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The infrared-absorption spectrum of the previously unobserved NeHF molecule has been predicted
from an ab initio quantum-mechanical calculation and subsequently determined for the first time by
direct measurement. The two procedures yield remarkable agreement in the positions, widths, and in-

tensities of the infrared spectral lines. The calculations predict, and the experiments confirm, highly
unusual vibrational dynamics.

PACS numbers: 33.20.Ea, 33.10.Gx

van der Waals molecular complexes, bound only by
long-range electrical-induction effects and the London
dispersion energy, and executing extremely wide ampli-
tude vibrational motion, are prototypes for weakly in-

teracting systems ranging from liquids to macro-
molecules. The vibrational spectra of a number of rare
gases —hydrogen halide van der Waals molecules
(ArHF, ' KrHF, XeHF, NeHCI, and ArHC1 )
have been characterized recently, but to date one of the
simplest rare gases —hydrogen halide complexes, NeHF,
has gone unobserved. Simultaneously, computational
methods have evolved to the point that reliable charac-
terization of yet unobserved species ought to be possible
even for such weakly bonded systems. In this Letter we

present the infrared-absorption spectrum of the NeHF
molecule, as predicted from an ab ini tI'o quantum-
mechanical calculation and as subsequently determined
for the first time by direct measurement. The two pro-
cedures yield remarkable agreement in the positions,
widths, and intensities of the infrared spectral lines. We
also predict and observe novel rotational predissociation
dynamics by which one vibrational state is energetically
free to dissociate but remains bound by restrictions aris-

ing purely from symmetry, and another vibrational state
dissociates with a dramatically J-dependent rate.

The infrared NeHF spectrum reported here arises
from strong rovibrational transitions of diatomic HF in

the presence of a weakly bound Ne atom. The inter-
molecular potential is sufficiently isotropic that HF
behaves as a nearly free rotor, while the HF vibration is

essentially decoupled because it is the lone high-
frequency mode. Thus, although the only rigorous quan-
tum numbers in this floppy system are total angular
momentum (J) and parity, quantum numbers corre-
sponding to the HF rotor angular momentum (j) and its
projection (ml) onto the intermolecular axis are approxi-
mately good, as is the orbital angular momentum (l) of
neon and HF about their common center of mass. In
this language, the Z, H, and H+ upper rovibrational
states correlate with the triply degenerate j=1 state of
free HF, but are split slightly by j-I coupling in the com-

plex. Figure 1 depicts the situation graphically.
The ab initio calculations, fully described elsewhere, '

began with the determination of the NeHF potential-
energy surface with coupled-electron-pair approxima-
tion" correlated wave functions. The contracted Gauss-
ian basis consisted of a [6s,4p, ld] kernel on fluorine and
neon, and a [4s, lp] kernel on hydrogen, augmented with
sufficient diffuse functions to allow accurate representa-
tion of the atomic and molecular properties that enter
the interaction potential in terms proportional to
[RNe HF], [RN, HF], and [RN, HF] . The energy
was calculated for a range of relative Ne-HF geometries
and corrected for basis set superposition effects. ' The
decoupling of the HF vibrational mode justified our
holding the HF distance fixed at R„.in effect we assume
the same coupled-electron-pair approximation surface
for Ne-FH (v =1) and Ne-HF (v =0) states. The
strongest binding of —65 cm ' was found for the linear
NeHF configuration, with a secondary —39-cm ' well
in the linear NeHF geometry and an intervening saddle
point at —27 cm '. A variational method in a discrete
basis yielded the bound rovibrational eigenstates, and the
positions and widths of dissociative (resonance) states
were determined from atom-diatom scattering calcula-
tions in a rotational close-coupling framework. Infrared
transition intensities were calculated assuming the tran-
sition dipole to lie along the HF axis.

In addition to the ground vibrational state (Do=22
cm '), the potential surface supports two bound excited
states of the van der Waals (Ne-HF) stretching mode,
all of which lie above the barrier to internal HF rotation.
The two stretch-excited states have essentially no transi-
tion dipole to the ground state, are unlikely to be observ-
able, and do not play a part in what follows. For exam-
ple, the calculated 16.479 cm ' for J=O 1 transition
to the lowest excited Z stretch state has an intensity 3 or-
ders of magnitude less than that of the fundamental HF
excitation. The lowest-lying states in which the HF X or
II internal rotational mode (see Fig. 1) is excited were
calculated to lie 37.440 and 44.065 cm ' above the
ground state, with transition intensities of 30 and 50
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FIG. 1. Partial energy-level diagram for the NeHF van der
Waals complex. The rotational stacks of increasing J arise
from a sequence of the approximate quantum number I (see
text). The states are labeled by the projection of the HF rotor
angular momentum j on the figure axis, and are represented by
schematic "snapshots" of the HF rotor wave functions with

respect to the plane of rotation of the complex. The H+ and

H rotational states are linear combinations of the mj =+'1
states, and have no easily represented classical analog. For
nonzero J, II+ states (Ref. 9) are mixed with the short-lived Z

states and rotationally predissociate, while the H states are
unaA'ected and remain sharp resonances. The transitions la-

beled Q and R are present in the spectrum in Fig. 2. Transi-
tions labeled P are observed but not shown in Fig. 2, and tran-
sitions to the upper Z state are too broad to be observable.

times that of the fundamental, respectively. Relative to
isolated Ne+HF (j=0) these states are metastable by
15 and 22 cm, portending vibration-rotation dynamics
very different from that in Ar-HC1, for example,
where the X bend and H bend states are bound.

Excitation of both H states and the fundamental HF
stretch mode were predicted to be sufficiently intense to
permit observation by the experimental methods de-
scribed below, but the calculated linewidth of the X bend
state is 0.3 cm ', too broad for reliable detection above
the experimental background. The calculated linewidths
of the metastable H+ state, which can dissociate via J-
dependent Coriolis coupling with the short-lived X, state,
were predicted to be narrower, about 0.003 cm ' for
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FIG. 2. Infrared spectrum of NeHF: (a) line positions,
widths, and intensities derived from ab initio electronic struc-
ture and nuclear vibrational analysis calculations (Ref. 13);
(b) measured with the supersonic slit expansion technique.

J=1, and to increase as J(J+I). In dramatic contrast,
the calculated linewidths were negligibly small for the
H state, which can dissociate only via vibrational cou-

pling with the HF stretch. The extreme weakness of this

coupling means that even though a dissociative channel
is energetically open, the II state remains a narrow res-
onance, essentially a bound state in the continuum. In

Fig. 2(a) we present the relevant portion of the infrared
spectrum, incorporating the line positions, widths, and
relative intensities calculated from first principles. '

The spectrum of NeHF was measured with direct ab-
sorption infrared laser spectroscopy in a slit supersonic

jet. The experimental apparatus and technique have

been described in detail elsewhere. ' Briefly, narrow-
band (( 5 MHz) tunable infrared laser light is generat-
ed by nonlinear difference frequency mixing, ' a
frequency-stabilized dye laser, and an Ar ion laser in a
temperature-phase-matched LiNb03 crystal. The in-

frared output is split into two beams, one of which prop-
agates through a twelve-pass White cell surrounding the
4.0-cm-long slit supersonic jet. Both beams are focused
onto matched InSb detectors, and the resulting signals
subtracted to reduce amplitude fluctuations to levels near
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that of the shot noise. NeHF is formed during the adia-
batic expansion of a mixture of 1% HF in a 70%/30%
mixture of Ne and He. The diminution of the transmit-
ted power is used to probe the transient absorption by
complexes passing through the laser beam.

The nozzle and expansion gas are precooled to 250 K
to enhance formation of the weakly bound NeHF com-
plex. After subsequent expansion, typical rotational
temperatures of 5-7 K are obtained. Transition frequen-
cies are measured with a traveling X-meter interferome-
ter, ' and are obtained to a precision and accuracy of
0.0002 cm '

by our referencing to nearby infrared fre-
quency standards. ' The slit expansion geometry col-
lapses the velocity distribution along the slit dimension,
and thus reduces the inhomogeneous Doppler broadening
in the spectra by about an order of magnitude. With this
intrinsic Doppler narrowing, the resolution of the ap-
paratus is approximately 50 MHz with Ne/He mixtures.
This eA'ect enhances detection sensitivity and permits ac-
curate measurement of line broadening due to predissoci-
ation in the excited complexes, as discussed below.

A segment of the measured NeHF infrared spectrum
in the vicinity of the H and H+ origin is shown in Fig.
2(b). ' Since both this II Z spectrum and the funda-
mental Z Z spectrum will be discussed in detail else-
where, ' we point out here only three noteworthy
features. The first is the excellent agreement between
the ab initio predictions and the observed line positions.
The rotational structure in the spectrum is nearly quanti-
tatively predicted, with the Il+(J=1) combination pre-
dicted at 44.065 cm ' above the fundamental HF
stretch (1=0) and observed at 44.054 cm '. One must
bear in mind that of the 44-cm transition energy,
2BHF (approximately 42 cm ') is due solely to rotation-
al excitation of the HF, and would be accounted for with
any completely isotropic surface. However, in the same
limit, j and I become rigorously good quantum numbers,
the allowed transitions reduce to hj = ~1, hi=0, and
all predissociation linewidths vanish, i.e., behavior quali-
tatively different from that observed and calculated here.
Thus the successful ab initio predictions imply that the
anisotropy of the potential surface has been accurately
calculated, although characteristics such as the absolute
well depth remain untested pending measurements on
the deuterated complex.

The second noteworthy feature illustrated in Fig. 2(b)
is the strongly red-degraded Q branch, which results
from a large negative AB(AB/B= —1.33%). By com-
parison with spectroscopic constants obtained from the
fundamental HF stretch, approximately half of the de-
crease in 8 is due solely to excitation of the bend, in
agreement with the red-degraded Q branch predicted
theoretically. Third, although internal rotational predis-
sociation and J-dependent linewidths in P and R branch
transitions have also been observed in Ar-Hd by McKel-
lar and analyzed by Hutson and LeRoy, ' we believe
the dramatic diAerences between the linewidths in the P
1578

and R branches, which increase rapidly with J, and the
widths in the Q branch, which are broadened only instru-

mentally, are unprecedented. For a transition into a H
state, the Q branch accesses only the II levels, whereas
the P and R branches access the H+ levels, and the
diAerent linewidth behavior is explained by the diA'erent

degrees to which the H+ and H couple with the disso-
ciative Z state. As described above, the X, state itself is
too short lived to be observed with any discrete rotational
structure. Experimentally observed but not shown in

Fig. 2 is the excitation of the fundamental HF stretch,
shifted 0.4722 cm ' to the red from the isolated HF line
and with an intensity about 5'0 that of the H bend.

Our calculations and measurements demonstrate the
novel dissociation dynamics of the NeHF van der Waals
system, and our measurements constitute the first experi-
mental observation of NeHF. The agreement between
the experimental and theoretical spectra suggests that
reliable first-principles calculations may now be feasible
for weakly bound complexes with as many as twenty
electrons.
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