209 5
5 3 6 3 509620.8956 �10
3 5 3 1 509621.3511 5
2 3 3 3 509621.6676 �17
5 5 6 5 509622.2841 5
4 2 5 2 509625.3321 �5

R(3)
3 1 3 3 514779.7580 26
3 2 3 4 514781.1661 15
5 1 4 5 514781.8786 17
4 0 5 2 514782.0730 �31
4 4 4 4 514782.3252 29
3 4 4 2 514782.6226 �47
2 4 1 4 514788.3318 �51
2 2 2 2 514787.9392 15
4 0 3 4 514797.2358 7
5 5 5 5 514797.8310 16
3 4 2 4 514799.1413 �11
6 5 5 5 514799.7047 17
5 3 4 3 514801.3860 �51
1 4 1 4 514801.4375 28
5 2 4 2 514802.5260 3
2 4 2 4 514802.5760 8
6 2 5 2 514803.5255 �9
4 3 3 3 514803.4650 1
5 4 4 4 514804.2766 12
6 3 5 3 514804.7390 �7
3 2 2 2 514804.9275 �6
3 5 3 5 514805.6900 �5
4 1 3 1 514805.8030 10
4 2 3 2 514806.3306 12
7 3 6 3 514806.4578 �8
1 3 1 3 514806.9580 0
5 5 4 1 514808.1380 �2
4 4 3 0 514809.0440 �2
3 3 2 3 514809.2990* �263
8 4 7 4 514809.5168 �2
3 3 2 3 514809.5740 12
0 4 1 4 514809.6914 �1
2 2 1 2 514811.1900 �12
6 4 5 4 514812.9557 �2
1 5 2 5 514813.4993 19
7 4 6 4 514813.8100 1
6 5 6 5 514814.9750 �17
7 5 6 5 514815.8240 �4
8 5 7 5 514823.4899 �1
4 5 4 5 514825.4938 �2
5 4 5 4 514826.4632 �26
3 2 4 4 514830.9165 9
3 4 3 4 514834.0741 �7
2 4 3 4 514837.5024 6
5 2 5 2 514838.8080 �2
5 1 5 5 514838.9970 6
2 5 3 5 514841.5600 16
6 2 6 4 514842.9574 19
4 1 4 3 514843.0130 9
5 3 5 3 514843.2320 0
4 3 4 1 514843.6250 �29
4 0 4 4 514846.9866 2
3 4 2 2 514857.8363 �27
3 2 3 0 514857.6334 �23

R(4)
3 5 2 5 515455.5056 �8
2 5 1 5 515455.9732 �15
4 1 4 3 515466.6867 30
3 3 3 3 515472.6402 9
5 3 4 5 515473.1340 13
6 1 5 1 515480.9233 8
8 5 7 5 515497.8212 �2
9 5 8 5 515500.3602 4
8 4 8 4 515451.3814 �23
8 5 8 5 515451.9509 34

(continued on next page

L.H. Coudert et al. / Chemical Physics Letters 482 (2009) 180–188 183
)

)



Fig. 2. Atom configuration for the HI dimer. A value of 43 and 137� is taken for the
two bending angles h1 and h2, respectively. The torsional angle / is set to 180�. The
molecule-fixed xyz axis system is drawn below the molecule for clarity. Its origin is
the molecule center of mass indicated by point O. This configuration with C2h

symmetry is the minimum of the dimer potential energy surface [38,39].

Table 1 (continued)

F0 I0 F00 I00 Obsb Diffc

P(6)
4 5 3 5 507128.5750 �17
5 5 5 3 507129.0190 5
7 3 7 3 507130.4615 �20
5 3 5 5 507130.9973 3
4 3 4 5 507131.0850 8
6 1 5 3 507132.1530 25
7 2 7 2 507132.5220 �17
6 1 6 3 507137.2364 7
6 5 7 1 507138.9910 �15
4 3 5 5 507140.9197 �2
7 5 7 1 507141.1222 �8
6 5 6 5 507145.0647 20
7 5 6 5 507147.1900 21
9 5 9 3 507147.3000 �28
3 5 3 5 507152.4120 �8
2 5 2 5 507154.3205 �6
1 5 1 5 507156.5465 �4
7 4 7 4 507160.5370 14
9 5 10 5 507160.8584 �5
8 3 8 3 507161.3756 1
10 5 11 5 507162.0253 �1
5 1 6 1 507164.0046 �2
5 2 6 2 507164.0046 5
8 5 9 5 507164.3679 �4
5 4 6 4 507170.7507 0
3 4 4 4 507171.4921 �2
6 5 7 5 507172.3256 3
6 1 7 1 507173.1531 �13
5 3 6 3 507174.4456 �13
5 5 6 5 507176.0922 0
1 5 2 5 507177.9672 16
2 5 3 5 507183.3688 12
3 5 4 5 507184.1085 4
5 5 5 1 507187.1737 �23
9 4 9 4 507204.0829 22
9 5 9 5 507212.7842 �27
7 3 7 1 507225.4484 �22
6 3 6 3 507226.6686 10
5 1 5 5 507227.9408 34
10 5 10 5 507248.2484 29

R(6)
10 5 10 5 516762.2791 22
4 5 3 5 516793.4151 �8
3 5 2 5 516795.0404 �8
5 5 4 5 516795.9853 �5
6 5 5 3 516799.1618 �1
9 5 9 5 516796.4416 �5
2 5 1 5 516799.7684 �2
10 4 9 4 516810.2042 0
11 5 10 5 516813.8211 2
10 5 9 5 516814.2033 �2
8 4 8 4 516816.4946 �19
3 4 3 4 516820.6644 15
3 5 3 5 516824.0894 11
4 5 4 5 516825.1123 5
7 5 7 5 516831.6492 �12
8 1 8 5 516836.3534 2

a Hyperfine components are assigned with F and I. The lower and upper states are
the ground and v5 = 1 states, respectively.

b Obs is the observed frequency of the rovibrational–hyperfine transition in MHz.
An asterisks indicates transitions excluded from the analysis.

c Diff is the observed minus calculated frequency in kHz corresponding to the
constants in Table 5.
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racy in the energy level calculation. In this calculation, the mag-
netic hyperfine structure due to the two hydrogen atoms is
ignored.

4.1. Internal coordinates and symmetry considerations

As illustrated by Fig. 2, the two hydrogen atoms of the HI dimer
will be labeled 1 and 2, and the corresponding iodine atoms will be
labeled a and b. It is then convenient to refer to the HI molecule
containing atoms 1 and a (2 and b) as monomer 1 (2). In addition
to the usual Eulerian type angles: vd, hd, /d, six internal coordinates
are necessary to describe the HI dimer. They involve two bending
angles h1 and h2, one torsional angle /, and three distances R, r1,
and r2. The equation relating the laboratory-fixed Cartesian coordi-
nates to the molecule-fixed coordinates is the following:

Ri ¼ R þ S�1ðvd; hd;/dÞ � aiðh1; h2;/;R; r1; r2Þ: ð1Þ

In this equation, Ri and R are column vectors containing the three
laboratory-fixed components of the position of atom i and the posi-
tion of the molecular center of mass, respectively; the ai(h1, h2, /, R,
r1, r2) are a set of positions for the atoms which depend explicitly on
the six internal coordinates; and S(vd, hd, /d) is the direction cosine
matrix [37]. The positions ai(h1, h2, /, R, r1, r2) are defined with the
help of various rotations. For the two atoms of monomer 1, that is
for i = 1 and a:

aiðh1; h2;/;R; r1; r2Þ ¼ S�1ðp=2; h1;/=2� p=2Þ � a0
i ðr1Þ þ

R
2

k; ð2Þ

where k is the unit vector along the z-axis and a0
i ðrÞ, with i = 1 and a,

are the position vectors of the hydrogen and iodine atoms of an HI
molecule parallel to the z-axis, with an r bond length, such that its
center of mass is located at the origin of the molecule-fixed axis sys-
tem. The a0

i ðrÞ position vectors have a nonvanishing z-component
equal to �rmI/(mH + mI) and +rmH/(mH + mI) for i = 1 and a, respec-
tively. The rotation in Eq. (2) can also be written as Cz(//2)�Cx(h1).
Similarly for the two atoms of monomer 2, that is for i = 2 and b:

aiðh1; h2;/;R; r1; r2Þ ¼ S�1ðp=2; h2;�/=2� p=2Þ � a0
i ðr2Þ �

R
2

k; ð3Þ

where a0
i ðrÞ, with i = 2 and b, is defined as for Eq. (2). The rotation in

this equation can also be written as Cz(�//2)�Cx(h2). To avoid redun-
dancies, the two bending angles and the torsional angle appearing
in Eqs. (1)–(3) should fulfill the relations:

0 6 h1 6 p; 0 6 h2 6 p; 0 6 / 6 2p: ð4Þ

The choice made in Eqs. (1)–(3) ensures that the molecular cen-
ter of mass is at the origin of the molecule-fixed xyz-axis system.
When / = 0 (/ = p) the dimer is planar and both monomers are
in the yz-plane (xz-plane). Fig. 2 illustrates the atom positions for
h1 = 43�, h2 = 137�, and / = 180�, which are values of the internal
angular coordinates corresponding to the C2h geometry minimum
of the ab initio potential energy surface [38,39]. The choice made
in Eqs. (1)–(3) also ensures that the xyz-axis system is within a



Table 2
Transformation properties of the coordinatesa and character table of the permutation-
inversion symmetry group of the HI dimer.

E (12)(ab) E* (12)(ab)*

h1, h2 p � h2, p � h1 h1, h2 p � h2, p � h1

Internalb / / 2p � / 2p � /
r1, r2 r2, r1 r1, r2 r2, r1

vd p � vd p � vd vd

Rotationc hd p � hd p � hd hd

/d /d + p /d + p /d

Ag 1 1 1 1
Au 1 1 �1 �1
Bg 1 �1 �1 1
Bu 1 �1 1 �1

a The coordinates used for the HI dimer are defined in Eq. (1).
b These rows indicate the effects of the symmetry operations on the internal

coordinates. The R coordinate does not appear as it is unvariant under all four
symmetry operations.

c These rows indicate the effects of the symmetry operations on the Eulerian
angles vd ; hd; /d . See text for the equivalent rotations.
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few degrees from the principal axis system. More precisely, the x-,
y-, and z-axes are almost parallel to the b-, c-, and a-axes, respec-
tively, implying that the Ir representation is used.

The permutation-inversion symmetry group to be used for the
HI dimer is isomorphic to the C2h point group and contains four
operations: E, (12)(ab), E*, and (12)(ab)*. The character table of
the symmetry group along with the effects of the four operations
on the internal coordinates and on the Euler angles are given in Ta-
ble 2. For the latter, the equivalent rotation [40] to be used for the
generating operations (12)(ab) and E* is Cy(p).

4.2. Rotational and hyperfine coupling Hamiltonians

The ab initio calculations [38,39] have shown that the potential
energy surface displays one minima at �358.6 cm�1 corresponding
to a C2h geometry characterized by h1 = 43�, h2 = p � h1 = 137�, /
= 180�, and R = 4.35 Å. The two vibrational states involved in the
data measured in the present work are the ground vibrational state
and the first excited vibrational state of the planar m5 geared bend-
ing mode. This mode corresponds to the coordinate h1 + h2 � p and
its first excited vibrational state is the lowest lying vibrational state
of the dimer. The ground vibrational state, which will be hence-
forth denoted v5 = 0, and the v5 = 1 vibrational state have energies
[38,39] of �216.96 and �199.88 cm�1, respectively. It will be as-
sumed that the rotational energy in these two states can be ob-
tained using a usual Watson-type Hamiltonian written, in
accordance with Section 4.1, using the Ir representation and the
A-reduction:

Hv5 ¼ Av5 J2
z þ Bv5 J2

x þ Cv5 J2
y � Dv5

KK J4
z � Dv5

KJ J2J2
z � Dv5

JJ J4 � fdv5
K J2

z

þ dv5
J J2; J2

x � J2
yg; ð5Þ

where v5 = 0 and 1; and J, Jx, Jy, and Jz are the total angular momen-
tum and its components in the molecule-fixed axis system.

As stressed in Section 1, the hyperfine electric quadrupole cou-
pling is very strong in the hydrogen iodide molecule. In the HI di-
mer, quadrupole coupling should therefore be considered and we
are led to write a quadrupole coupling hyperfine Hamiltonian
[41] which we express with the help of products [42] of irreducible
rank 2 tensor operators:

HQ ¼ Q ð2Þa � V
ð2Þ
a þ Q ð2Þb � V

ð2Þ
b ; ð6Þ

where Q ð2Þn , with n = a and b, are the rank 2 tensor operators corre-
sponding to the nuclear quadrupole moment of iodine atoms a and
b; and V ð2Þn , with n = a and b, are the rank 2 tensor operators corre-
sponding to the electric field gradient tensor at iodine atoms a and
b. These latter two tensors depend on the six internal coordinates
h1, h2, /, R, r1, and r2 defined in Section 4.1. Making use of symmetry
adapted operators, the hyperfine coupling Hamiltonian of Eq. (6)
can be written in a way more suitable for the evaluation of the
hyperfine matrix elements:

HQ ¼ Q ð2ÞS � V
ð2Þ
S þ Q ð2ÞA � V

ð2Þ
A ; ð7Þ

where Q ð2ÞS , V ð2ÞS , Q ð2ÞA , and V ð2ÞA are four rank 2 tensors operators:

Q ð2ÞS ¼ Q ð2Þa þ Q ð2Þb ; V ð2ÞS ¼ ðV
ð2Þ
a þ V ð2Þb Þ=2;

Q ð2ÞA ¼ Q ð2Þa � Q ð2Þb ; V ð2ÞA ¼ ðV
ð2Þ
a � V ð2Þb Þ=2:

(
ð8Þ

Using Table 2, it can be shown easily that laboratory-fixed compo-
nents of the tensor operators Q ð2ÞS and V ð2ÞS (Q ð2ÞA and V ð2ÞA ) belong to
the symmetry species Ag (Bu). This leads to several relations involv-
ing the Cartesian components of the 3 � 3 tensors VS and VA in the
molecule-fixed axis system. Four of them are given below as they
are needed for the evaluation of the matrix elements of these
tensors:

VTðh1; h2;/;R; r1; r2Þab ¼ �VTðh1; h2;2p� /;R; r1; r2Þab; ð9Þ

where T = S and A, and ab = xy and yz.

4.3. Symmetry adapted rovibrational–hyperfine wavefunctions

The vibrational wavefunctions arising for the HI dimer depend
on the six internal coordinates introduced in Section 4.1. They will
be written:

/v5
ðh1; h2;/;R; r1; r2Þ; ð10Þ

where v5 = 0 and 1. The v5 = 0 wavefunction is the ground vibra-
tional state wavefunction and is invariant under any operation of
the permutation-inversion symmetry group. The v5 = 1 wavefunc-
tion has no quantum of energy in the torsional mode. It is not al-
tered by the E* symmetry operation which changes the sign of the
coordinate for the torsional mode: / � p. This wavefunction is
changed into its opposite by the (12)(ab) symmetry operation
which changes the sign of the coordinate for the geared-type mode:
h1 + h2 � p. These results indicate that the vibrational wavefunc-
tions in Eq. (10) belong to the Ag and Bu symmetry species for
v5 = 0 and 1, respectively.

The symmetry adapted rotational wavefunctions which will be
used for the HI dimer, are the JKcj i defined in Eq. (21) of Ref. [43].
Using Table 2, it can be shown that these wavefunctions belong to
the symmetry species Ag (Bg) when cð�1ÞJþK is +1 (�1).

Symmetry adapted hyperfine wavefunctions are written using
the coupled basis set. They are characterized by I the quantum
number for the total nuclear spin angular momentum for the
two iodine nuclei: I = Ia + Ib, by F the quantum number for the total
angular momentum: F = I + J, and by MF its projection along the
laboratory-fixed Z-axis. These wavefunctions take the following
expression:

IaIb; I; J; FMFj i; ð11Þ

with 0 6 I 6 5 and |J � I| 6 F 6 J + I. Using Table 2 and taking into ac-
count the properties of 3 � j symbols, it can be shown that the
wavefunctions in Eq. (11) belong to the symmetry species Ag for
odd I-values and to the symmetry species Bu for even I-values.
The total rovibrational–hyperfine symmetry adapted wavefunctions
to be used to diagonalize the Hamiltonian matrix will be the prod-
uct of the three above wavefunctions:

Wv5 r
I;J;FMF

¼ /v5
� JKcj i � IaIb; I; J; FMFj i; ð12Þ

where r is a shorthand notation for the rotational quantum num-
bers: J, K, and c. Table 3 gives the symmetry species of the total



Table 3
Symmetry speciesa of the total wavefunction in Eq. (12).

C v5 c(�1)J+K I C v5 c(�1)J+K I

Ag 0 +1 Odd Bu 1 +1 Odd
Bu 0 +1 Even Ag 1 +1 Even
Bg 0 �1 Odd Au 1 �1 Odd
Au 0 �1 Even Bg 1 �1 Even

a The symmetry species in C2h is given in the column headed C as a function of
the quantum numbers appearing in the other columns and defined in Section 4.3.
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wavefunctions as a function of the quantum numbers appearing in
this equation.

4.4. Hamiltonian matrix elements

Matrix elements of the rovibrational and hyperfine coupling
Hamiltonians between two total wavefunctions of Eq. (12) charac-
terized by the same value of F and MF:

Wv 05 r0

I0 ;J0 ;FMF
jHVR þ HQ jWv5 r

I;J;FMF

D E
; ð13Þ

are calculated in this section. It is convenient to distinguish be-
tween matrix elements with Dv5 = 0 from those with Dv5 = 1.

4.4.1. Dv5 = 0 matrix elements
This first type of matrix elements contains rovibrational and

hyperfine coupling contributions. This latter contribution should
be evaluated using Eq. (7.1.6) of Ref. [42] and Eq. (7) of the present
paper. For symmetry reasons, only the first term in the latter equa-
tion has nonvanishing matrix elements:

hWv5 r0

I0 ;J0 ;FMF
jHVR þ HQ jWv5 r

I;J;FMF
i ¼ Ev5 dI0 ;IdJ0 ;JdK 0 ;Kdc0 ;c

þ hJ0K 0c0jHv5 jJKcidI0 ;IdJ0 ;J þ ð�1ÞIþJ0þF F J0 I0

2 I J

� �

� hIaIb; I
0kQ ð2ÞS kIaIb; Iihv5; J

0K 0c0kv ð2ÞS kv5; JKci ð14Þ

where Ev5 is the vibrational energy; Hv5 is the Watson-type Hamil-
tonian defined in Eq. (5); and Q ð2ÞS and V ð2ÞS are the tensor operators
defined in Eq. (8). Evaluation of the reduced matrix element of the
hyperfine Q ð2ÞS operator can be performed using Eqs. (7.1.7) and
(7.1.8) of Ref. [42]:

hIaIb; I
0kQ ð2ÞS kIaIb; Ii ¼ ð�1ÞIaþIbþI

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2I þ 1Þð2I0 þ 1Þ

q
� Ia I0 Ib

I Ia 2

� �
hIakQ ð2Þa kIai

Ib I0 Ia

I Ib 2

� �
hIbkQ ð2Þb kIbi

� �
; ð15Þ

where Ia ¼ Ib ¼ 5
2 and hIakQ ð2Þa kIai ¼ hIbkQ ð2Þb kIbi is given in Eqs. (16)

and (17) of Ref. [41] and involves the electric quadrupole moment
of the iodine atom eQ. Evaluation of the reduced matrix element
of the rovibrational V ð2ÞS operator involves replacing the symmetry
adapted rotational wavefunctions by symmetric top rotational
wavefunctions. Using the expression of the symmetry adapted rota-
tional wavefunctions given in Eq. (21) of Ref. [43], we obtain:

hv 05; J
0K 0c0kV ð2ÞA kv5; JKci ¼ 1

2
hv 05; J

0;K 0kV ð2ÞA kv5; J;Ki þ chv 05;J
0;

h
K 0kV ð2ÞA kv5; J;�Ki þ c0hv 05; J

0;�K 0kV ð2ÞA kv5; J;Ki

þ cc0hv 05; J
0;�K 0kV ð2ÞA kv5; J;�Ki

i
; ð16Þ

where the term on the right-hand side must be divided by
ffiffiffi
2
p

if
either K0 or K is equal to zero, but not both; if both K0 and K are equal
to zero, a division by 2 must be performed. Any of the above re-
duced matrix elements can be calculated using Eq. (3.24) of Ref.
[44]:
hv 05; J
0K 0kV ð2ÞA kv5; J;Ki ¼ ½ð2J þ 1Þð2J0 þ 1Þ�1=2 � ð�1ÞJ

0�K 0

�
X2

q¼�2

J J0 2
K �K 0 q

� �
h/v 05
jV ð2ÞAq j/v5

i; ð17Þ

where V ð2ÞSq , with�2 6 q 6 + 2, are the components of the rank 2 ten-
sor V ð2ÞS . These components can be expressed in terms of the Carte-
sian coordinates of this tensor with the help of Eq. (28) of Ref. [41]:

h/v5
jV ð2ÞS0 j/v5

i ¼ h/v5
jVSzzj/v5

i=2

h/v5
jV ð2ÞS�2j/v5

i ¼ �h/v5
jVSxzj/v5

i=
ffiffiffi
6
p

h/v5
jV ð2ÞS�2j/v5

i ¼ �h/v5
jVSxx � VSyyj/v5

i=
ffiffiffiffiffiffi
24
p

ð18Þ

In these equations the components VSxy and VSyz do not appear as, in
agreement with Eq. (9), they have vanishing matrix elements.
4.4.2. Dv5 = 1 matrix elements
This second type of matrix elements contains a contribution

from the hyperfine coupling Hamiltonian only. This contribution
is also evaluated using Eq. (7.1.6) of Ref. [43] and Eq. (7) of the
present Letter. For symmetry reason, only the second term in the
latter equation has nonvanishing matrix elements:

hWv 05 r0

I0 ;J0 ;FMF
jHVR þ HQ jWv5 r

I;J;FMF
i ¼ ð�1ÞIþJ0þF F J0 I0

2 I J

� �

� hIaIb; I Q ð2ÞA

			 			IaIb; Iihv 05; J
0K 0c0 V ð2ÞA

			 			v5; JKci; ð19Þ

where and Q ð2ÞA and V ð2ÞA are the tensor operators defined in Eqs. (8).
Evaluation of the reduced matrix element of the hyperfine former
operator can be performed as for Eq. (15) and changing the sign
for the contribution from the b iodine atom. As in the previous sec-
tion, evaluation of the reduced matrix element of the rovibrational
V ð2ÞA operator involves replacing the symmetry adapted rotational
wavefunctions by symmetric top rotational wavefunctions. Using
the expression of the symmetry adapted rotational wavefunctions
given in Eq. (21) of Ref. [43], we obtain:

hv 05J0K 0c0kV ð2ÞS kv 05J K ci ¼ 1
2
½hv 05J0;K 0kV ð2ÞS kv5; J;Ki

þ chv 05J0;K 0kV ð2ÞS kv5; J;�Ki þ c0hv 05J0;�K 0kV ð2ÞS kv5; J;Ki
þ cc0hv 05J0;�K 0kV ð2ÞS kv5; J;�Ki�;

ð20Þ

where the term on the right-hand side must be divided by
ffiffiffi
2
p

if
either K0 or K is equal to zero, but not both; if both K0 and K are equal
to zero, a division by 2 must be performed. Any of the above re-
duced matrix elements can be calculated using Eq. (3.24) of Ref.
[44]:

hv 05; J
0K 0kV ð2ÞA kv5; JKi ¼ ½ð2J þ 1Þð2J0 þ 1Þ�1=2 � ð�1ÞJ

0�K 0

�
X2

q¼�2

J J0 2
K �K 0 q

� �
h/v 05
jV ð2ÞAq j/v5

i; ð21Þ

where V ð2ÞAq , with �2 6 q 6 +2, are the components of the rank 2 ten-
sor V ð2ÞA . These components can be expressed in terms of the Carte-
sian coordinates of the VA tensor with the help of Eq. (28) of Ref.
[41]. We obtain:

h/v 05
jV ð2ÞA0 j/v5

i ¼ h/v5
jVAzzj/v5

i=2

h/v 05
jV ð2ÞA�1j/v5

i ¼ �h/v 05
jVAxzj/v5

i=
ffiffiffi
6
p

h/v 05
jV ð2ÞA�2j/v5

i ¼ �h/v 05
jVAxx � VAyyj/v5

i=
ffiffiffiffiffiffi
24
p

:

ð22Þ

In these equations the components VAxy and VAyz do not appear
as, in agreement with Eq. (9), they have vanishing matrix elements.



Table 5
Spectroscopic parametersa obtained for the HI dimer.

Parameter v5 = 0 v5 = 1

Ev5 0.0b 511 931.090(14)
Av5 232 000.0b 232 000.0b

(Bv5 + Cv5)/2 378.299 90(42) 370.810 99(29)
Bv5 � Cv5 2.411(1700) 10.647(7900)

Dv5
JJ � 103 0.364 01(810) 0.292 39(2300)

vðSÞv5
xx þ vðSÞv5

yy 389.861 03(900) 377.464 85(990)

vðSÞv5
xx � vðSÞv5

yy �864.6b �178.3b

vðSÞv5
xz �778.80(610) �175.4(380)

v(A)xx + v(A)yy 559.09(910)
v(A)xx � v(A)yy 211.8b

v(A)xz �146.7(490)

a Parameters are in MHz. For the fitted parameters, numbers in parentheses are
one standard deviation in the same units as the last digit.

b Constrained value.
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4.5. Rovibrational–hyperfine energy level calculation

The Hamiltonian matrix is setup and diagonalized using as basis
set functions the symmetry adapted wavefunctions of Eq. (12) for a
given symmetry species and a given F value. Table 3 should be used
to obtain allowed values for v5, c, and I. In addition to that, the val-
ues of J and I should satisfy the triangle relation for angular mo-
menta addition. The number of basis-set wavefunctions increases
quite rapidly with F. When F = 5, it is equal to 198 for all symmetry
species. In order to reduce the size of the Hamiltonian matrix for
large F-values, only basis-set wavefunctions with K 6 2 were se-
lected. This leads to a Hamiltonian matrix that cannot be bigger
than a 90 � 90 matrix.

Hamiltonian hyperfine matrix elements should be obtained
using Eqs. (14)–(22). They depend on the quadrupole moment eQ
arising from the reduced matrix elements of Q ð2ÞS and Q ð2ÞA and on
the six tensor components defined in Eqs. (18) and (22). These ma-
trix elements can be conveniently expressed with the help of two
effective quadrupole coupling tensors:

vðSÞv5
ab ¼ eQh/v5

jVSabj/v5
i; ð23Þ

where v5 = 0 and 1, and:

vðAÞab ¼ eQh/v5¼0jVAabj/v5¼1i; ð24Þ

For these two equations, ab = xx, yy, and xz. Table 4 gives calcu-
lated values for various components of the effective quadrupole
coupling tensors in Eqs. (23) and (24). The vibrational matrix ele-
ments in these equations were computed using the vibrational
wavefunctions retrieved from the dimer ab initio potential energy
surface [38,39]. It was assumed that the value of the effective
quadrupole coupling constant eQq for each subunit is the same
as that of an isolated hydrogen iodide molecule: �1828.059 MHz,
as obtained by Terahertz spectroscopy by Chance et al. [28].

Rovibrational–hyperfine levels were assigned with the good
quantum number F and with the four approximate quantum num-
bers I, J, Ka and Kc. Values for these quantum numbers were ob-
tained assuming that the ordering of the energy levels is not
altered by the nondiagonal matrix elements of the Hamiltonian
matrix.
5. Analysis

The frequencies measured in the present work were introduced
in a least squares fitting program in which the energy level calcu-
lation was performed using the theoretical approach described in
the previous section. As the observed data only involve a-type rovi-
brational transitions with Ka = 0, it was not possible to obtain val-
ues for all the zeroth-order rotational constants in Eq. (5). For both
Table 4
Calculateda values for the effective quadrupole coupling tensorsb components.

Component v5 = 0 v5 = 1

vðSÞv5
xx �238.0 96.5

vðSÞv5
yy 626.6 274.8

vðSÞv5
xz �875.2 �379.6

vðSÞv5
xx þ vðSÞv5

yy 388.6 371.3

vðSÞv5
xx � vðSÞv5

yy �864.6 �178.3

v(A)xx 448.8
v(A)yy 237.0
v(A)xz �128.6
v(A)xx + v(A)yy 685.9
v(A)xx � v(A)yy 211.8

a Calculated values are in MHz.
b The effective quadrupole coupling tensors are defined in Eqs. (23) and (24).
vibrational states, only (Bv5 + Cv5)/2 and could be determined. The
rotational constant Av5 was constrained to the value calculated
with the ab initio surface [38,39]. For the same reason, the quadru-
pole coupling constants vðSÞv5

xx � vðSÞv5
yy , with v5 = 0 and 1, and

v(A)xx � v(A)yy were ill-defined and were constrained to the values
given in Table 4. Table 1 lists assignments, frequencies, and ob-
served minus calculated residuals for the 345 transitions recorded
in this work. As indicated by this table, two transitions were ex-
cluded from the analysis as they displayed residuals much larger
than the experimental uncertainty on the line frequency. The root
mean square deviation of the observed minus calculated difference
is 18 kHz. Table 5 gives the values obtained for the spectroscopic
parameters. Parameters that do not appear in this table were set
to zero.

The agreement between the values given in Table 5 and those
given in Table 4 is quite satisfactory for the constants
vðSÞv5

xx þ vðSÞv5
yy , with v5 = 0 and 1, which have an uncertainty much

smaller than 1 MHz. The discrepancy is 1.2 MHz for v5 = 0 and
2.2 MHz for v5 ¼ 1. For the similar constant vðAÞxx þ vðAÞyy, the
agreement is much less satisfactory and this is expected as this
constant is involved in nondiagonal matrix elements only and
has a much larger uncertainty than the two previous ones. For
the constants vðSÞv5

xz , with v5 = 0 and 1, and v(A)xz, the agreement
is not satisfactory either. In this case this stems from the fact that
the present data set only involves transitions with Ka = 0.
6. Conclusion

The submillimeter spectrum of the geared bending vibration in
HI dimer has been recorded in a supersonic jet expansion at an
effective temperature of 1.2 K. The resolution, on the order of
50 kHz, achieved by the experimental setup allowed us to fully re-
solve the iodine-iodine quadrupole structure for low-J transitions.
A theoretical approach has been developed to account for the cou-
pling between the large amplitude geared bending vibration and
the large hyperfine quadrupole coupling. The theoretical approach
involves building an effective rovibrational–hyperfine Hamiltonian
using symmetry considerations. Hyperfine matrix elements of this
Hamiltonian with DJ 6 2 are evaluated between as well as within
the ground and the first excited vibrational state of the geared
bending vibration (v5 = 1). This enabled the fit of the experimental
data with a standard deviation of 18 kHz. Although this value still
is significantly larger than the accuracy of the individually mea-
sured transitions, estimated to be 2 kHz, the results of the analysis
are consistent with those obtained using an ab initio potential en-
ergy surface [38,39]. This is emphasized by Tables 4 and 5 which
show that there is a fairly good agreement between experimental
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and calculated values for most spectroscopic constants. When
quadrupole coupling matrix elements between the ground and
the v5 = 1 states are ignored, setting all components of the v(A)
tensor in Table 5, the standard deviation of the observed minus cal-
culated difference rises to 36 kHz and this further confirms that the
upper vibrational state of the observed band indeed has the sym-
metry species expected for the v5 = 1 excited vibrational state. This
also confirms that the HI dimer is among the few molecular sys-
tems [36] for which hyperfine effects across different vibrational
states could be evidenced. The energy level calculation for this
unusual situation cannot be carried out using Pickett’s SPFIT pro-
gram [35]. Using some of the well defined spectroscopic constants
in Table 5 for the ground vibrational state yields the following
averaged geometry parameters: Rcm = 4.56372(1) Å and
h = 46.405(1)� which can be compared with corresponding values
of 3.7849(1) Å and 48.050� for (HCl)2, and 4.1077(1) Å and
47.280� for (HBr)2.

The issue of whether the potential of HI dimer is similar to other
members of the homologous series or not is unresolved. The com-
parison between observed and calculated quadrupole coupling
constants is still not completely satisfactory partially because of
the current lack of Ka > 0 data. The question of a barrier to tunnel-
ing interconversion and an L-shaped global minimum structure or
whether the barrier is below the ground state or even non-existent
and thus being consistent in the latter case with a single global
minimum and a symmetric dimer structure must await further
investigation.
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