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Z. Zntroductlon 

The study of the  weak attractions'V2 between mole- 
cules is fundamental to an enormous variety of chemical 
and physical phenomena, including inelastic energy 
tran~fer,"~ photofragmentation dynamics: l ine broad- 
ening,' theories of hydrogen bonding: and transition 
between gas and condensed phases? Such widespread 
relevance has served t o  catalyze considerable research 
effort toward elucidating the full potent ia l  energy 
surfaces that govem these weak but centrally important 
intermolecular forces. One of the most direct and 
sensitive probes of the topology of these surfaces has 
been high-resolution rotational, vibrational, and elec- 
tronic spectroscopy to characterize the bound states of 
these weakly associated molecules. Indeed, the im- 
pressive power of methods based on high-resolution 

and laser-induced fluorescence'z (LIF) 
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spectroscopy for probing rotational and electronic de- 
grees of freedom has been largely responsible for de- 
veloping our intui t ions concerning structure and dy- 
namics in weakly bound systems. With few excep- 
tion~,'~." however, the microwave studies have been 
limited to ground vibrational states of complexes and 
hence probe primarily the near-equilibrium regions o f  
the potential surface. Nonetheless, tremendous insight 
into the local topology near the minimum has been 
inferred via averaging o f  electrical multipolar properties 
o f  the monomers over wide amplitude mot ion in the 
low-frequency intermolecular modes. Given favorable 
Franck-Condon factors, electronic spectroscopy'2J5 of 
molecular complexes has proven quite a powerful probe 
of vibrationally excited states o f  molecular complexes. 
In fact, much of theoretical interest in vibrational 
predissociation16 dynamics of complexes stems from the 
early studies of I,(v)-M (M = rare gas) in electronically 
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much of this material has been discussed recently by 
Miller.% This criterion will also exclude the more recent 
spectrally resolved but rotationally unassigned data on 
ethylene dimer.29,30 However, these restrictions offer 
the advantage of focusing the discussion on systems 
where a more unambiguous analysis, interpretation, and 
comparison between different sets of experimental data 
are possible. Nonetheless, we shall see that even with 
high-resolution, rotationally resolved data, there is still 
entirely sufficient room for controversial interpretation 
of the experimental results. 

The organization of this review will be as follows. As 
the major advancements in the field have been largely 
spurred by new ultrasensitive detection schemes in the 
IR, a brief discussion of these methods is presented in 
section 11. In section 111, the research on each of the 
molecular complexes successfully analyzed via high- 
resolution IR spectroscopy is summarized. Given the 
roughly 80 different complexes, isotopomers, vibrational 
states, etc. covered in this review, quick reference data 
for each of these classes of molecules are provided in 
tabular form. The enormous breadth of molecular 
systems notwithstanding, these studies highlight several 
common themes, which are discussed in section IV. 
Section V presents a brief, and hopefully not too my- 
opic, summary and outlook on some important ques- 
tions to be addressed in the next generation of exper- 
iments, the results of which might be the starting point 
of a future review at a further stage of the field's de- 
velopment. 
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Figure 1. Plot of the total number of rotationally resolved and 
assigned spectra of vibrationally excited complexes as a function 
of year since 1965. The value for 1988 includes all of the papers 
in press or communicated to the author in preprint form. The 
explosive growth since the early 1980s is shown in a semiloga- 
rithmic plot (insert). The linear fit to the data suggests a doubling 
of the total number of species investigated every 2.1 years! 

excited s t a t e ~ . ' ~ J ~ J ~  These studies, unfortunately, do 
not provide much information on vibrationally excited 
regions of the potential surface for the ground electronic 
state,la and yet it is precisely this part of the potential 
that controls both long- and short-range collisional 
dynamics of the monomers. 

High-resolution infrared spectroscopy of molecular 
complexes in principle contains much detailed infor- 
mation on these regions of the intermolecular potential 
surface, but has proven more difficult to implement due 
to insensitive detection methods, lack of tunable high- 
resolution infrared optical probes, etc. In recent years, 
however, several methods for high-resolution infrared 
spectroscopy of weakly bound complexes have been 
developed that have triggered a virtual explosion of new 
spectroscopic data (see Figure 1); it is toward a sys- 
tematic review of these methods and recent results that 
this paper is directed. Ten years ago there would have 
been little material for such a review, and yet, given the 
present pace of research efforts, the task of a compa- 
rable review in a few years is daunting. By way of 
example, Figure 1 displays a plot of the total number 
of rotationally resolved and assigned vibrational spectra 
of molecular complexes as a function of year. The 
precipitous increase in this output from 1983 to present 
is nearly exponential, with a doubling time of approx- 
imately 2.1 years! The time seems therefore ripe for a 
summary of these early, rapidly developing, and very 
exciting efforts. 

At the outset it is useful to delineate the boundaries 
of this review. (1) The focus will be limited primarily 
to experimental studies, although the inclusion of some 
theoretical efforts will be both appropriate and neces- 
sary. As this entire issue of Chemical Reviews is de- 
dicated to van der Waals molecules, the reader is re- 
ferred to other articles for more involved theoretical 
discussions. (2) Simply as a matter of practicality the 
experimental work treated in this review will be re- 
stricted tQ IR methods of sufficient resolution tQ achieve 
both rotational-state resolution and spectroscopic as- 
signment. This admittedly somewhat arbitrary crite- 
rion will exclude from detailed discussion much of the 
interesting and provocative OPO, C02,. and the early 
rotationally unresolved F-center laser vibrational pre- 
dissociation studies by several Fortunately 

I I .  Experimental Methods 

Though the availability of high-resolution infrared 
data on complexes represents a relatively recent 
breakthrough, much of the first spectroscopic evidence 
for the existence of weakly bound molecular clusters 
was obtained in the infrared, through the observation 
of excess absorption in gas mixtures that could not be 
observed in either gas indi~idual ly .~ ' -~~ It is a little 
surprising, therefore, that high-resolution refinements 
of the earliest of these IR studies did not take place for 
four decades, and not until much of the pioneering work 
had already been established in the microwave (rota- 
tional) and visible/UV (electronic) regions of the 
spectrum. The reason for such a time lag was not lack 
of scientific interest but rather a lack of appropriate 
high-resolution sources of IR light4 as well as a lack of 
adequately sensitive detection methods. This situation 
has changed dramatically in recent years, In this sec- 
tion the various high- and moderate-resolution methods 
are briefly summarized. 

The various experimental techniques that have de- 
veloped for high-resolution IR spectroscopy of com- 
plexes rely on two fundamentally different schemes for 
detecting the interaction of light with molecules. Stated 
most simply, the two strategies are (1) to measure the 
influence of light on the molecules or (2) to measure the 
influence of molecules on the light. Examples of the 
former are laser-induced f l u ~ r e s c e n c e , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  photoa- 
coustic,4' molecular beam electric resonance,l" and op- 
t ~ t h e r m a l ~ , ~ ~  spectroscopies. Examples of the latter are 
direct a b s o r p t i ~ n , ~ ~ - ~ ~  intracavity laser resonance,a and 
Fourier transform1' spectroscopies. A further distinc- 
tion between these various methods depends on the 
method of "synthesis" of the molecular complexes, Le., 
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cooled equilibrium gas cells, or much lower temperature 
(albeit nonequilibrium) molecular beams formed by 
supersonic jet expansions. 

A. Equlllbrlum Cell Methods 

The methods exploited for infrared detection of 
weakly bound complexes in an equilibrium cell have 
relied on classic Beer’s law or Fourier transform IR 
spectroscopies, both of which are essentially direct ab- 
sorption techniques. The rather considerable demands 
for sensitivity in direct absorption can be readily ap- 
preciated by the following simple calculation for a 
triatomic van der Waals complex comprised of A and 
BC. If one makes the simplifying assumption that the 
rotational and vibrational degrees of freedom of BC 
remain unaffected in the complex, the equilibrium 
constant for formation of A-BC in a typical quantum 
state can be shown to be44 
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sures and cooled cell temperatures to shift the equi- 
librium toward higher concentration of H2 complexes. 
One difficulty with such an approach is the limit of 
pressure broadening on spectral resolution, though by 
virtue of the large rotational constants of these H2- 
containing complexes, fully resolved rotational structure 
could be detected and a n a l y ~ e d . ~ + ~ ~  

Direct absorption spectroscopy in an equilibrium cell 
for systems where IR-absorbing monomers are present 
in great excess requires a much higher resolution probe 
such as permitted by microwave ~ s c i l l a t o r s ~ ~ J ~ ~ ~  or CW 
single-frequency infrareda lasers and, preferably, sub- 
units with a sparse absorption spectrum. Pine has 
successfully developed a scheme of nonlinear difference 
frequency mixing of a dye and Ar+ laser that can gen- 
erate tunable, narrow-band (<1 MHz) IR light from 
2.2-4.2 pm at  the few microwatt power In 
conjunction with a long-path, cooled White cell, this 
weak but spectrally bright source of light has permitted 
high-resolution study of species such as hydrogen halide 
dimers and inert gas-hydrogen halide c o m p l e ~ e s . ~ ~  
The equilibrium distributions in the cooled cell have 
also facilitated thermodynamic study of the absolute 
binding energies in these complexes.62 Bevan and co- 
workersm9 have similarly utilized a commercial tunable 
F-center laser by either sequential mode hop (300 MHz) 
or higher resolution (52  MHz)~O scanning of the output 
frequency. Diode lasers have also been used in long- 
path absorption cells for study of hydrogen halide di- 
m e r ~ , ~ ~  despite the considerable difficulty in tuning 
these lasers over large regions of the infrared spectrum. 
The lack of ability to “modulate” the absorbers, how- 
ever, forces the detection bandwidth essentially near 
DC, where several sources of l/f noise (e.g., fluctuations 
in the laser light amplitude) can, in principle, limit 
sensitivity. More typically, however, spectral congestion 
due to absorption from thermally populated rovibra- 
tional states of monomers and undesired complexes 
limits the sensitivity of these equilibrium methods. 

Cooled White cell techniques have been extended into 
regions of the spectrum less convenient for tunable IR 
lasers by use of interferometric, Fourier transform 
m e t h o d ~ . l ~ - ~ ~  The limiting resolution of an FTIR in- 
strument scales as the length traveled by the interfer- 
ometric mirrors and consequently cannot begin to 
challenge the > 102-m coherence lengths routinely 
achievable by frequency-stabilized CW lasers. However, 
for Doppler-limited, pressure- or predissociation- 
broadened spectra lines, this limitation of FTIR 
methods may not be important. Two correspondingly 
powerful advantages of the Fourier transform approach 
are (1) the entire spectrum is obtained for all frequen- 
cies at once, which enhances considerably the duty cycle 
for data collection per spectrally resolvable frequency 
element, and (2) by virtue of the heterodyne nature of 
FT methods, the desired absorption information is en- 
coded in a detection bandwidth well removed from the 
excess noise contributions near DC. In conjunction with 
a long-path White cell, these relatively high-resolution 
FTIR techniques have been used to investigate many 
of the inter- and intramolecular vibrational modes in 
more strongly bound complexes such as HCN dimer,s0 
HCN-HF,I3-l8 and HF dimer.81i82 

One attractive feature of these equilibrium methods 
for forming and studying molecular complexes is that 

where Do is the dissociation energy of the van der Waals 
bond and PA-BC and pBC are reduced masses. Since the 
rotational degrees of freedom of BC are often strongly 
quenched by complexation, eq 2.1 represents only an 
approximation to the equilibrium constant per popu- 
lated quantum state. To consider a specific example, 
for Do = 100 cm-l and masses 40,1, and 19 amu for A, 
B, and C, respectively, roughly 1 in lo9 of the molecules 
will be complexed in a typical quantum state for 1 Torr 
of A and BC at room temperature. For a complex with 
a strong, Doppler-limited absorption cross section in the 
near-IR,& one predicts absorptions on the order of a few 
parts per million per meter of path length! This is 
within the limits of shot noise limited direct absorption 
methods,46 but these often require high-frequency 
modulation of the absorbing species to avoid the low- 
frequency accumulation of technical noise in the IR 
light source and detectors, Le., methods that are diffi- 
cult to implement in a static cell. 

One can greatly enhance these weak absorptions by 
operation a t  reduced temperatures, higher sample 
pressures, or enhanced path lengths obtainable with 
White cell, multiple-pass optics. For the specific case 
of 1 Torr of BC in 10 Torr of A, the concentration of 
A-BC complexes in a typical quantum state can be 
estimated to be 7 X lo9 complexes/cm3 in a cell cooled 
to 210 K. In a 100-m White cell, this concentration 
would yield on the order of 10% absorption of the in- 
cident light for near-IR Doppler-broadened line widths, 
provided that the light source is spectrally narrow with 
respect to these widths. One outstanding problem, 
however, is that the BC molecule (by assumption a 
strong IR absorber) is present in roughly a billion-fold 
excess, which, in addition to absorption from (BC), 
complexes as well, can render portions of the desired 
spectrum optically black. 

The experimental difficulties associated with strongly 
absorbing excess monomer species, however, can be 
finessed elegantly for complexes of nonabsorbing mo- 
nomer constituents, as in the early studies of complexes 
of H2.47-52 Since only the complexes can exhibit a di- 
pole-allowed IR spectrum in the H2 stretching region, 
one can choose to operate at relatively high cell pres- 
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in molecular beams can be achieved via bolometric 
detection of small changes in the thermal energy con- 
tent of the beam.26~28i42,111-120 This "optothermal" 
technique, developed initially by Scoles and co-work- 
ers,"' relies on a highly collimated CW molecular beam 
that is crossed with a chopped CW IR laser. If excited 
complexes predissociate away from the beam over the 
flight path to the bolometer, a modulated depletion 
synchronous with the chopping frequency is observed. 
Nonpredissociating molecules excited by the laser ex- 
hibit an increase in the thermal energy of the beam 
while predissociating molecules exhibit a decrease; this 
proves to be an important advantage in assigning com- 
plex spectra with contributions from monomer and 
cluster species. The high degree of collimation over the 
length of the flight path permits sub-Doppler resolution 
(a few MHz), which in turn permits detailed study of 
excess line broadening attributable to vibrational pre- 
dissociation or intramolecular relaxation. Since the 
magnitude of the depletion signal scales linearly with 
IR laser power, this method offers the greatest sensi- 
tivity for relatively high-power lasers and hence has 
been extensively used with line-tunable C02 lasers, wave 
guide C 0 2  lasers, and high-resolution F-center lasers. 

Direct absorption laser spectroscopy in supersonic 
jets, whereby one simply monitors attenuation in power 
of a laser crossing a molecular beam, has proven to be 
a surprisingly sensitive method for investigating weakly 
bound molecular complexes. Unlike the bolometric 
methods, however, the high sensitivity does not require 
a moderately powerful light source. In a light absorpton 
measurement the ultimate SIN will be limited by 
quantum shot noise on the photon arrival rate. Even 
for IR laser power levels of a few microwatts, this shot 
noise translates into fractional absorption sensitivities 
of better than 1 0 + / H ~ ~ / ~ ,  which makes IR spectroscopy 
of complexes feasible for a much broader range of weak 
but tunable lasers such as diode lasers and CW non- 
linear frequency generation schemes. Hayman et al.121 
obtained the first direct absorption, infrared diode laser 
spectrum of complexes in a pulsed pinhole expansion. 
Achievement of these levels of sensitivity requires 
careful control of technical laser amplitude noise. The 
short time duration of the absorption signal during the 
gas pulse was exploited to discriminate against low- 
frequency amplitude noise in the diode laser source. 
Multiple passage of the IR light through the relatively 
short absorption path length of a pinhole expansion 
source can improve detection sensitivity by as much as 
an order of magnitude and has made feasible the study 
of several c ~ m p l e x e s . ~ ~ ~ - ' ~ ~  

Dramatic enhancement in the sensitivity of these 
direct absorption laser methods is available via resh- 
aping of the expansion geometry. Lovejoy et al.12"'30 
have developed methods for IR spectroscopy of com- 
plexes in one-dimensional "slit"  expansion^,'^^ whereby 
single-pass absorption path lengths of up to 4 cm are 
obtained. White cell optics can further enhance this 
path length to over 50 cm in only 2 cm of downstream 
flow. The hydrodynamics of the slit expansion also 
collapses the velocity distribution along the slit, thus 
narrowing Doppler widths to 540-100 MHz, depending 
on the mass of the expansion gas. Since this narrowing 
is not obtained by skimming molecules from the beam, 
peak absorption strengths can be commensurately in- 

relative populations of various quantum states are in- 
dependently and simply determined by equilibrium 
statistical mechanics. From analysis of the spectral line 
intensities and intensity ratios therefore, one can deduce 
thermodynamic and vibrational term 
values13J4 for the complex. Additionally, at the rela- 
tively warm temperatures required to prevent freezing 
out of the subunits, hot-band sequences from low-fre- 
quency modes can be observed that provide important 
information on multiply- excited vibrational states. A 
particularly elegant use of these cell methods has been 
to probe rotational states populated near the dissocia- 
tion limit and to extract precise bond dissociation en- 
ergies for rare gas-hydrogen halide c ~ m p l e x e s . ~ ~ ~ ~ ~  In 
spite of the considerable difficulties, therefore, with 
thermal congestion in cooled-cell spectra, these equi- 
librium methods are a rich source of information for 
highly rovibrationally excited states of molecules near 
dissociation. 

B. Supersonic Molecular Beam Methods 

IR spectroscopy of weakly bound complexes in a su- 
personically cooled molecular beam12>28@@ has several 
advantages and disadvantages. On the one hand, very 
efficient formation of the complexes is favored by the 
low translational temperatures in the jet. Indeed, this 
method of "synthesis" has served valiantly for 
LIF,12J5J7J8J4 molecular beam electric resonance 
(MBER),8"97 and FT microwave s t u d i e ~ ~ ~ - ' ~ ~  of nu- 
merous complexes. Furthermore, the spectroscopy of 
the complexed species can be greatly simplified by the 
corresponding low rotational and, to a lesser extent, 
vibrational temperatures in the jet. Additionally, the 
compression of the Boltzmann distribution into a 
smaller number of quantum states implies greater de- 
tection sensitivity per complex, as well as the virtually 
complete elimination of spectral congestion from in- 
ternally excited rotational and vibrational states of the 
monomer. Finally, angular collimation of the molecular 
beams can be exploited to achieve much higher fre- 
quency resolution than permitted by Doppler and 
pressure broadening in a cooled cell. 

Balancing these advantages is a simple fact. Although 
a significant fraction of the molecules can be complexed, 
the total number density of complexes is still quite 
small, decreases rapidly with distance downstream from 
the expansion orifice, and under typical conditions 
offers only relatively short path lengths for interaction 
with the light source. Consequently, only methods with 
high sensitivities are viable candidates; several are 
briefly described below. 

One of the first methods for IR spectroscopy of com- 
plexes was based on pulsed laser vibrational excitation 
of complexes in a skimmed molecular 
beam.19120,22123,10"1~ Vibrational predissociation of these 
complexes leads to a depletion of cluster signals mon- 
itored with an electron bombardment mass spectrom- 
eter. The extent of fragmentation of the complex upon 
electron bombardment, however, is not well-known;" 
a given mass signal, therefore, may arise from predis- 
sociation of higher molecular weight clusters and pre- 
clude unambiguous assignment of spectra in the ab- 
sence of detailed isotopic substitution testsl10 or rota- 
tional r e s o l u t i ~ n . ~ ~  

Highly sensitive, high-resolution IR laser spectroscopy 
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creased by up to an order of magnitude. In conjunction 
with careful subtraction methods to reduce laser am- 
plitude fluctuations to near shot noise levels, detection 
sensitivities of better than 10’ molecules/cm3 per 
quantum state can be obtained. One very important 
aspect of the slit expansion geometry is that the mo- 
lecular densities decrease only as l/distance down- 
stream. This translates into more efficient clustering 
at lower stagnation pressures and the ability to “tune” 
the rovibrational temperature of the complexes (roughly 
5-30 K). This permits study of thermally excited, 
low-frequency vibrations in clusters and, most impor- 
tantly, helps bridge the gap between pinhole (typically 
Trot < 1-2 K) and cooled-cell (Trot > 100 K) conditions. 

Nonlinear coherent antistokes Raman spectroscopy 
(CARS)  in supersonic jets132-134 has been used by Nibler 
and co-workers to investigate the rovibrational structure 
of complexes at  moderate (-0.1 cm-l) resolution. 
Though not nearly as sensitive as the bolometric or 
direct absorption infrared methods, it uniquely permits 
investigation of IR-forbidden, Raman-active modes in 
a complex. Additionally, simply by tuning the fre- 
quency separation of the two visible lasers, one can 
observe both high-frequency (intramolecular) modes 
and low-frequency (intermolecular) modes via the same 
laser source. Spectral resolution is limited by the 
bandwidth of the pulsed visible lasers, and typically 
rotational structure in complexes is not resolved. 
Nonetheless, CARS has been used to observe and model 
rotational band contours and thereby distinguish be- 
tween different geometries postulated for a com- 

There have been two far-infrared spectroscopic 
techniques developed in parallel by Klemperer and 
c o - ~ o r k e r s ~ ~ ~ ~ ~ ~  and Saykally and c o - ~ o r k e r s ~ J ~ + ~ ~ ~  to 
investigate low-frequency intermolecular modes in 
complexes. A fixed-frequency, C 0 2  laser pumped far- 
infrared (FIR) laser acts as the probe; specific transi- 
tions in the complex are brought into resonance by 
Stark tuning of the J and mJ levels. In the method of 
Klemperer and co-workers, the Stark resonance is de- 
tected by a change in beam flux through electrostatic 
state selectors, followed by electron bombardment mass 
spectrometry. This is qualitatively similar to the dou- 
ble-resonance technique of DeLeon and M ~ e n t e r , l ~ ~  
which had been previously demonstrated without Stark 
tuning using a tunable F-center laser. Saykally and 
co-workers, on the other hand, measure the intracavity 
depletion of the FIR laser caused by Stark tuning 
transitions in the complex into resonance. Analysis of 
the spectral data requires understanding the relative 
Stark tuning rates of the upper and lower states, but 
particularly the high sensitivity provided by nonlinear, 
intracavity methods looks very promising for study of 
many complexes. These FIR lasers have been mixed 
with microwave radiation to generate a tunable, high- 
resolution FIR laser source,143 for use in direct absorp- 
tion studies of van der Waals complexes without the 
complication of Stark tuning. 

plex. 132-134 
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molecular constituents are either identical or different, 
respectively. 

I I I .  Molecular Systems 

The discussion of the various molecular complexes 
investigated via rotationally resolved IR spectroscopic 
methods can be conveniently broken down into homo- 
geneous and heterogeneous complexes, in which the 

A. Homogeneous Complexes 

1. (W” 
The strength of hydrogen bonding in HF has pro- 

vided the incentive for much experimen- 

effort on HF dimers and higher polymers. Infrared 
spectroscopic observation of HF dimers and polymers 
in the null gap region between R(0) and P(1) monomer 
lines was made as early as 1958 by K ~ i p e r s l ~ ~  and by 
Smith145J46 using low-resolution, direct absorption 
methods in high-pressure cells. By monitoring the 
pressure dependence of the integrated absorption sig- 
nals, Smith assigned three spectral features at 3856, 
3895, and 3963 em-’ to the dimer species and attributed 
them to v2 (“bonded” hydrogen stretch), v1 (“free” hy- 
drogen stretch), and some combination band, respec- 
tively. Later higher resolution spectrophotometric ef- 
forts by Herget et al.147 and Himes and Wigginsla a t  
0.1- and 0.03-cm-l resolution, respectively, revealed 
partially resolved structure on the combination band, 
which was presumably rotational in origin. Fully ro- 
tationally resolved information on HF and DF dimers 
was supplied soon thereafter by molecular beam electric 
resonance MBER studies by Dyke et aLE5 A detailed 
ana1y~ i s l~ l - l~~  of their radio frequency and microwave 
spectra indicated a highly nonrigid, hydrogen-bonded 
complex which executed rapid tunneling motion be- 
tween the two equivalent structures, HF-HF and FH- 
FH. These data permitted fitting of a good-quality 
potential energy surface for HF dimer by Barton and 
Howard153 which exhibited a slightly bent equilibrium 
geometry with a linear F-H-F hydrogen bond. Laser 
vibrational predissociation spectra of HF dimers and 
polymers by Lisy et al.“ revealed three peaks assigned 
to the dimer species at 3720,3878, and 3970 cm-’ and 
attributed to v2, vl, and the same combination band, 
respectively, as reported by Smith145J46 and Herget et 

With the development of stabilized (51 MHz) tuna- 
ble difference frequency IR laser Pine was 
able to construct a spectrometer with frequency reso- 
lution limited only by Doppler and/or pressure broad- 
ening. In conjunction with cooled, long-path White 
cells, this direct absorption spectrometer revealed an 
extremely rich spectrum of HF dimer, DF dimer, and 
the DF-HF/HF-DF mixed dimers in the HF and DF 
stretching region.m161 The spectra exhibit fully resolved 
and assignable tunneling doublets, asymmetry doubling 
for K = 1 levels, extensive K subband structure, and 
vibrational bands for each of the two fundamental H(D) 
stretching frequencies. These spectra have been defi- 
nitively analyzed and assigned to A (AK = 0) and B (AK 
= fl) type subbands in both the “free” (vl) and 
“bonded” (v2)  H(D) stretch (see Table I). On the basis 
of (i) absolute dimer absorption intensities under 
equilibrium conditions, (ii) dimer partition functions 
calculated from the spectroscopic data, and (iii) the 
assumption that the integrated absorption strength of 
HF does not change significantly upon complexation, 
Pine et al. calculate the absolute dissociation energy to 
be 1038 (+43, -34) cm-1,62 significantly lower than 

t~60-62,81,82,85,86,105,108,110,117,142,144-150 and theoreticd151-158 

,1.147 
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TABLE I. Summary of Vibrational Data for HF and DF Dimers 

equilib ( u  - vmonomer)/ AVFWHMI 
species geometry u0/cm-l mode descrip cm-' MHz Do/cm-l ref 
HF 3961.4229 
(HF), near linear : ~ ~ ~ : ~ ~ ~ ~ }  ul* free H stretch -30.7418 13.4 1038 60-62, 117 

: ~ ~ ~ : ~ ~ ~ ~ }  u2* bonded H stretch 

} u6* torsion 

-93.5563 410 60-62, 117 
81 
81 

7679 2u1 free H stretch overtone <5OOOa 
7542 2 4  bonded H stretch overtone <5O0Oa 

(DF), near linear (2882.1)b ul* -24.8 <4lC 
2834.6190 ~ 2 *  -72.4 
2834.5499 

82 
82 
60, 61, 160 
60, 61, 160 

Limited by residual experimental broadening. Average of K = 1 4  and otl origins. Limited by residual Doppler broadening in a slit 
jet. 

previous experimental r e s ~ l t s ' ~ J ~ ~  but in fair agreement 
with ~emiempiricall~~ and ab initio157 potential energy 
surface calculations. 

This pioneering study of the high-frequency vibra- 
tions in HF dimer by Pine and co-workers demon- 
strated conclusively that IR spectra in systems at en- 
ergies far above the dissociation limit could reveal ex- 
tensive rovibrational structure. This was indeed a 
surprising observation in light of the estimate by 
Klempererlss of a predissociation lifetime in HF dimer 
of 50 ps, which by uncertainty broadening would have 
washed out most of the rotational structure and thereby 
seriously limited the potential power and sensitivity of 
these high-resolution IR methods. 

The excellent agreement of combination differences 
with microwave data and quality of fits to the rotational 
analysis strongly suggest that all but one of the peaks 
in the earlier low-resolution IR e ~ p e r i m e n t s ~ ~ ~ J ~ ~ - ' ~ ~  
correspond to an unresolved P branch in the v1 band 
and two unresolved Q band heads in the v2 band. The 
strong peak observed at 3720 cm-l by Lisy et al.lo5 has 
no corresponding absorption feature attributable to the 
high-resolution dimer spectrum and has more recently 
been assignedllO to the HF trimer species via isotopic 
labeling studies. There are no studies to date that ex- 
hibit rotationally resolved structure in trimer and higher 
oligomers of HF. 

The vibrationally averaged structure in a molecule 
as nonrigid as HF dimer is strongly K dependent, and 
therefore a rotational analysis based on a semirigid 
asymmetric top Hamiltonian proves necessary for each 
K subband. Pine et al.6l show via a novel analysis using 
Pad6 approximant methods that the apparently anom- 
alous pattern of K subband origins can be physically 
understood to arise from "rotational saturation", where 
the equilibrium slightly bent dimer becomes centrifu- 
gally bent into an L-shaped geometry in the limit of 
high-K excitation. 

The predissociation line widths in HF dimer, as in- 
ferred from the homogeneous component to the ab- 
sorption line shape, are dramatically vibrational mode 
dependent. In the original studies by Pine et a1.,"P6l 
predissociation broadening in the v2 mode was esti- 
mated to be 410 f 60 MHz FWHM from a least-squares 
fit of the v2 K = 1-1,O-0 spectrum. No significant 
excess line widths above Doppler and pressure broad- 
ening were observed for u1 excitation in HF dimer or 
in either v1 or v2 modes observed in DF dimer.61 DeLeon 
and M e ~ n t e r l ~ ~  utilized an infrared-microwave dou- 

ble-resonance MBER apparatus to establish an upper 
limit to predissociation widths of 30 f 5 MHz by 
pumping a single line ["P0+(2)] with an F-center laser. 
In a sub-Doppler bolometer study of the v1 mode of HF 
dimer by Huang et al.l17 much improved estimates of 
predissociation line widths in the vl mode, K = 1-0 
were determined to be 13.4 f 1 MHz (FWHM), inde- 
pendent of J states populated in a 2 K jet. If these 
excess widths can be fully attributed to predissociation, 
this indicates a 30-fold faster breakup of the complex 
when vibrationally excited at the hydrogen-bonded H 
stretch than in thefrge H stretch. This observation 
provided one of the first definitive examples of a non- 
statistical behavior in vibrationally excited molecules 
and is a lesson that is repeated in many of the com- 
plexes investigated via high-resolution IR methods. The 
issue of inferring lifetimes directly from experimentally 
observed line widths is complicated and is discussed in 
more detail in section IV. Nonetheless, these early 
studies surprisingly indicated that rigorous lower limits 
to predissociation lifetimes in HF dimer complexes 
excited above the dissociation limit were well in excess 
of lo4 vibrational periods of the HF stretch. 

At  the 210-220 K cell temperatures employed in the 
Pine studies,60p61 low-frequency intermolecular vibra- 
tions are thermally excited, which lead to hot-band 
progressions built on each of the assigned vibrations 
whose analysis should provide detailed information on 
these modes as well. A more direct probe of these in- 
termolecular modes has been initiated by Von Putt- 
kamer and Quack,81 utilizing FTIR absorption tech- 
niques at 0.02-cm-l resolution in a 250-300 K White cell, 
in which a low-frequency mode at  400 cm-l is observed 
and tentatively assigned to a torsional vibration. In- 
terestingly, the analysis suggests tunneling frequencies 
increase by 1.5 with torsional excitation, in contrast 
with the roughly 3-fold decrease in tunneling splittings 
observed by Pine et a1.60*61 upon HF stretch excitation. 
An increase in the tunneling frequencies with torsional 
excitation would be consistent with a small component 
of the torsional displacements along the tunneling co- 
ordinate. Conversely, tunneling might be inhibited by 
excitation in an HF stretch mode, since the tunneling 
motion must transfer the stretching vibrational quan- 
tum between the two HF subunits. Von Puttkamer and 
Quack82 have also utilized this FTIR technique to in- 
vestigate the first overtone spectrum of HF dimer near 
7600 cm-'. The narrow spectral widths observed (on 
the order of 0.16 cm-l) in these bands appear still to be 
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TABLE 11. Summary of Vibrational Data for Complexes of HCl' 
equilib ( u  - honom**)l  AUFWHM/ 

species geometry u0/cm-l mode descrip cm-' MHz Dolcm-' ref 
HCl 2885.9758 
Ne-HC1 linear 2886.277 u1 HC1 stretch +0.301 <45b 201 

2908.802 u1 + u z ( I I )  +22.826 <45b 201 
2901.9623 ~1 + V Z ( Z )  +15.9865 <45b 201 
2907.129 u1 + U s ( Z )  +21.153 

(22.525)d (uz(II)) 
(15.685)d ( u z ( Z ) )  
(20.852)d ( u ~ ( Z ) )  

Ar-HC1 linear 2884.2087 u1 HC1 stretch -1.7671 <40b 114.7 65, 201 
2918.2624 ~1 + UZ(II) +32.2866 <40b 201 
2907.8374 ~1 + U Z ( Z )  +21.8616 <40b 201 
2916.8461 u1 + u3 vdW stretch +30.8703 <40b 201 

33.9797 Uz(II) 140 
(34.0537)d 
23.6568 uZ(Z) 139 

(23.6287)d 
32.4358 u3 vdW stretch 141 

(32.6374)d 
(HC1)z near linear 2890.7610 ul+ K = 1 4  free H stretch +4.7852 <45b 431 62,63 

2857.2353 up* bonded H -28.7405 <45b 63 
2838.8972 stretch -47.0780 

HCN-HC1 linear 3309.0286 v1 HCN stretch -2.444 C 79 

Data provided for the %C1 isotope. Line width limited by residual Doppler broadening in a slit jet. Limited by Doppler and pressure 
broadening in a cooled White cell. dFrequency quoted in parentheses is for (ul + uvdw) - u1 for comparison with FIR studies. 

dominated by residual pressure broadening and suggest 
long predissociation lifetimes even at  energies 7 times 
the dissociation limit. 

2. (HCI),, 

As in the case of HF dimer, the fiist spectral evidence 
for HC1 dimer was via low-resolution IR absorption in 
high-pressure, long path length cells. In these studies 
by Rank et al.,33*34 three extra peaks that varied quad- 
ratically.with pressure were observed in the null gap 
region between R(0) and P(1) of the monomer, with 
intensities in the natural-abundance ratios of the three 
isotopic forms of a complex with two C1 atoms. Par- 
tially resolved structure in the dimer spectrum attrib- 
uted to rotations was later observed with a higher res- 
olution spectrometer.lsg No studies have been reported 
in the microwave on HC1 dimer. Consequently the 
extent of rotationally resolved information on HC1 di- 
mer is primarily limited to the experiments of Ohashi 
and utilizing tunable difference frequency laser 
absorption in a 64-80-m path length, 130 K White cell 
(see Table 11). Nonetheless, these studies permitted 
a rotational analysis of the one tunneling component 
of vl+ and both tunneling components of v2* vibration, 
for a range of K"= 0, 1, and 2. Combination differences 
between v2+ = 1 4  and vl+ = 1 4  for the ground state 
were used to verify the assignments. 

Tunneling between the two equivalent configurations 
in HC1 dimer proves to be extremely facile, resulting 
in sums of tunneling splittings between the ground and 
v 2  excited state of 18 cm-l. This is significantly larger 
than the corresponding ground (0.66 cm-l) and v2 ex- 
cited state (0.22 cm-l) values for HF dimer.61 These 
splittings are apparently large with respect to the 
zero-point energy differences between the H35C1-H37C1 
and H37C1-H3SC1 conformations. Thus these two 
species interconvert rapidly, resulting in a spectrum 
characteristic of an averaged isotopic geometry, widely 
split by tunneling interactions, Le., consistent with the 
early low-resolution  observation^.^^^^^ 

As in the HF dimer study, excess broadening above 
the Doppler limit was determined via Voigt line shape 
fitting to the spectrum. The data in the v2* free H 
stretch bands could be adequately fit with a Lorentzian 
component of only 160 f 40 MHz FWHM. This is on 
the order of expected pressure-broadening contributions 
at 4 Torr and indicates that vibrational predissociation 
in v2 excited HC1 dimer occurs a t  least an order of 
magnitude more slowly than in the corresponding vi- 
bration in HF dimer. Similar investigation of the vl 
mode indicated homogeneous line widths somewhat 
narrower (100-140-MHz FWHM), but again reasonably 
accounted for by pressure broadening. Recent slit jet 
studies on HC1 dimer indicate a homogeneous line 
width less than the 45-MHz FWHM residual Doppler 
broadening in the jet.lm This diminution of predisso- 
ciation rate in HC1 dimer and DF dimer over HF dimer 
is consistent with models that predict the excess energy 
to be distributed predominantly into rotation of the 
monomer fragments and is briefly addressed in section 
IV. 

3. (HCCH), 

The first IR spectroscopy of acetylene dimers was 
obtained by Pendley and E ~ i n g , ~ ~  utilizing FTIR ab- 
sorption methods in a long-path White cell a t  215 K. 
Five vibrational bands were observed, four of which 
could be assigned based on the electrostatic potential 
energy surface of Sakai et al.l6I Although no rotational 
structure could be resolved in these FTIR studies,% the 
band contours could be well reproduced with the slip- 
ped-parallel (i.e., adjacent but staggered) geometry 
predicted theoretically.161 Higher resolution F-center 
spectra obtained by Miller et al.l14 exhibited six well- 
separated bands (labeled A-F) in the 3300-cm-l region, 
with discrete rotational structure evident in several of 
the bands. No rotational assignment was presented, but 
the appearance of several bands prompted the sugges- 
tion that multiple conformers of acetylene dimer might 
exist. These results were followed up by systematic 
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TABLE 111. Summary of Vibrational Data for ComDlexes Formed from Miscellaneous Polyatomic SDecies 

equilib (' - umommer)/ A'FWHM/ 
s D e c i e s geometrv unlcm-' mode descrio cm-' MHz ref 

linear 

linear 
linear 
linear 
cyclic 

slipped parallel 
cyclic 

slipped parallel 
cyclic 

slipped parallel 
near T 

near T 
near T 
near T 

3308.3175 
3241.5588 
3306.8025 
3231.1 
3212.9335 
3273.545 

37 14.01 1 
3613.819 

(3280Id 
(3265.6)d 

3478.4357 
2223.9078 

2062.3170 
2061.7404 
2061.3457 

u1 free H stretch 
u2 bonded H stretch 
u1 free H stretch 
U P  

y 3  

y1 

correlates with u1 + u3 in COP 

correlates with u1 + u3 in NzO 
u3 a s p  stretch 

u3 asym stretch 
u3 a s p  stretch 
u3 asym stretch 

-3.156 
-69.914 
-4.671 

-80.4 
-98.540 
-37.928 

-0.772 

-2.3832 
+0.1509 

+0.1157 
-0.4609 
-0.8556 

< 1" 
26 
< 1" 

15000 
56 

b 

< 1" 
<20b 

<25 
b 

<1 
C 

C 
C 
C 

171 
80, 171 
171 
171 
171 
171 

118 
120 

162 
124 

167 
123 

121,122 
121,122 
121,122 

a Line width limited by residual broadening in a sub-Doppler skimmed beam. *Line width limited by unresolved K structure. Line width 
limited by residual Doppler broadening in a pinhole jet. dPrecise band origin uncertain. 

pressure-dependent studies by Fischer et al.126 in which 
it was shown that significant contributions to the 
spectra were present for the A and B bands from species 
larger than dimers. 

Ironically, the first rotationally resolved and assigned 
IR spectroscopy of acetylene complexes was not for the 
dimer, but rather the trimer. A reinvestigation of the 
B band by Prichard et al.124 using direct absorption of 
an F-center laser in a pulsed jet expansion revealed a 
very simple progression of equally spaced lines that 
could be conclusively assigned to a cyclic trimer with 
either Csh or D3h symmetry (see Table 111). The sur- 
prising simplicity of this trimer spectrum results from 
the fact that C = B/2 for a rigid planar molecule; pro- 
vided there is sufficiently small change in the constants 
on vibrational excitation, the highly degenerate spec- 
trum of this oblate top consists of many lines overlap- 
ped to within the experimental resolution. Prichard et 
al.124 point out that small changes in rotational con- 
stants, nonzero inertial defects, etc. wil l  break this exact 
degeneracy and therefore broaden the lines inhomoge- 
neously. This is likely to account for the asymmetric 
and broadened lines that Miller et aL114 observed in the 
B band but attributed to homogeneous effects. 

Recently, the entire series of bands A-F has been 
reinvestigated at high resolution by Bryant et a1.162 
using bolometer-based methods. The rotational 
structure in the D, E, and F bands is now assigned to 
acetylene dimer, for K = O+l,  1 4 ,  and 2+1, respec- 
tively. The spectrum exhibits intensity alternation in 
adjacent P P  and PR lines that indicate an equilibrium 
structure with 2-fold symmetry about the C axis. In 
addition, sequence bands for these three subbands are 
observed, most likely due to an unassigned, low-fre- 
quency van der Waals mode still excited in the jet. 
Most interestingly, an upper state K-dependent ho- 
mogeneous lifetime is observed in this series; for K' = 
2, 1, and 0 the line widths are reported as 25.7 MHz, 
19.5 MHz, and instrument limited, respectively. This 
trend is at least physically consistent with the centri- 
fugal effects along the dissociation coordinate antici- 
pated for rotation around the A axis. Bryant et a1.162 
claim that the C band results from a non-slipped-par- 

allel dimer structure and suggest that it may result in 
a T-shaped isomer; however, no detailed assignment of 
the C band is available. 

4- (cod" 
The high-resolution saga of carbon dioxide dimers 

and polymers is rather extensive and colorful and points 
nicely to the power of IR (vibrational) versus microwave 
(rotational) spectroscopies for studies of complexes 
comprised of subunits without molecular dipoles. The 
first analysis of COP dimer was performed by Mannik 
et al.,38 based on low-resolution IR spectroscopy in a 
cooled (192 K) long-path absorption cell. They inter- 
preted their spectrum of the v1 + 2v2 band as an indi- 
cation of a T-shaped structure for the C02 dimer, as 
would be expected from the angular dependence of a 
dominant quadrupole-q~adrupole~ interaction at fixed 
intermolecular separation. 

This noncentrosymmetric interpretation was sup- 
ported by dipole moment studies by Novick et al.,87 who 
observed a 1% electrostatic refocusing on the mass peak 
associated with C 0 2  dimer in a molecular beam. How- 
ever, the later experimental results of Barton et al.163 
indicated no measurable refocusing on the dimer mass 
peak and suggested that higher polymers were influ- 
encing the Novick results.87 Fpom their data, Barton 
et al.163 were able to place an upper limit of D on 
the dipole moment of the dimer and argued that a 
T-shaped structure would exhibit an induced dipole 
moment of 0.25-0.32 D based on electrostatic moments 
and polarizability of the C 0 2  subunits. Furthermore, 
by modeling the intermolecular potentials as electro- 
static plus hard-sphere interactions, they demonstrated 
that although the T-shaped geometry is energetically 
preferred for fixed center of mass separations, the l /R5  
attractive part of the quadrupolequadrupole potential 
strongly favors the decrease in separation accessible in 
a slipped-parallel configuration. When one allows in- 
termolecular distances to vary, a second deeper mini- 
mum is predicted from the electrostatic model for a 
centrosymmetric (and hence zero dipole moment) con- 
figuration with a 3.44-i% center of mass separation of 
the two COP units and a slippage angle of 57'. 
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A subsequent reanalysis of the low-resolution IR 
spectrum of COz dimer by KopeclM indicated that the 
data could be consistent with both a T-shaped and 
slipped-parallel configuration. A remeasurement of the 
focusing properties of C02 dimer by Lobue et al.165 
reffirmed the original dipole moment values obtained 
by Novick et aLS7 In a molecular beam measurement 
by Gough et a1.112 the u1 + v3 and 2v2 + v+ bands were 
studied with multimode F-center laser excitation and 
bolometer detection. The spectra yielded unresolved 
features of 2-3-cm-l width whose line shapes could be 
fairly well reproduced with a rotational band contour 
calculated for the minimum energy, C2h geometry of 
Barton et al.163 

CARS in a free jet expansion by Nibler and co- 
workers” was used to investigate the v1 han-a l lowed 
vibration. For a slipped-parallel Cah geometry, the vl 
vibrations on each of the COz subunits can couple “in 
phase” (A,) and “out of phase” (BJ, only the former of 
which would be Raman active. By contrast, for a T- 
shaped Czo geometry, both ul vibrations would remain 
Raman active. The observation of a single rotationally 
unresolved peak in the CARS spectrum at  1285 cm-l 
was therefore interpreted as support for a slipped- 
parallel geometry, provided interactions between the 
C02 subunits in a T-shaped configuration would dif- 
ferentially shift their vibrational frequencies by a re- 
solvable amount. 

A fully resolved ul + v3 spectrum of COz dimer was 
observed near 3714 cm-l by Jucks et a1.ll8 with the 
bolometer technique, which permitted assignment of 
perpendicular (AK = f l )  transitions from K/  = 0, 1, 
and 2 (see Table 111). This observation immediately 
rules out a T-shaped structure for the dimer. For such 
a postulated geometry, K, correlates with J of the “T” 
C02 subunit; nuclear spin statistics for the spinless 
oxygens in COB would therefore preclude K,” = odd in 
the dimer spectrum. IR Stark measurements yielded 
a null result for the dipole moment ( p  < 0.04 D), i.e., 
again inconsistent with a T-shaped geometry. Finally, 
asymmetric top fits to the assigned transitions in the 
spectrum were indeed consistent with a slipped-parallel 
geometry with vibrationally averaged values, Rcc = 3.5 
8, and 6 = 63O, in excellent agreement with theoretical 
p red i~ t i0ns . l~~  However, the data could not be fit as 
a conventional asymmetric rotor to within experimental 
precision, suggesting that wide amplitude motion 
and/or tunneling may be occurring in the complex. 

Experimental data on higher polymers of COz would 
help elucidate some of these issues of relative stability 
of different conformations. Recently, Fraser et al.lZo 
have observed and analyzed the spectrum of C02 trimer 
near 3614 cm-’, tentatively assigned to the 2v2 + u3 
component of the Fermi-coupled ul and 2u2 states. 
Their analysis of the spectrum, particularly the absence 
of K” = 1,2,4,5,  ... levels resulting from spinless nuclei 
in a potential with 3-fold axis of symmetry convincingly 
indicates that the vibrationally averaged geometry is 
planar with C3h symmetry. A t  first a cyclic structure 
might seem inconsistent with the slipped-parallel 
structure for the dimer; however, this minimum energy 
structure is semiquantitatively predicted by quadru- 
pole-quadrupole plus hard-sphere interactions. Indeed, 
this model predicts stable cyclic conformations for 
higher polymers as well, but to date no high-resolution 
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data on these structures have been observed and as- 
signed. 

5. (N.?O)n 
Spectroscopic observation of nitrous oxide polymers 

was first achieved in a jet-cooled molecular beam via 
the bolometer-based methods of Scoles and co-work- 

Laser excitation of the molecular beam near 2230 
cm-l results in a depletion of the bolometer signal on 
axis, indicating that the absorbing species predissociates 
on a time scale less than the time-of-flight travel be- 
tween laser crossing and detector s). The 
spectrum was rotationally unresolved, but the identity 
of the absorber as nitrous oxide dimer was inferred from 
a quadratic power dependence of signal intensity on 
nozzle stagnation pressure. Later studies by Miller et 
al.l14 utilizing a mass spectrometer/bolometer combi- 
nation demonstrated that under the previous experi- 
mental conditions the beams contained significant levels 
of high-polymer clusters up to (N20),, and suggested 
that the experimental line widths were dominated by 
rotational congestion and/or distribution in cluster 
sizes. This was shown to be the case by Miller and 
Watts,166 who observed a t  much lower fractional 
NzO/He seed ratios a dimer spectrum near 3500 cm-’ 
with discrete rotational structure, but at the time could 
not provide detailed assignments. 

Huang and Miller167 have exploited several en- 
hancements of the bolometer sensitivity and F-center 
laser tuning to achieve the full rotationally resolved 
spectrum of NzO dimer in the v1 + u3 combination band 
centered at  3478 cm-l (see Table 111). The spectra ap- 
pear t~ be perturbed heterogeneously in the K’= 0 and 
1 upper states, as evidenced by strongly asymmetric 
residuals in the fit. the J value of the crossing moves 
upward from K’ = 0 to K’ = 1; the lack of perturbed 
lines from the higher K states is presumably due to 
finite J population in the cooled molecular beam. 
Combination differences for the ground state provide 
the basis for evaluation of the vibrationally averaged 
structural parameters. 

A 5 4  intensity alternation in transitions from the K” 
= 1 submanifold arises from the nuclear spin statistics 
of the nitrogen atoms and provides definitive evidence 
for a center of symmetry in the intermolecular potential. 
This is completely consistent with the slipped-parallel 
dimer geometry observed in both COz118 and HCCH.16z 
It was not possible from the N20 dimer data to distin- 
guish between a slipped-parallel geometry with over- 
lapping nitrogen or oxygen ends, but electrostatic model 
calculations predict both to be stable with a slight 
preference for the latter. 

6. (HCNr), 

Complexes of hydrogen cyanide were first observed 
in low-resolution gas-phase infrared studies in static 
cells by Jones et d.37 Fourier transform microwave 
experiments by Buxton et al.98 were successful in in- 
ferring the linear, hydrogen-bonded structure of the 
ground-state dimer. Higher resolution laser-based ex- 
periments on HCN dimer and trimer were performed 
by Hopkins et al.132 and Maroncelli et al.133 utilizing 
photoacoustic Raman and infrared spectroscopy in 
static cells of HCN, as well as coherent anti-Stokes 
Raman spectroscopy (CARS) in a pulsed supersonic jet. 
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Although these spectra were not rotationally resolved, 
analysis of the band contours indicated a linear HCN 
dimer with rotational constants that decreased slightly 
upon vibrational excitation of the CN stretch. Most 
interestingly, the vibrationally averaged structure for 
the trimer was inferred from band contour analysis also 
to be linear. This result was in accord with the bulk- 
phase linear-chain structure observed for solid HCN,lm 
as well as theoretical calculations that predicted a 
relative energy difference of 380 cm-' between cyclic and 
linear forms.169 

The first rotationally resolved vibrational data on 
HCN dimer were obtained by Wofford et a1.80 using 
long-path White cell, FTIR absorption methods. These 
authors report a hydrogen-bonded v2 (CH stretch) vi- 
bration at 3241.56 cm-', red shifted by 70 cm-' from the 
HCN monomer and in good agreement with the find- 
ings of Maroncelli et A predissociation/relaation 
line width of 192 f 40 MHz FWHM was estimated, 
though this required deconvolution of significant Dop- 
pler, pressure, and instrumental broadening contribu- 
tions. This line width was reported to be independent 
of J and the magnitude consistent with estimates from 
a trapped collision pair m0de1.l~~ 

Jucks and M i l l e P  more recently have investigated 
the HCN dimer spectrum with sub-Doppler bolometric 
techniques and observe both the "free" and "bonded" 
CH stretch, v1 and v2, respectively, as well as some 
bending hot bands built on the v1 mode. the v1 vibration 
is red shifted by only 3.16 cm-l from the monomer, and 
hence would have been unobservable in the lower res- 
olution efforts of Maroncelli et al.133 Jucks and Miller17' 
report very small shifts in both the averaged geometry 
and dipole moment of the dimer upon v1 excitation, 
consistent with only weak interactions between the free 
CH and intermolecular degrees of freedom. This is 
corroborated by observation of instrumentally limited 
line widths (51 MHz) in the v1 spectrum. In contrast, 
there is evidence for much stronger coupling of the v2 
H-bonded CH stretch to the molecular framework. The 
v2 upper state appears to be severely perturbed, as in- 
dicated by large but identical residuals in the fit for P(J 
+ 1) and R ( J  - 1) transitions. Sub-Doppler studies of 
the v2 vibration indicate measurable predissociation/ 
relaxation line widths of 26-MHz FWHM, which is 
substantially narrower than the previous estimates of 
Wofford.so 

Jucks and Miller17' also observe three vibrational 
bands in the CH stretch region in HCN containing 
expansions, which they assign to the three CH stretches 
of the linear HCN trimer. The free H stretch frequency 
at 3306.80 cm-' is very nearly at the HCN monomer 
origin and exhibits instrument-limited line widths (51 
MHz) corresponding to a minimum predissociation 
lifetime of 140 ns. The two H-bonded stretches, v2 and 
v3, are observed at 3231 and 3212 cm-' and, based on 
calculations of Kofranck et al.,169 are assigned as the 
asymmetric and symmetric combination stretch, re- 
spectively. Interestingly, the asymmetric stretch band 
exhibits completely unresolved structure whose band 
contour is best fi t  with a 0.5-cm-' (=15000 MHz!) 
FWHM, whereas the symmetric band is cleanly re- 
solved, with predissociation/relaxation line widths of 
56-MHz FWHM. If this excess line width in the v2 and 
v3 modes can be ascribed completely to predissociation, 
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this would represent the most extreme example to date 
of nonstatistical, mode-specific photophysics. 

Additionally, Jucks and Miller171 observe yet another 
rotationally resolved band in HCN expansions whose 
analysis indicates an isomeric, cyclic trimer structure. 
Due to spectral overlap of the K manifold structure in 
a planar oblate top, the vibrationally averaged geometry 
of the cyclic trimer could not be well determined, but 
the fits are consistent with a benzene-like equilibrium 
structure with a 3-fold axis of symmetry. A final vi- 
brational band is observed which is tentatively assigned 
to HCN tetramer, but the lack of resolvable rotational 
structure prevents definitive analysis. 

7. (NW" 

No high-resolution spectroscopic data on ammonia 
dimer were available until the very recent IR microwave 
studies of Fraser et al.136 They utilized a C02 laser to 
pump transitions in the complex corresponding to the 
v2 umbrella mode vibration in the monomer and mon- 
itored depletion of the ion mass corresponding to 
(NH3)2 in a quadrupole mass spectrometer in double 
resonance with a saturating microwave field on a dimer 
transition. This method permits a determination of the 
homogeneous line width of the IR predissociation pro- 
file near 980 cm-' and indicates that the previous 
measurements% of these line widths were contaminated 
by vibrational and/or rotational heterogeneity. Since 
predissociation was observed, the binding energy of 
NH3 dimer must be less than the 980-cm-' photon en- 
ergy. 

From an analysis of the associated microwave data 
for NH3.dimer, several surprising conclusions can be 
drawn. First, Fraser et al.136 inferred a vibrationally 
averaged structure in which the subunits are neither 
centrosymmetric nor do they exhibit a linear N-H -.N 
hydrogen bond; rather the two inequivalent subunits 
are tilted away from the center-of-mass axis by roughly 
49 and 65O, respectively. These angles are inferred from 
projections of multipoles of the subunits onto the A 
inertial axis and are in good agreement with electronic 
structure calculations by Sagarik et al.'72 It is worth 
pointing out, however, that these experimental results 
are also at odds with electr~static '~~ and ab initio174J75 
calculations, though these efforts predict both extremes 
of a centrosymmetric and classical linear H-bonded 
structure. Liu et al.'73 argue that relatively flat, low- 
energy tunneling paths exist between equivalent, min- 
imum energy geometries, and thus large-amplitude 
motion in the complex around a linear hydrogen- 
bonded geometry might lead to a vibrationally averaged 
structure consistent with experiment. The remarkable 
consistency of these structural angles with H/D sub- 
stitution demonstrated by Nelson et a1.,137J38 however, 
indicates that vibrational averaging does not signifi- 
cantly shift the deduced geometry far from the equi- 
librium geometry. 

In the studies of Nelson et al.137J38 and Fraser et al.,lM 
only molecules with a single internally rotating am- 
monia subunit are observed, for which no tunneling 
motion is discerned. This excitation appears to localize 
on one subunit and leads to a very simple rigid rotor 
like spectrum for the states observed. No evidence for 
either unexcited or symmetrically excited ammonia 
dimer subunits is obtained, and thus the data set rep- 
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TABLE IV. Summary of Vibrational Data for H2-Rare Gas Complexes 
sr,ecies vn I cm-' mode descrir, (v  - v,,,,,..)/cm-' Blcm-' RnIA ref 
H2 4161.17 H2 stretch 
Ne-H2 4161.15 H2 stretch 
Ar-H2 4160.08 H2 stretch 
Kr-H2 4159.54 H2 stretch 
Xe-H2 4158.66 H2 stretch 

resents only a small fraction of the states energetically 
accessible in the complex. It would be most interesting 
and helpful to have more of the states characterized, 
and to this end, high-resolution, tunable IR laser 
spectroscopy of the ammonia dimer could make fun- 
damentally important contributions toward resolving 
these controversies. 

B. Heterogeneous Complexes 

1. H,-M Complexes 

(a) H2-Inert Gas. Discussion of complexes of mo- 
lecular hydrogen with inert gases deserves some special 
attention, since investigations of this class of molecules 
provided the very first rotationally resolved and as- 
signed infrared spectroscopic data on weakly bound 
systems. Two key features made these pioneering 
studies experimentally tractable with only moderate 
resolution. (1) Molecular hydrogen is homonuclear and 
therefore has no dipole-allowed transition moment, 
whereas transitions in the complex can be allowed. This 
permits study at  relatively high cell pressures of hy- 
drogen, thereby facilitating complex formation without 
interference from monomer absorptions. (2) The re- 
duced mass of the complexes is essentially that of H2, 
yielding rotational constants on the order of 1 cm-l and 
resolvable rotational structure with monochromator 
levels of resolution. The first observation of discrete 
spectral features in H2 dimer in the near-IR was by 
Watanabe and Welsh.47 Subsequent detection of ro- 
tational fine structure on the predominantly H2 vibra- 
tion (vl) in Ar-H2 complexes near 4000 cm-' was 
achieved by Kudian et alaa The key observation here 
was that the line widths of these discrete features were 
still pressure dependent, indicating narrow intrinsic line 
widths and hence extremely slow predissociation in the 
vibrationally excited state. 

These studies prompted a more comprehensive in- 
vestigation by McKellar and Welshs0 of complexes of 
H2 and D2 with Ar, Kr, and Xe in a 165-m path length 
White cell cooled to 85-158 K (see Table IV). Since 
it was anticipated that the angular anisotropy of the 
intermolecular potentials would be small compared to 
rotational energy spacings in H2, analysis of these first 
spectra was for nonrotating H2 (j = 0) complexes in a 
purely isotropic potential. The origins of the spectra 
were red shifted 1-2 cm-l with respect to free hydrogen, 
indicating a deepening of the isotropic well upon v1 
excitation. The presence of anisotropy in the potential 
was evident, however, in the partially resolved splittings 
observed in transitions to or from j > 0 levels of hy- 
drogen. Subsequent studiess1 of the corresponding 
complexes of Ne with H2 and D2 indicated a nearly free 
rotation of the diatom, and a sufficiently weak binding 
energy to permit rotational predissociation in the 
ground vibrational state. 

An extremely detailed analysis of the spectral data 
was performed by LeRoy and Van K r a n e n d ~ n k , ~ ~ ~  who 

-0.02 0.577 3.99 51 
-1.09 0.566 3.94 50 
-1.63 0.515 4.07 50 
-2.51 0.470 4.25 50 

performed matrix quantum calculations for an adjust- 
able form of the potential and iterated in order to best 
fit the spectrum. The full set of observed transitions 
in Av = 1; Aj = O,f2; j"  = 0,l could now be included 
in the fit for each inert-gas partner. The form of the 
trial potential was appropriate to a case of nearly free 
internal rotation, i.e., an expansion in Legendre poly- 
nomials with explicit dependence of the coefficients on 
both hydrogen and intermolecular bond length. These 
fits produce estimates of well depths ranging from 26 
cm-' for Ne to 67 cm-' for Xe, but with P2(c0s 0) an- 
isotropic contributions roughly 15 % of the isotropic 
component. 

Much improved resolution (0.06 cm-') and absorption 
sensitivity subsequently permitted a reinvestigation 
these complexes at  even lower pressuresas2 Most in- 
teresting were the observations of systematic line 
broadening from rotational predissociation in the upper 
state for the j = 2 - 0  transitions in Ar-HD complexes. 
Additionally, anomalous line broadening was also ob- 
served in a single transition for Kr-H2 complexes. From 
fits to the potential surface, LeRoy et al.53 predicted 
that rotational predissociation contributions to the line 
widths would be appreciable for j = 24-0 transitions in 
both HD-Ar and H2-Kr. Hutson and LeRoyffi ex- 
tended these calculations177J78 on the fitted surface of 
LeRoy and C a r l e ~ ' ~ ~  in an exact close-coupling for- 
malism to predict transition by transition rotational 
predissociation line widths in very good agreement with 
the experimental data. Most importantly, examination 
of the predicted final state rotational distributions in- 
dicated that "product" hydrogen is formed predomi- 
nantly in the highest energetically and symmetry al- 
lowed rotational states. A simple physical interpreta- 
tion of this behavior is that energy remaining in rotation 
minimizes the amount necessary to deposit into relative 
translation of the fragments." This nicely explains the 
more rapid predissociation in Ar-HD over Ar-H2 or 
Ar-D2 excited to j = 2, since the Aj = -1 channel is 
accessible in HD due to the lack of ortho/para sym- 
metry. 

The corresponding phenomenon of vibrational pre- 
dissociation, whereby the energy in the H2 vibration 
breaks the van der Waals bond, was similarly investi- 
gated via close-coupling calculations by Hutson et aLs5 
As might be expected from the extreme frequency 
mismatch between the H2 and van der Waals stretch 
vibration, this process is extremely inefficient, con- 
tributing to line widths a t  the much less than 104-cm-' 
level. A similar trend as in rotational predissociation 
was observed in the final states; i.e., there was a pro- 
nounced tendency to produce rotationally "hot" H2, D2, 
and HD in the highest energetically accessible levels 
accompanied by Aj > 2. Again, this reflects a prop- 
ensity to limit the energy deposited into relative 
translation, even though a P2(c0s 0) anisotropy term in 
the H2/D2 potential would only account for Aj = 2 in 
first order. 
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TABLE V. Summary of Vibrational Data for Complexes of HF with Diatomic, Triatomic, and Polyatomic Substituents 

equilib (0 - umonomer)/ AYFWHMI 
species geometry u,/cm-’ mode descrip cm-’ MHz D./cm-’ ref 

HF 
HZ-HF 
DZ-HF 

HZ-DF 

NZ-HF 

NZ-DF 

OC-HF 

OCO-HF 

ONN-HF 
NNO-HF 
CZHZ-HF 
CZHd-HF 
C3Hd-HF 
CZNZ-HF 

a 
a 

a 
linear 
linear 

near linear 

linear 
bent 
T 
T 
nearly T-shape 
linear 

3961.4229 
3950.1282 
3949.5567 
3948.0237 
2896.5745 
3844.0278 
3918.2434 
3920.9599 
2872.6446 
3909.3204 
3906.3659 
3900.0191 
3878.1882 
3794.3646 

3769.299 
3808.1491 

3781.735 

u2 HF stretch (ortho H2HF) 
u2 HF stretch (ortho D2HF) 
(para D2HF) 
u2 DF stretch (ortho H,DF) 
u1 HF stretch 
u1 HF stretch 
v1 + u6 - u5 (N, rock) 
u1 DF stretch 
u1 HF stretch 

u1 HF stretch 
ul HF stretch 
u1 HF stretch 
u1 HF stretch 
u1 HF stretch 
u1 HF stretch 

U1 + Us - Ug (coz rock) 

-11.2947 
-11.8662 
-13.3992 
-10.4 

-117.3951 
-43.1795 
-40.4630 
-34.3 
-52.1025 
-55.0570 
-61.4038 

-167.0583 
-179.688 
-192.124 
-153.2738 

-a3.2347 

6 
<100b 
< 1 0 0 b  
<100b 

190 
7.2 

<50b 

136 

110 
720 
200 
480 

1400 
1140 

300 185-187 
189 
189 

1066 202, 211 
795 119, 128, 202 

128 
189 

1733 129, 206 

550 130, 208 
2041 206, 209 

129 

215 
217 
217 
218 

a Minimum in potential for T-shape, but extensive vibrational averaging occurs in the Hz rotation. bResolution apparatus limited by 
residual Doppler broadening in a slit jet. 

Using a perturbation theory adaptation of the ori- 
ginally used176 secular determinant method (SEPT), 
LeRoy and Hutsonlsl reanalyzed the higher resolution 
data of McKellar et With hyperfine resolved 
microwave data from Waaijer et al.ls2 and differential 
scattering data from Buck et al,,1837184 an improved fit 
of the potential energy surface was obtained for H2/D2 
with Ar, Kr, and Xe. The potential was modeled again 
as a Legendre expansion, but with coefficients that have 
a short-range exponential and long-range 1/P and 1/R8 
dependence on the internuclear spearation and a pol- 
ynomial dependence on the H2/D2 bond extension. 
Although the fits indicate a predominantly isotropic 
interaction with 10-15% contributions from P2(cos 0) 
terms, the analysis revealed higher order anisotropy in 
the Kr-H2 potential that was used to determined a 
small but statistically significant P4(cos 0) term in the 
expansion. These surfaces arguably represent the best 
presently available for any triatomic system as a func- 
tion of all coordinates. 

(b) H2-HF. The high-resolution infrared study of 
complexes of hydrogen with inert gases by McKellar et 
al.,5e52 coupled with the analyses of LeRoy et al.,176p181 
provides a highly detailed description of nearly free 
internal rotation in weakly anisotropic atom-diatom 
systems. In complexes of hydrogen with hydrogen 
fluoride, one might anticipate a significantly more 
anisotropic interaction, and hence a description inter- 
mediate between the free and rigid rotor limits. 

There are no reported observations of the microwave 
spectrum of H2-HF. There have been considerable 
electrostatic and ab initio calculations on H2-HF and 
isotopomers by Bernholdt et al.,ls5 who predict a T- 
shaped equilibrium geometry with the H in HF pointing 
into the H2 bond. A 130-cm-’ barrier to H2 rotation and 
300-cm-l van der Waals bond strength are calculated. 
From this potential surface, approximate rotational 
constants are calculated by expectation values over the 
intermolecular stretch wave function; however, torsional 
motion of the H2 rotor is neglected.l@ It is worth noting 
that the rotational constant for H2 (B - 60 cm-l) is not 
small with respect to the size of the rotational barrier 
(130 cm-l), and therefore such an approximation neg- 
lects considerable wide amplitude bending motion of 
the H2. 

High-resolution infrared spectra of H2-HF complexes 
have been obtained recently by Lovejoy and N e s b i t P  
and Jucks and Miller,ls7 the former via slit jet direct 
absorption of a tunable difference frequency laser, the 
latter via bolometric “optothermal” detection with a 
tunable F-center laser (see Table V). An extensive P, 
Q, and R branch spectrum is observed by Lovejoy and 
Nesbi tP near 3950 cm-’, with each transition split into 
a doublet pattern reminiscent of a K = 1-1 parallel 
band in an asymmetric top. Fits to a semirigid, Watson 
A-type Hamiltonian,188 however, predict a molecular 
asymmetry that would require a physically unreasona- 
ble 1.2-A increase in the H2 bond length upon com- 
plexation. A more appropriate analysis, suggested by 
the small size of the calculated barrier to H2 rotation, 
is in terms of a hindered internal rotor, which correlates 
in the separated limit with a free ortho j = 1 H2. 
Sufficient concentration of rotationally excited ortho 
j = 1 H2 monomers in the jet-cooled beam is ensured 
(indeed favored for a normal H2 3:l ortho:para distri- 
bution) by nuclear spin statistics, the distributions of 
which are not relaxed on the time scale of the expan- 
sion. From a quantum analysis of the splittings for 
fixed H2-HF separation, one can extract barriers to 
internal rotation of 130-170 cm-l, in good agreement 
with the calculations of Bernholdt et al.ls5 These 
barriers are systematically very sensitive, however, to 
both vibrational and rotational state. A simple but 
accurate physical picture is one of a sterically hindered 
H2 rotor, where the barrier to internal rotation decreases 
rapidly with intermolecular separation. This barrier 
therefore is strongly u and J quantum state dependent 
by virtue of (i) a shortening of the H2-HF intermole- 
cular separation upon HF excitation and (ii) centrifugal 
stretching of this separation with end-over-end rotation 
of the complex. 

The sub-Doppler spectral resolution of the bolometer 
method permitted Jucks and Millerls7 to measure a 
predissociation line broadening of 6 MHz, which 
translates into a predissociation lifetime of 27 ns. Stark 
measurements on the lowest J transitions yield a dipole 
moment of 1.428 and 1.512 D in the ground and excited 
state, respectively. The approximately 0.2-0.3 D de- 
crease in dipole moment from the free HF value sug- 
gests significant amplitude HF bending motion in the 
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TABLE VI. Summary of Vibrational Data for Complexes of HF and DF with Rare Gases 

species equilib geometry u0/cm-l mode descrip exptl theor AUFWHMIMHZ Do/cm-’ ref 
HF 3961.4229 HF stretch 

( v  - v,.omer)/Cm-l 

~~~ 

Ar-HF linear 3951.7681 
4009.100 

4022.1047 

4023.3380 

3993.1030 

3954.4135 
Ar-DF linear 2897.9653 
Kr-HF linear 3943.9050 
Xe-HF linear 3932.2377 

(57.3319)d 

(70.3366)d 

(71~5699)~ 

(41.3349)d 

-9.6548 -9.4 C0.0005” 102 64, 116, 125 
+47.677 

+60.6818 <50b 64, 126 

+61.9151 126 

+31.6801 

-7.0094 c 64 
-9.0 <40b 189 

-17.5179 -12.2 C 133 64, 196, 197 
-29.1852 C 181 64 

a Inferred line width limited by time-of-flight path to bolometer. Line width limited by residual Doppler broadening in a slit jet. Line 
width limited by Doppler and pressure broadening in a cooled cell. dFrequency quoted in parentheses is for (v l  + v,dW) - vl .  

complex. The subsequent enhancement of dipole mo- 
ment upon v1 excitation is consistent with a greater 
anisotropy in the upper state, corroborated by the in- 
crease in H2 rotational barrier observed.l= 

The IR spectral data have been fit by iterative 
close-coupling calculations to a pseudotriatomic po- 
tential for the H2 motion as a function of angular 
position and H2-HF internuclear separation.la9 In 
contrast with the nearly isotropic H2-inert gas poten- 
tials of LeRoy et al.,176*181 the corresponding H2-HF 
potentials are dominated by the P2(c0s 0) anisotropic 
term, which is responsible for over 2 /3  of the binding 
energy in the complex. Interestingly, full close-coupling 
calculations for the para H2-HF complexes indicate a 
much more weakly bound complex due to (i) torsional 
averaging of the j = 0 H2 wave function over a pre- 
dominantly anisotropic van der Waals well and (ii) the 
large zero-point contributions from the H2-HF 
stretching vibration. This strongly quantum state de- 
pendent bonding may explain the lack of a detectable 
spectrum in either para H2-HF or para H2-DF,la9 as 
well as the easily observed spectrum of both ortho and 
para D2-HF, for which more stable bound states are 
predicted due to a smaller zero-point energy in the 
stretch coordinate. However, consideration of coupled, 
large-amplitude motion in both the H2 and HF bending 
degrees of freedom will be necessary to explain these 
behaviors quantitatively. 
2. Hydrogen Halide- Inert Gas Complexes 

Largely by virtue of their simplicity, hydrogen hal- 
ide-inert gas complexes have served as a focus for much 
of the interaction between high-resolution experi- 

one in which the recent burst of IR experiments prom- 
ises to make a profound contribution (see Tables I1 and 
VI). 

When an atom and a diatom form a complex, one 
translational and three rotational degrees of freedom 
become, nominally, intermolecular stretch and bend 
vibrations, respectively. However, in such systems 
where wide-amplitude motion is important, these in- 
termolecular vibrations are not far removed from the 
corresponding pure motion in the separated units! 
Consequently, some of the intuitions based on molec- 
ular spectroscopy of nearly rigid molecules require 
substantial reevaluation. For instance, the three bend 

and high-level theory,1%196 and 

vibrations are split by the anisotropy of the potential 
into a doubly degenerate out-of-plane bend 
(“perpendicular”) and a nondegenerate in-plane bend 
(“parallel”) with 1 = 1 and 0 projection of vibrational 
angular momentum along the inertial axis, respectively. 
The parallel bend strictly correlates with the HF 
bending overtone, which in a more rigid molecule would 
be nominally a t  twice the energy of the fundamental, 
perpendicular bend. However, in the hydrogen hal- 
ide-inert gas complexes, where there is only a relatively 
weak anisotropy to the potential, these parallel and 
perpendicular bends are nearly degenerate. Indeed the 
spectroscopic data suggest that the parallel bend (ov- 
ertone) in Ar-HF189 and Ar-HC1139J40 lies beneath the 
perpendicular bend (fundamental) due primarily to a 
secondary well in the inverted Ar-XH configuration 
which is not sampled by the perpendicular bend states, 
and hence justifying its colloquial name, “undert~ne“?~ 
Consequently, the relative ordering of these vibrational 
levels, as well as the couplings between these levels, 
provides important constraints for determining the 
shape of the intermolecular potential energy surface. 

Second, the wide-amplitude motion in the bend and 
stretch coordinates modulates the normally allowed IR 
transitions in the subunits at the intermolecular mode 
frequencies and thereby leads to anomalously strong 
transitions in combination and difference bands. In- 
deed, the fundamental diatomic stretch transition in 
these complexes correlates with the Q branch in the free 
subunit and is therefore only allowed by virtue of an- 
isotropy in the potential. The net result is that tran- 
sitions built on the strong, near-IR mode in the hy- 
drogen halide provide a rather direct probe of the much 
lower frequency, intermolecular modes. Alternatively 
one can investigate the low-frequency modes directly 
in the far-IR,43J35J39-141 exploiting the fact that these 
vibrations carry oscillator strengths characteristic of 
rotational transitions in the free hydrogen halide. 

(a) Ar-HF. The first spectroscopic evidence for 
Ar-HF complexes was observed in the near-infrared by 
Vodar and Vus in the null gap region between R(0) and 
P(1) in HF monomer in high-pressure HF/Ar gas 
mixtures. A full decade later high-resolution microwave 
MBER experiments by Harris et al.89 determined the 
ground-state vibrationally averaged geometry of AI-HF 
and Ar-DF. These measurements were extended by 
Dixon et aLg2 Though the equilibrium geometry was 
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and 0.0818 cm-l, respectively. The well depths from this 
radial potential are 125 and 136 cm-l in the HF vl = 1 
and 0 state, respectively. This deepening of the well 
is again consistent with the tightening of the van der 
Waals bond upon vibrational excitation. 

Neither the slit jet125J26 nor cooled White cell64 
spectra demonstrated any appreciable spectral line 
broadening that could be attributed to predissociation 
effects in excess of 50 MHz. These upper limits were 
dramatically reduced by the bolometer measurements 
of Huang et a1.,'16 in which they found that the vibra- 
tionally excited complexes survived the full distance 
from the laser excitation region to the bolometer! 
Hence the signals corresponded to a warming of the 
beam rather than a predissociative cooling out of the 
collimated beam. From an analysis of the instrumental 
response, a lifetime lower limit of 3 X s for the 
vibrationally excited state could be inferred. From a 
Stark analysis, an increase in dipole moment in the 
upper state was determined and attributed to reduced 
zero-point angular averaging of the HF dipole moment. 
A greater anisotropy, and hence more directed HF 
subunit in the upper state, is consistent with the pre- 
vious discussion of enhanced intermolecular attractions 
upon v1 vibrational excitation. 

Information on higher clusters of Ar and HF has been 
recently been determined by FT microwave studies by 
Gutowsky and co-workers. Rotationally resolved mi- 
crowave spectra of Ar2HF19* and Ar3HF (DF)lg9 have 
been obtained. To date, however, there have been no 
published accounts of rotationally resolved infrared 
spectra of these or similar clusters. 

(b) Kr-HF. The only high-resolution IR data on 
Kr-HF complexes (see Table VI) are from Fraser and 
Pine64 using tunable difference frequency direct ab- 
sorption in a cooled White cell. The origin of the vl HF 
stretch was observed at 3943.9 cm-l, 18 cm-' red shifted 
from the monomer stretch, versus a 12.2-cm-l red shift 
predicted by Liu and D y k ~ t r a . ~ ~ J ~ ~  The van der Waals 
stretch hot band is red shifted by only 14 cm-l, similar 
to the behavior exhibited in Ar-HF. Rotational pre- 
dissociation from levels above J = 54 was observed in 
the ground vibrational state. A one-dimensional radial 
analysis of the data yields a well depth of 157 cm'-'. No 
evidence for excess line broadening above the pressure 
and Doppler contributions was observed. 

(c )  Xe-HF. Again, the only high-resolution data on 
Xe-HF complexes (see Table VI) are those of Fraser 
and Pine,64 who observed and assigned transitions from 
the fundamental v1 stretch at 3932 cm-l, red shifted 29 
cm-l from the monomer. Due to a smaller rotational 
constant and deeper well resulting from the size and 
polarizability of xenon, thermal energy at  211 K was 
insufficient to populate states up to the rotational 
predissociation limit. Hot bands in the van der Waals 
stretch were observed but not assigned. Nonetheless, 
an estimate of 205-cm-I well depth between Xe and HF 
was permitted by the wide range of J states detected. 

(a) Ar-HCl. The story of research efforts on the 
Ar-HC1 system is extensive, quite colorful, and still in 
a rapid state of evolution (see Table 11). The first in- 
dications of an Ar-HCl complex were obtained by 
Turrell et al.,m who monitored absorption in the null 
gap between R(0) and P(l) in Ar/HCl mixtures. Partial 
spectral structure in this region was later observed by 

inferred to be linear, large zero-point motion in the 
wide-amplitude HF bending coordinate led to a vibra- 
tionally averaged angular displacement of 48O away 
from linearity. From the J-state dependence of these 
angular properties, as well as the centrifugal distortion 
of the centers of mass separation, approximate esti- 
mates of the low-frequency bend and stretch modes 
were made. These data were used by Hutson and 
Howardlg3 to construct a potential energy surface, which 
predicted an Ar stretching vibration at 40 cm-' and the 
parallel and perpendicular bend vibrations at 57 and 
68 cm-', respectively. 

The first high-resolution IR measurement on AI-HF 
(see Table VI) was made by Lovejoy et al.125J26 utilizing 
direct absorption of a difference frequency laser in a slit 
supersonic jet expansion. The vl fundamental at 3952 
cm-l was red shifted by 10 cm-l with respect to the 
monomer, indicating a tighter bonding in the upper 
state and in good quantitative agreement with calcu- 
lations by Liu and Dykstra.196J97 This is consistent with 
a decrease in center of mass separation of Ar and H F  
subunits inferred from a positive AB/B upon v1 exci- 
tation. The line widths in the sub-Doppler slit jet 
configuration were observed to be apparatus limited at 
<50 MHz FWHM. 

In addition to the fundamental band, the v1 + v2 
combination band was observed 70 cm-' to the blue of 
the v1 origin,l= in good agreement with the Hutson and 
Howard surfacelg3 predictions (v2 = 68 cm-') for the HF 
unexcited stretch state. A fortuitous crossing of the vl 
+ v2 manifold by rotational levels in another vibrational 
manifold resulted in an isolated A1 = 1 Coriolis per- 
turbation in the P /R branches which could be assigned 
and completely analyzed. The perturbing state was 
determined to be v1 + 2v3, lying 72 cm-l above the vl 
origin and with a dramatically decreased rotational 
constant (AB/B = -20%) characteristic of high stretch 
excitation along the dissociation coordinate. The 
strength of this Coriolis interaction indicated significant 
coupling between bending and stretching states, as was 
also evidenced in the increase in van der Waals bond 
length upon excitation of the perpendicular bend. 

Cooled White cell studies of Ar-HF complexes were 
performed by Fraser and Pine64 using a tunable dif- 
ference frequency laser. At these much warmer tem- 
peratures (211 K), both fundamental vl and hot-band 
spectra in the low-frequency van der Waals stretching 
mode, v 1  + v3 - v3, were observed and analyzed. 
Stretching of the van der Waals bond clearly weakens 
the van der Waals interactions, and hence the hot-band 
origin, a t  3954 cm-', is blue shifted by 2 cm-l with re- 
spect to the fundamental back toward the free mono- 
mer transition. Interestingly, thermal rotational exci- 
tation is sufficient to predissociate the complexes; the 
spectra thus demonstrate abrupt cutoffs in the rota- 
tional progressions (J = 40 for vl, J = 31 for v1 + v3 - 
vg). Fraser and Pine64 use an angularly averaged 
analysis of the bound J states to fit radial potentials 
in the internuclear separation for each of the vibrations 
observed. This radial potential predicts the vibrational 
origin of the v 1  + 2v3 state a t  72.2 cm-' above the v1 
origin, with a rotational constant of 0.08264 cm-l. This 
is in excellent agreement with the perturbing state 
analysis in the jet studies of Lovejoy et a1.,126 who de- 
termine the origin and rotational constant to be 71.6 
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Rank et al.,33 the intensity of which increased upon 
cooling the cell. From a temperature dependence of this 
excess absorption, an enthalpy of formation for the 
Ar-HC1 complex of 385 cm-' was inferred.34 

Theoretical scattering calculations on Ar-HC1 were 
performed by Neilson and Gordon,lW who as a prere- 
quisite obtained an approximate potential in both the 
angular and radial coordinates by fits to transport data. 
This research stimulated experimental investigations 
on the k H C 1  complex by Novick et al.,@ utilizing the 
h4BER technique. Analysis of the microwave rotational 
spectrum yielded an extremely nonrigid structure, with 
a linear equilibrium geometry but with a vibrationally 
averaged angular displacement of 42'. The dipole 
moments of the Ar-HC1 complexes were found to in- 
crease upon deuteriation. This is consistent with a 
highly nonrigid angular potential in which zero-point 
motion averages out the projection of the HCl/DCl 
dipole along the internuclear axis. Analysis of the 
higher rotational levels, which by centrifugal distortion 
sample more extended intermolecular configurations, 
yielded a predicted van der Waals stretching frequency 
of 32.2 cm-I. 

The microwave data@ were used to obtain a fit to the 
potential energy surface by Holmgren et al.,151 who 
exploited the concept of a Born-Oppenheimer angu- 
lar-radial separation (BOARS) of time scales to de- 
couple radial and angular motion in a fashion analogous 
to Born-Oppenheimer separation of electronic and 
nuclear motion. Hutson et al.I5' extended this treat- 
ment to include perturbatively the angular-radial cou- 
pling terms in a corrected Born-Oppenheimer (CBO) 
formalism. The computational ease of these approxi- 
mate but reasonably accurate treatments facilitated a 
fitting of the Ar-HC1 potential surface by Hutson and 
Howardlgl to (i) MBER spectroscopic data, (ii) HC1 
pressure broadening data, (iii) virial coefficient studies, 
and (iv) molecular beam total differential cross sections. 
For an assumed form to V(R,B), parameters in the po- 
tential could be adjusted to least-squares fit all the 
available data. Maitland-Smith potentials with coef- 
ficients that depended upon the angular coordinate 
proved the most satisfactory and predicted a minimum 
in the radial coordinate that decreased as the HC1 is 
bent away from the linear geometry. A key feature of 
this so-called M3 surface is that the potential is quite 
flat near the inverted, Ar-C1H geometry. 

Subsequent fitslg2 to the corresponding Ne-DC1 
MBER however, yielded a significant secondary 
minimum at  the inverted Ne-C1D configuration. Ad- 
ditionally, ab initio calculations on the Ar-HC1 surface 
suggested a similar minimum for the inverted complex. 
This prompted the fitting of an alternate semiempirical 
surface for Ar-HC1 which exhibited a two wells with a 
barrier to internal rotational of 76 cm-l. This M5 
surfacelg2 was similar to the M3 surface in all other 
regions of the potential but more accurately reproduced 
the h i g h J  infrared pressure-broadening data. The 
magnetiude of this secondary well, however, controls 
the relative energies of the parallel and perpendicular 
bending vibrations. The wave function for the parallel 
bend excited state extensively samples this back well, 
whereas the wave function for the perpendicular bend 
has a node in both collinear orientations. The micro- 
wave data on the ground state, however, could not 
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provide that information; infrared data on the vibra- 
tionally excited levels were necessary to resolve this 
issue. 

The first rotationally resolved infrared spectrum of 
an inert gas-hydrogen halide complex was obtained by 
Howard and Pine65 for the v1 (HC1 stretch) mode in 
Ar-HC1 (see Table 11). Tunable difference frequency 
laser direct absorption spectra in a 72-m, 127 K White 
cell yielded a rich fundamental v1 spectrum for both %C1 
and 37Cl isotopes with origins a t  2884 and 2882 cm-', 
respectively. The 1.8-cm-' red shift from the HC1 mo- 
nomer is in good agreement with low-resolution data 
of Rank et al.33*34 and indicates an only small increase 
in binding energy upon HC1 excitation. This is further 
supported by a small but definite increase in R,, for 
Ar-HC1, in contrast with the definite decrease of R,, 
observed in ArHF. An abrupt cutoff in the spectrum 
was observed at J = 60 and attributed to rotational 
predissociation in the ground state. A purely radial fit 
of the rotational eigenvalues and line widths to a 
Maitland-Smith potential was used to obtain a well 
depth estimate of 132 cm-', which differs substantially 
from the earlier estimates34 based on temperature de- 
pendence of unresolved IR spectra for Ar-HC1. From 
this potential Howard and Pine6 predicted the van der 
Waals stretching frequency at  31.3 f 1.0 cm-l. 

The combination band of the v1 stretch with the 
perpendicular bend, v1 + up, was observed by Howard 
p d  Pine65 to the blue of the v1 fundamental transition 
at 2918.3 cm-l, identifying the perpendicular bending 
vibration at 34 cm-l. An extensive Q branch was ob- 
served which degraded to the blue and terminated ab- 
ruptly near J = 55 ostensibly due to rotational pre- 
dissociation. The corresponding R/P  branch was stated 
to be strongly perturbed at  low J, precluding an as- 
signment of all but the R branch between J" = 22 and 
53. A strong unresolved feature a t  2916.7 cm-' could 
not be assigned, though it was determined definitely to 
result from Ar-HC1 complexes. The analysis of the 
R-branch fragment in conjunction with the Q-branch 
data yielded a positive 1-doubling constant of +34.2 
MHz. Since the magnitude and sign of l-doubling are 
sensitive to the proximity and relative ordering of the 
lI perpendicular bend with Coriolis coupled 2 states, 
these data would suggest a nearby Z state a t  higher 
energy. 

Shortly thereafter, direct excitation of the v2 per- 
pendicular bend was investigated by Marshall et al.135 
via far-infrared laser-Stark spectroscopy in a MBER 
apparatus. In this method, a line-tunable far-infrared 
(FIR) laser intersects a molecular beam of complexes 
which can be state selected by electrostatic focusing 
fields. Stark tuning of the complexes into resonance 
with the FIR laser alters the population of molecules 
in the observed state, which is detected mass spectro- 
metrically. Spectra of several Stark resonances were 
observed which could be convincingly assigned to the 
perpendicular bending mode. The dipole moment of 
this state was measured to be 0.265 D, dramatically 
decreased from the 0.811-D value of the ground state 
due to large perpendicular tilting of the rotating HC1 
subunit. From an analysis of hyperfine structure, a 
vibrationally averaged angle of 60-80° was inferred. 
Interestingly, the Z-doubling in this state was measured 
to be -49.6 MHz, in contrast with the +34.2 MHz value 
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of Howard and Pine65 and suggesting that there might 
be a change in vibrational ordering of the low-frequency 
van der Waals modes between the HC1 v1 = 0 and 1 
levels. 

During the same period, Ray et al.43 developed a 
method of investigating molecular complexes based on 
Stark-tuned, intracavity absorption of a line-tunable 
FIR laser in a supersonic jet. The high sensitivity of 
the Stark intracavity method permitted detection and 
assignment of many more rotational transitions; anal- 
ysis of the Stark spectra yielded generally good agree- 
ment with the Marshall data, in particular, a compa- 
rable negative value for the 1-doubling constant of -49.1 
MHz. This magnitude was attributed to Coriolis in- 
teractions with the parallel bend vibration at lower 
energy. An origin for the perpendicular bend of 33.98 
cm-l was determined, which was essentially identical 
with the bending frequency inferred in the HC1 excited 
state by Howard and Pine.65 

Transitions to both the parallel and perpendicular 
bends in the HC1 ground state were later observed by 
Robinson et a1.,139J40 utilizing microwave-far-infrared 
double-resonance techniques to assign the lower states 
unambiguously. The origin of the parallel bend at 23.66 
cm-' is significantly lower than the perpendicular bend 
at 33.98 cm-l and reinforced the validity of the M5 
potential surface. Indeed, the measured dipole moment 
for the parallel bend is -0.514 D, which is larger than 
and of opposite sign to that of the perpendicular bend, 
0.265 D, due to a peaking of the wave function at  the 
nearly inverted Ar-C1H configuration. 

The van der Waals stretch mode, v3, was next to be 
observed by Robinson et aI.14' at 32.44 cm-', which is 
in excellent agreement with the predictions of Howard 
and Pine65 from the HC1 v1 = 1 radial fit to the poten- 
tial, as well as the early estimates of Novick et from 
centrifugal distortion. Excitation of the van der Waals 
stretch dramatically decreases the vibrationally aver- 
aged rotational constants (AB/B = -lo%), similar to 
the observations of the 2v3 mode in Ar-HF (AB/B = 
-20%).126 The near resonance between the van der 
Waals stretch (32.44 cm-l) and perpendicular bend 
(33.98 cm-l) frequencies suggests that Coriolis coupling 
between these states is responsible for the large negative 
I-doubling observed in the perpendicular bend. This 
would be at  least consistent with the considerable 
strength of absorption signal on the v3 mode, which 
would have a rather small transition moment in the 
absence of some coupling between the stretch and bend 
coordinates. 

In a slit supersonic jet study using a tunable differ- 
ence frequency laser, Lovejoy and Nesbitt201 were sub- 
sequently able to observe all three van der Waals vi- 
brations as combination bands built upon the v1 HC1 
stretch. The jet-cooled v1 + v2 spectrum exhibits a Q 
branch that agrees quantiatively with the reported 
frequencies of Howard and Pine.@ However, the P and 
R branch observed in the supersonic jet is completely 
uncongested and yet qualitatively different from the 
previous measurements. Each transition can be as- 
signed to the v1 + v2 band from ground-state combina- 
tion differences. Analysis of the spectrum yields a 
negative 1-doubling constant of -53.7 MHz and a vi- 
brational origin 34.0548 cm-' above the v1 level, virtually 
identical with the values obtained for the ground state. 

Nesbitt 

Interestingly, the jet-cooled spectrum exhibits a collapse 
of adjacent line spacing in the P branch near 2916.7 
cm-', which suggests that the strong unassigned feature 
in the White cell spectrum is an unresolved P-branch 
head at the much higher (127 K) rotational tempera- 
tures. 

The best fits to the v1 + v2 spectrum, however, require 
nonphysically high-order terms in a J(J  + 1) expansian 
and suggest that the rotational term values are being 
pushed upward by a perturbing state at lower energy.201 
Analysis of these levels reveals that there is significant 
Coriolis coupling between the perpendicular band and 
the van der Waals stretch. This strong coupling is 
partially responsible for generating oscillator strength 
in the v1 + v3 band, whose origin is determined to be 
at 32.64 cm-' above vl.201 By virtue of the significantly 
smaller B constant for the stretch than the bend mode 
and the fact that the stretch origin is beneath the 
perpendicular bend, the two rotational manifolds never 
cross and thus an isolated perturbation is not exhibited. 
Nonetheless, the coupling matrix elements grow with 
[J(J  + 1)]'12, and hence the levels repel progressively 
more as a function of J, accounting for the anomalous 
P-branch band head behavior in the v1 + v2 spectrum. 
It  is worth noting that such Coriolis interactions are 
most likely present in the ground-state studies as well. 
It would be interesting to compare the magnitude of the 
Coriolis coupling of stretch and bend states from a 
similar analysis of the ground-state vibrational inter- 
actions. 

Finally, the parallel bend mode is observed directly 
as a combination on the v1 spectrum, with an origin 
23.63 cm-' above the vl fundamental. A summary of 
the upper and lower state spectroscopic properties of 
the low-frequency van der Waals vibrations is shown 
in Table 11. The agreement between the two sets of 
data is remarkable, suggesting that excitation of the 
HC1 stretch has a rather small effect on the intermo- 
lecular potential energy surface. 

3. HF-Diatomic and HF- Triatomic Complexes 

(a) N2-HF. The first rotationally resolved observa- 
tion of N2-HF complexes was by Flygare and co-work- 
ersW in a Fourier transform microwave apparatus which 
indicated a linear equilibrium geometry. Electrostatic 
calculations by Benzel and Dykstra202 on N2-HF pre- 
dicted a well depth of nearly 800 cm-' and a van der 
Waals stretch frequency in good agreement with a 
pseudodiatomic analysis of the microwave data.% The 
low-freuency bending vibration was calculated to be 
similar to that of OC-HF, for which experiments also 
suggested a linear geometry.100 

Partial rotational resolution in an OPO infrared laser 
vibrational predissociation spectrum of N2-HF was 
obtained by Kolenbrander and L i ~ y , 2 ~  who determined 
a v1 band origin at 3918 cm-', 43 cm-' red shifted from 
the monomer value (see Table V). Much higher reso- 
lution experiments on the vl band of NZ-HF by Jucks 
et al.119 indicated line broadening on N2-HF transitions 
of only 7.2-MHz FWHM. Stark measurements on the 
low-J transitions yielded a dipole moment of 1.991 and 
2.106 D in the lower and upper state, respectively. Slit 
supersonic expansion absorption experiments by Lo- 
vejoy and Nesbitt12s on N2-HF in a slit jet permitted 
detection of transitions from J I 31. Pseudodiatomic 
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analysis of the rotational and centrifugal distortion data 
indicated a deeper well and shorter equilibrium sepa- 
ration upon vibrational excitation, consistent with sim- 
ilar observation in many other HF complexes. In these 
relatively warmer slit jets (Trot - 26 K), hot-band 
spectra from thermally populated low-frequency vg 
bending states were also observed. The 2.7-cm-' blue 
shift of the bending hot band from the fundamental is 
consistent with a weakening of the hydrogen bond upon 
bend excitation, and hence a shift back toward the free 
monomer stretch value. Both intensity measurements 
and analysis of the l-doubling permit an estimate of the 
bend frequency at  85 f 20 cm-l. Quite recently, 
Lindeman et alS2O3 extended these IR measurements to 
the four nitrogen isotopomers of N2-HF, in an effort 
to determine whether a one-dimensional, isotopically 
invariant potential can reproduce each of the v1 rovib- 
rational spectra. 

(b) OCO-HF. The story of OCO-HF complexes 
provides an interesting example of how IR and micro- 
wave techniques provide important complementary 
information on the intermolecular potentials. Klem- 
perer and co-workersg7 were the first to observe rota- 
tional spectra of OCO-HF complexes using an MBER 
apparatus. A linear, hydrogen-bonded equilibrium 
geometry was inferred from their analysis. Studies on 
OCO-HC1 also yielded a linear equilibrium geometry 
for the complex. These were surprising results, since 
the sp2 hybridization of the oxygen atom generates 
off-axis electron density for bonding with a Lewis acid 
such as HF or HC1. Indeed, parallel studies of the 
N20-HF complex by Klemperer and co-workersg6 in- 
dicated a decidedly bent structure, with hydrogen 
bonding to the oxygen terminus. 

Direct IR observation in slit supersonic jets of the v1 
HF stretch in OCO-HF complexes at  3909 cm-' was 
obtained by Lovejoy et al.lm The 57-cm-' red shift from 
the monomer value could be predicted from electro- 
static analysis for an anharmonic HF oscillator, in the 
spirit of Liu et a1.196J97~204 Based on a Voigt analysis of 
the absorption profiles, homogeneous line broadening 
in OCO-HF was measured to be 136 MHz FWHM, i.e., 
nearly 20-fold larger than in N2-HF.l19 

Although the rotationally resolved transitions are in 
excellent agreement with the microwave studies of the 
ground state, there are several puzzling features of the 
OCO-HF IR spectrum. First, the ground-state cen- 
trifugal distortion value is 4-5 times larger than that 
of N,-HF, for which a comparable binding energy might 
be anticipated; normally, one would associate larger 
centrifugal distortion effects with a softer stretching 
potential. Second, both the rotational and centrifugal 
distortion constants increase on v1 vibrational excita- 
tion. A positive hB/B is associated with a strength- 
ening and shrinking of the hydrogen bond; a positive 
ADID in a linear complex, however, suggests a weak- 
ening of the hydrogen bond. Lovejoy et al.lB argue that 
these observations are consistent for a nearly linear 
OCO-HF complex with a very flat bending potential 
for the low-frequency intermolecular C 0 2  rocking mode. 
This is in good agreement with calculations on OCO- 
HF by Hurst et al.?O5 which predict a bend potential 
that is flat to within 50 cm-l over the first f20'. 

In support of this interpretation, hot-band spectra in 
the low-frequency bend mode are observed, from which 
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one can estimate a bending frequency of 10 f 5 cm-', 
i.e., nearly an order of magnitude smaller than for 
N2-HF. The analysis of Lovejoy et al.129 predicts 
large-amplitude zero-point motion (20-30') in the C02 
rocking coordinate, which is surprisingly large for 
motion of relatively heavy atoms. It would be inter- 
esting to obtain hyperfine information on these bend 
excited states from MBER spectra of the Z-doublets and 
thereby elucidate more of the vibrationally averaged 
behavior in these wide-amplitude modes. 

(c) N20-HF. A test of these simple ideas of sp 
versus sp2 bonding with HF can be found in the study 
of HF complexes with N20, in which two distinct iso- 
mers are o b s e r ~ e d . ~ ~ J ~ ~  As stated above this complex 
was first studied by Klemperer and co-workers% in an 
MBER apparatus and determined to have a bent 
equilibrium structure with the HF hydrogen bonding 
on the oxygen atom. Theoretical calculationsm on this 
system confirmed a minimum energy configuration at 
the bent geometry. High-resolution IR spectroscopy by 
Lovejoy et al. on the v1 HF stretch mode in N20-HF,lm 
however, yielded a spectrum of a linear iydrogen 
fluoride-nitrous oxide complex, red shifted by 61.4 cm-l 
from the monomer and with fundamentally different 
ground-state rotational constants than observed pre- 
viously in the microwave (see Table V). Subsequent 
investigation of complexes labeled with [ 15N]nitrous 
oxide unambiguously demonstrated that the hydrogen 
bond in these complexes was forming on the nitrogen 
atom. This behavior in N20-HF complexes constituted 
the first demonstration of two stable geometric isomers 
in a hydrogen-bonded system. Subsequently, the linear 
isomer has been observed and verified experimentally 
in a FT microwave spectrometer,207 as well as theoret- 
ically supported by electrostatic calculations.208 The 
heavily blended IR spectrum of the bent isomer has also 
been recently observed by Miller and cO-workers,m with 
a band origin red shifted by 83.2347 cm-' and with 
homogeneous line broadening of 720 MHz FWHM. 

(d) OC-HF. There have been extensive microwave 
studies on OC-HF and isotopically substituted com- 
plexes by Legon et al.," and later by Campbell et al.lo2 
and Read and Campbell.lo3 The equilibrium geometry 
has been inferred to be linear, with the HF hydrogen 
bonding to the carbon end of CO. A moderate-resolu- 
tion infrared spectrum of the v1 HF stretch of OC-HF 
at 3844 cm-' was obtained by Kyro et alF7 using a mode 
hop scanned F-center laser in a long-path absorption 
cell. This value of the vibrational origin is in fair 
agreement with recent calculations of Botschwina.210 
The homogeneous contribution to the line widths was 
estimated at 900-1500 MHz; however, these relatively 
warm spectra were significantly congested by rotational 
and low-frequency hot-band structure. 

A much higher resolution spectrum of OC-HF was 
obtained by Jucks and Miller211 in a cooled jet, in which 
the homogeneous line widths were determined to be 190 
MHz FWHM. A careful study indicated a negligible 
J-state dependence to the observed line widths, except 
in the vicinity of J' = 7. Here they observe a splitting 
of rotational lines in the P and R branch that terminate 
near J' = 7 and analyze these splittings in terms of a 
vibrational perturbation in the excited state. Inter- 
estingly, the widths of these perturbed lines are pro- 
portional to their integrated intensity, which is nicely 
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shown to be consistent with an analysis of a predisso- 
ciating and metastable vibrational state which cross 
rotational manifolds near J' = 7. From other pertur- 
bations evident in the spectra, at least three near-re- 
sonant vibrational states are inferred. If the CO stretch 
in the complex is close to the monomer value (2143 
cm-l), then the perturbing states must contain 3844 - 
2143 cm-l = 1701 cm-' of energy in the low-frequency 
van der Waals modes, which would imply strong cou- 
pling between v1 and combination states with multiple 
vibrational quanta. In systems with small-amplitude 
motion, strong couplings between states differing by 
more than two quanta would not be anticipated.212 
However, Coriolis interactions with three-quanta 
changes are observed between stretch and bend states 
in Ar-HF126 and it is therefore conceivable that the 
large-amplitude vibrational motion may account for 
such extreme behavior in OC-HF. It is also possible 
that the CO stretch overtone in the complex might be 
red shifted from the monomer value closer into reso- 
nance with ul and thereby require only small-quanta 
excitation in van der Waals modes to account for the 
coupling. It would be interesting to measure this CO 
stretch frequency directly. Ab initio calculations by 
Botschwina,210 however, predict even a blue shift (+43 
cm-') of the CO stretch upon complexation. 

4. HF-Hydrocarbon Complexes 

(a) C2H2-HF. Microwave spectra of C2H2-HF com- 
plexes have been obtained by both MBER2I3 and 
Fourier transform214 techniques; these studies indicate 
a T-shaped vibrationally averaged geometry with the 
HF hydrogen bonded onto the CC triple bond. A 
partially rotationally resolved IR spectrum of the u1 HF 
stretch mode in this complex was observed at 3793.4 
cm-' by Kolenbrander and L i ~ y ~ ~  utilizing laser-induced 
vibrational predissociation with an optical parametric 
oscillator (OPO)3 (see Table V). The u3 CH stretching 
frequency was also observed at 3265 cm-l. The reso- 
lution of the data did not permit any differentiation 
between excited- and ground-state molecular constants. 

Full sub-Doppler resolution spectra of the ul stretch 
were obtained by Huang and Miller215 using the bo- 
lometer method. Analysis of the asymmetric top 
spectra yields a vibrational origin at 3794.3646 cm-l, in 
fair agreement with the earlier results.23 Nuclear spin 
statistics on the acetylenic hydrogens produce an al- 
ternation in the J intensities that permitted unambig- 
uous assignment of a C2 axis of symmetry in the po- 
tential surface. The observed A constant of the complex 
is very close to the B rotational constant of the mo- 
nomeric acetylene, supporting a T-shaped vibrationally 
averaged geometry. Line widths in the HF stretch 
mode were determined to be 200 MHz FWHM. Stark 
studies determined a dipole moment in the upper state 
of 2.559 D, which is significantly larger than the 
ground-state value of 2.368 D. This could arise from 
a decrease in the wide-amplitude HF bending motion 
in the complex from 20 to loo, but this effect would be 
much larger than observed in inert gas-HF complexes, 
and suggesting that enhanced charge exchange in the 
upper vibrational state may be important as well. 

(b) C2H4-HF. C2H4-HF complexes were first studied 
by microwave methods,216 from which their averaged 
structure was known to be T-shaped, with the HF hy- 
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drogen bonded to the CC double bond. Later studies 
by Kolenbrander and Lis? in the infrared determined 
a v1 HF stretch frequency of 3781 cm-', as well as vg and 
ull CH stretch frequencies a t  3102 and 2986 cm-', re- 
spectively. A much higher resolution IR spectrum of 
the u1 HF stretch mode was obtained by Huang and 
Miller,217 who observed nearly fully resolved K structure 
in the P, Q, and R branches. Fits to the spectra indicate 
an intensity alternation due to spin statistics charac- 
teristic of a C2 axis of symmetry in the potential and 
consistent with a T-shaped geometry in both upper and 
lower states. Line broadening in CzH4-HF is observed 
to be 480 MHz FWHM, significantly larger than in 
CzH2-HF complexes. Stark measurements of the dipole 
moment again indicate a significant increase upon vi- 
brational excitation (from 2.38 to 2.61 D), which is at- 
tributed to both a decrease in HF bending amplitude 
and a possible enhancement of charge exchange upon 
vibrational excitation. 

(c) C3H4-HF. The only experimental observation at 
high resolution of the C3H4-HF complex is by Huang 
and Miller.217 As is clearly the trend, the line widths 
in this complex are significantly broader than in acet- 
ylene-HF or ethylene-HF complexes and were esti- 
mated to be 1400 MHz FWHM. The spectrum, ob- 
tained by mode hop scanning an F-center laser, exhibits 
P, Q, and R branch structure, but with heavily blended 
K rotational substructure which precludes a quantita- 
tive fit. However, simulation of the spectra is consistent 
with a nearly T-shaped, hydrogen-bonded structure, but 
with some lateral displacement of the HF away from 
the central carbon atom. 

(a) C2N2-HF. The rotational spectrum of this com- 
plex was obtained by Legon et al.lol using FT micro- 
wave techniques; the analysis of the data was consistent 
with a vibrationally averaged linear structure. The 
high-resolution infrared spectrum of the ul HF stretch 
at  3808 cm-l was obtained by Jucks and Miller218 via 
bolometric methods. Considerable homogeneous 
broadening was evident in the spectra; a predissocia- 
tion/relaxation line width of 1140 MHz FWHM was 
measured. Linear fits of the spectra yielded large 
systematic residuals symmetric around the upper state 
value of J. In addition, irregularities in the intensities 
and line widths were observed, suggesting rotational 
state-dependent perturbations present in the upper 
state arising from either Coriolis or anharmonic cou- 
plings between vibrational levels. A lack of knowledge 
of the other vibrational modes as well as the broad 
spectral lines precluded a definitive analysis and as- 
signment of the perturbing states. 

5. HCN-Hydrogen Halide Complexes 

(a) HCN-HF. HCN-HF has been an extensively 
studied complex and is the first polyatomic system for 
which data on each vibrational mode have been ob- 
tained (see Table VII). In what the reader can now see 
as a fairly well-established pattern, the first observation 
of HCN-HF complexes was in a low-resolution IR 
spectrum of this complex in a long path length cell by 
Thomas.219 When two linear molecules form a linear 
(bent) complex, three translational degrees and two 
(three) rotational degrees of freedom correlate with 
intermolecular vibrations, respectively. From the low- 
resolution IR spectrum, Thomas219 was able to identify 



I R  Spectroscopy of Weakly Bound Molecular Complexes Chemical Reviews, 1988, Vol. 88, No. 6 861 

TABLE VII. Summary of Vibrational Data for HCN-HF Complexes 

V a l  mode (v - Umonomer)/Cm-l A’FWHM/ 
species cm-I descrip exptl theor MHz ref 

HF 3961.4229 H F  stretch 
HCN 3311.473 CH stretch 

2096.855 CN stretch 
713.461 HCN stretch 

HCN-HF 3716.2116 v1 HF stretch -245.22 -127 2722 68, 78, 209, 220 
3310.3284 u2 CH stretch -1.144 -13 11.8 209, 220 
2120.935 v3 CN stretch +24.080 +12 558 73,220 

550.0285 ugl HF rock 75 

DCN-DF 2730.8909 v1 DF stretch -176.1 77 
2638.1309 u2 CD stretch +8 77 
1943.0046 vg CN stretch +18 77 

168.33 v, vdW stretch 78 
726.5312 vgl HCN bend +13.070 76 

76.1713 u,l HCN rock 78 
DF 2906.9 DF stretch 

three intermolecular modes, the two doubly degenerate 
bending modes which correlate in the separated limit 
with free rotation of each of the subunits (v6 and v7) and 
the nondegenerate stretching mode (v4), from which one 
could infer a linear equilibrium geometry for the com- 
plex. Later high-resolution measurements in the mi- 
crowave domain by Legon et al.13J4 in an equilibrium 
cell provided precision values for the ground-state vi- 
brationally averaged structure, as well as for many 
low-lying vibrationally excited states appearing as 
“satellites” on the ground-state rotational transitions. 
From relative intensity measurements of these satellite 
transitions, in addition to analysis of the Coriolis effects 
exhibited in the l-doubling studies of the degenerate 
bend modes, estimates of the intermolecular vibrations 
were found to be in fair agreement with the low-reso- 
lution IR work. 

High-resolution IR studies of HCN-HF have subse- 
quently been pursued by Bevan and co-workers using 
a variety of experimental techniques that have mapped 
out the full vibrational manifold of the complex in 
considerable detail. In the first of these studies, Wang 
et a1.66 utilized a multimode F-center laser at 0.2-cm-l 
resolution to monitor the v1 (nominally, HF stretch) 
band at 3714 cm-l in a room temperature cell. Though 
rotational resolution was not achieved in these first 
attempts, P-branch band heads on each of a long series 
of sequence bands were observed and assigned to hot 
bands in the v7 intermolecular bend. With the incor- 
poration of an etalon in the F-center cavity and mode 
hop scanning the laser, Kyro et al.68 reinvestigated the 
u1 band and were able to achieve rotational resolution 
on the fundamental v1 and first hot band, v1 + v7 - v7. 
Notable was the significant increase in rotational con- 
stant upon v1 excitation, which was attributed to a 
shrinking of the hydrogen bond by 0.034 A in the ex- 
cited state, as well as the broad line widths observed 
(1800-2700 MHz) that were independent of cell pres- 
sure and greatly in excess of the Doppler and/or laser 
line width contributions. A more recent sub-Doppler 
measurement by Dayton et aL209 indicates homogeneous 
line widths of 2722 MHz FWHM. 

The v3 (CN stretch) mode of HCN-HF was observed 
at  2121 cm-l soon thereafter by Wofford et al.73 using 
FTIR techniques with 0.004-cm-l resolution. Inter- 
estingly, whereas the HF stretch red shifts by -245.22 
cm-’, the CN stretch blue shifts by +24 cm-l upon 
complexation. This is in good agreement with the work 
of Curtiss and Pople,220 who had previously performed 

ab initio calculations at the SCF level and predicted an 
elongation and shortening of the HF and CN bonds, 
respectively, in the complex. The homogeneous line 
widths were measured to be much lower than for vl 
excitation (500 MHz), after correction for Doppler and 
pressure broadening, which suggested a mode-depend- 
ent predissociation or intramolecular relaxation rate. 

The intramolecular HCN bending mode, v5, was in- 
vestigated by Wofford et al.76 in a FTIR and White cell 
combination. The observed origin at  726.5 cm-’ was 
blue shifted from< the 713.5-cm-l value for the HCN 
monomer, also in fair agreement with the Curtiss and 
Pople220 predictions. For a rI+Z band, P /R  branch 
transitions access one set of the doubled upper state 
levels (e levels), while the Q branch transitions access 
the complementary set (f levels). A lack of assignable 
rotational structure on the badly resolved Q branch, 
therefore, prevented any analysis of the Z-doubling in 
this bending mode. 

The last of the intramolecular modes, v2 (nominally 
the CH stretch), was observed by Kyro et al.69 using a 
continuously tunable, single-frequency F-center laser. 
The origin at  3310 cm-l is little shifted from the mo- 
nomer value of 3314 cm-l, as predicted by Curtiss and 
Pople.220 Hot bands in the v4 (intermolecular stretch) 
and v7 (HCN intermolecular bend) were also observed 
and analyzed. Excess line width of the transitions was 
determined to be 25 f 8 MHz, though this required 
removal of a large 161-MHz Doppler contribution by 
computer deconvolution. Later sub-Doppler measure- 
ments by Dayton et aL209 indicate the line widths to be 
11.8 MHz FWHM for the v2 mode. This is significantly 
smaller than observed for either v1 or v3 modes, in 
support of the previous assertion of mode-specific re- 
laxation and/or predissociation in the complex. 

The v6 mode (HF intermolecular bend) was observed 
by Wofford et al.75 at  550 cm-’ in an FTIR apparatus 
with 0.01-cm-I resolution. This is in good agreement 
with the initial low-resolution data by Thomas.219 
Rotational analysis indicates that the hydrogen bond 
length grows upon excitation of the bend, which is 
consistent with a weakening of the hydrogen bond as 
the HF is tilted off axis. A similar phenomenon is 
observed in Ar-HF c ~ m p l e x e s ~ ~ ~ J ~ ~  and indicates a 
significant degree of coupling between the stretch and 
bend vibrational manifolds. 

Explicit indication of these bend-stretch couplings 
is evident in a reinvestigation of the u1 spectrum by 
Bender et al.,78 who discovered and successfully ana- 
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lyzed several isolated perturbations in the rotational 
term values, some of which could be assigned to Coriolis 
interactions with v7 bending and v4 stretching combi- 
nation vibrations. In addition, the difference band v1 
- v4 was observed, which permitted the v4 stretching 
frequency at 168 cm-l to be inferred. 

Finally, overtone spectra of HCN-HF have been ob- 
served in two of the modes, v1 (HF stretch) and v5 (HCN 
intramolecular bend),74 as well as several hot bands built 
upon them. These data provide information on the 
anharmonicities of the modes, and in conjunction with 
the considerable data on the other vibrations in the 
complex, permit an approximate harmonic stretching 
force field to be determined.74 

Parallel investigations in DCN-DF were performed 
by Jackson et al.77 A similar trend in frequency shifts 
upon complexation (i.e., Avl = -176 cm-l, Av2 = +8 cm-', 
Av3 = +18 cm-') is observed. Of particular interest is 
the isotopic dependence of the predissociation/relaxa- 
tion line widths for each of the modes investigated. For 
v1 and v3, the line widths decrease upon deuteriation. 
This is consistent with the similar behavior observed 
in HF and DF dimer and is qualitatively inconsistent 
with earlier, collinear dissociation models that predict 
an increase in the predissociation rate for a nearer 
resonance between the excited and dissociating mode.16 
The line widths for the v2 mode, however, increase upon 
deuteriation. One must remember that the v2 mode was 
the least efficient of the three at promoting predisso- 
ciation/relaxation in the complex. Therefore, this ap- 
parently anomalous behavior may be attributed simply 
to the much stronger, more nearly resonant mixing of 
the CN and CD stretches in DCN over the corre- 
sponding modes in HCN. Interestingly, the trapped 
collision pair model proposed by Lieb and Bevan170 to 
explain line widths in HCN-HF, OC-HF, and HCN 
dimer, which relies on an intermolecular V-V transfer 
process, fails by 4 orders of magnitude for the DCN-DF 
complex. 

(b) HCN-HCl. Pulsed Fourier transform methods 
by Legon et al.lo4 were first used to obtain the micro- 
wave rotational spectra of HCN-HC1 complexes. 
Bender et obtained an infrared absorption spec- 
trum of HCN-H35C1 by tunable F-center laser absorp- 
tion spectroscopy in a 144-m path length White cell. 
The v1 = 1-0 transition near 3309 cm-' was observed 
and assigned; in addition, a series of hot bands in the 
same region were tentatively assigned to a sequence in 
the v1 + nu7 - nu7 HCN rocking mode. Analysis of the 
1-doubling in the sequence band suggests a v7 frequency 
of 41 cm-l; a pseudodiatomic analysis of centrifugal 
distortion indicates a u4 stretch frequency of roughly 100 
cm-'. 

Nesbitt 

beam with a tunable diode laser121J22 (see Table 111). 
Indeed, this study marked the first direct absorption 
measurement of complexes in a supersonic jet and was 
the precursor to several methods described in this re- 
view. Predominantly B-type transitions were observed, 
which is consistent with a transition moment along the 
OCS and perpendicular to the A axis. A rigid rotor 
Hamiltonian fit to these transitions yields rotational 
constants that are consistent with a nearly T-shaped 
average structure for both ground and excited states. 
The data do not distinguish to which side the Ar is 
shifted, but a shift toward the oxygen end predicts 
nontouching van der Waals radii and is consistent with 
the ground-state microwave information on OCS-Ar.SO 
Neither microwave nor IR investigations provide any 
quantitative information on the frequency of the 
bending potential, which would be particularly useful 
to assess the degree of wide-amplitude motion involvedd 
in these vibrational averages. 

The shift of the vibrational origins from the monomer 
value is <1 cm-l and varies systematically in sign be- 
tween the blue shift in OCS-Ne (+0.12 cm-l) and the 
red shifts in OCS-Ar and OCS-Kr (-0.46 and -0.86 
cm-', respectively). These spectral shifts correlate 
strongly with polarizability of the inert gas, but the 
correct model for this interaction is not clear. In any 
event, the small magnitude of these shifts suggests weak 
coupling of the v3 excited mode and the binding energy 
of the complex. This is consistent with a long vibra- 
tionally excited lifetime (in excess of s), and the 
observation of fully Doppler-limited line widths in the 
expansion. This result seems somewhat surprising in 
light of the extremely short lifetimes (5  X s) de- 
duced from C02 laser vibrational predissociation studies 
of 2vz excited OCS-Ar by Hoffbauer et a1.,221 though 
this bending mode in a T-shaped complex may have 
substantially more displacement along the dissociation 
coordinate. If experimentally feasible, it would be in- 
teresting to see the results of a direct absorption tunable 
IR laser experiment on this 2v2 mode in OCS-Ar with 
which to make a more direct comparison of the dy- 
namical behavior. 

Hayman et a1.lZ2 have utilized microwave-IR dou- 
ble-resonance techniques to explore the rotational 
spectroscopy of the ground vibrational state of these 
inert gas-OCS complexes at much higher resolution 
than conventionally accessible from infrared laser 
methods. The authors warn that their analysis of the 
data is based on a rigid rotor model and that the small 
differences in effective structures observed between 
members of the series may well be accounted for by 
large-amplitude vibrational averaging in the bend 
and/or stretch coordinates. In principle, this technique 
could be extended to study the high-resolution rota- 
tional spectroscopy of the vibrationally excited states, 
much as Muenter and co-workersZz2 have performed for 
several stable molecules. Provided sufficient IR power 
is available to change appreciably the quantum state 
populations, this method could also be used as a sub- 
Doppler probe of the predissociation lifetimes of the 
upper state. In an interesting reversal of the normal 
trend, these IR-based studies facilitated the spectro- 
scopic search for OCS-Kr and OCS-Ne complexes in 
FT microwave experiments by Lovas and S~enram,"~  
which now have determined the ground-state molecular 

6. Polyatomic- Inert Gas Complexes 

(a) OCS-Inert Gases. The first rotationally re- 
solved data on carbonyl sulfide complexes with inert 
gases were obtained from MBER studies on OCS-Ar 
by Harris et al.90 and indicated a nearly T-shaped vi- 
brationally averaged geometry, with the Ar slightly 
shifted toward the oxygen. A stretching frequency of 
36 cm-' was roughly estimated from centrifugal effects. 
More recently, the series OCS-Ne, OCS-Ar, OCS-Kr 
has been investigated by using Doppler-limited, direct 
absorption infrared spectroscopy in a cooled molecular 
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properties in this series to high precision. 
(b) N20-Ar. High-resolution spectra on NzO-Ar 

complexes were first obtained in the microwave by 
Joyner et al.224 utilizing MBER techniques. An ap- 
proximately T-shaped vibrationally averaged geometry 
was inferred from the rotational and hyperfine con- 
stants. Hodge et al.123 have subsequently obtained ro- 
tationally resolved infrared spectra of the nitrous ox- 
ide-argon complexes via direct absorption of a diode 
laser in a pulsed supersonic jet. The origin of the band 
at 2223 cm-' is blue shifted by +0.15 cm-' with respect 
to the free monomer u3 transition, which suggests a 
slight decrease in binding energy and hence an increase 
in repulsive interactions in the vibrationally excited 
state. The rotational constants show very small changes 
upon vibrational excitation. Only B-type (AK, = fl,  
AK, = fl)  transitions were observed; this is consistent 
with a T-shaped averaged geometry, since the v3 tran- 
sition moment in N20 would then be perpendicular to 
the A inertial axis. Given the very slight coupling ex- 
perimentally observed between u3 excitation and aver- 
age molecular structure, a vibrationally metastable 
complex might be expected. Indeed, the line widths 
were measured to be limited by a combination of 
Doppler broadening and laser frequency jitter contri- 
butions to below 100 MHz FWHM. It would be very 
interesting to obtain information on the low-frequency 
rocking modes of the complex to comment further on 
the extent of vibrational averaging of the molecular 
geometry. 
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I V. Discussion 

A. Vibrational Predlssoclation/Relaxation 
Dynamics 

Certainly one of the most intriguing results to come 
of these high-resolution IR studies is the fact that 
structured spectra exist a t  all in the near-IR for these 
vibrationally excited, weakly bound complexes! The 
intramolecular vibrational energies in the subunits 
typically are many times the dissociation limit of the 
complex; hence the upper states are metastable with 
respect to vibrationaP (and in some cases rotation- 
a1)52*64*65 predissociation. Coupling between strongly 
bound, high-frequency (intramolecular) modes and 
dissociating, low-frequency (intermolecular) modes can 
promote vibrational energy redistribution within the 
complex, which eventually excites the weak intermole- 
cular bond to the point of breaking. Quantum me- 
chanically, these vibrational couplings cause a mixing 
of the zeroth-order excited state with the continuum, 
thereby distributing oscillator strength for the transition 
over a continuous range of nearby frequencies (i.e., line 
broadening). The width of these broadened absorptions 
is a measure of the strength of these couplings, as well 
as of the time scale of this vibrational energy flow. 

If the coupling is independent of internal energy over 
the width of broadened lines, this problem is isomorphic 
with that of radiative coupling of an excited state with 
the continuum, which was solved by Weisskopf and 
WignerZz5 and for which a Lorentzian absorption line 
shape and a single-exponential decay of the upper state 
population can be derived.225 The relationship between 
FWHM of the Lorentzian line shape and the l / e  life- 
time of the upper state probability is given by 

1 
7vp (4 = (4.1) 

~ ~ A V F W H M ( H ~ )  
There has been a discrepancy of a factor of 2 in the 
1 i t e r a t ~ r e ~ ~ ~ ~ ' ~ ~ ~ J ' ~  over the expression used to obtain 
lifetime estimates, but which seems to be largely re- 
solved.129~z18 In light of the rapid progress in direct time 
probingzz6 of van der Waals vibrational predissociation 
phenomena, it is particularly important to have a con- 
sistent and quantitatively correct measure of these 
predissociation/relaxation lifetimes from spectroscopic 
data. To avoid perpetuating these inconsistencies in 
the literature, all measurements of predissociation 
widths in this review have been reported as the original 
experimental values of FWHM line widths, and any 
conversions to lifetimes have been made via the correct 
eq 4.1. 

In order for rotational structure in the spectrum to 
be resolvable, the excited states need to survive for at 
least a time comparable to end-over-end rotational 
periods in the complex. Given the roughly 104-fold 
difference between typical rotational and intramolecular 
vibrational periods, therefore, it is by no means obvious 
that rotational structure in an IR spectrum of weakly 
bound complexes would ever be observable. Indeed, the 
laser-induced fluorescence work of Levy and co-work- 
e r ~ ' ~  on Iz-inert gases indicated relatively efficient 
coupling of I2 vibration to the dissociation coordinate, 
and there existed a large body of data on IR predisso- 
ciation of ethylene complexes with a line-tunable C02 
laser that suggested 1-20-cm-' broad, structureless vi- 
brational absorption bands,%Z5 though recent data have 
demonstrated highly structured absorptions in ethylene 
 dimer^.^^^^ Theoretical calculations, on the other hand, 
have made predictions for various models'6J80~2z7 of 
vibrational predissociation lifetimes that varied from 
picoseconds to minutes! With the roughly 80 vibra- 
tionally and rotationally resolved bands of complexes 
assigned thus far (see Figures 1 and 2), we can see ex- 
perimental values for homogeneous line widths that 
range from <1.8 X s) inferred 
for ul excited Ar-HF'16 to on the order of 0.5 cm-l (rw 
2 10 ps) observed for the uz mode of linear HCN trim- 
er.17' This 30-million-fold dynamic range is likely to 
be even larger, but for line widths above roughly 0.1 
cm-l rotational structure begins to be lost, and at  the 
other extreme, collision-free lifetimes k l  ms are simply 
difficult to observe in apparatus of finite size. None- 
theless even the 0.5-cm-' predissociation line widths 
observed in vibrationally excited HCN trimer still 
correspond to over lo00 vibrations of the HCN subunit. 
It is clear therefore that vibrational energy flow from 
the initially excited mode into intermolecular stretching 
coordinates can be quite inefficient, and certainly must 
be for any weakly bound complexes that exhibit rota- 
tionally resolved spectra at energies above the disso- 
ciation limit. 

One important issue that must be addressed in any 
direct inference of predissociation lifetime from ex- 
perimentally determined homogeneous line widths is 
the possible contribution to the line width from intra- 
molecular vibrational relaxation (IVR).228 Simply 
stated, for a molecule with sufficient state density, in- 
ternal vibrations of the complex can in principle act as 
a local "bath" of states into which the initial excitation 
can relax but without immediately depositing enough 

cm-' (rw > 3 X 



884 Chemical Reviews, 1988, Vol. 88, No. 6 Nesbiti 

" N N  x x x x  

uy 
I V 

- n  
- r "  
E H F - R A R E  G A S  

22 + +  
A- I i - -hSh 

i 

2 0 0  4 0 0 6 0 0  2000 2600 3 2 0 0  3600 4000 7600 
8 0 0  2 2 0 0  2 e o o  3400 3800 4200 

Y O b ,  f"'1 

F i g u r e  2. Graphical summary of the vibrational origins of all 
complexes investigated via high-resolution, rotationally resolved, 
and assigned infrared spectroscopic methods. Many vibrational 
hot bands, isotope, and K subband origins have been suppressed 
for clarity. Note the several breaks in the frequency axis. 

energy into a intermolecular mode to dissociate. 
Spectroscopically, these vibrational couplings to other 
metastable vibrations in the complex can produce 
densely spaced lines that overlap within their individual 
predissociation line widths and thus yield a much 
broader, homogeneous line width from which one might 
underestimate the predissociation lifetime. Strictly 
speaking, therefore, the collision-free line widths rep- 
resent a measurement of the combined 
"predissociation/relaxation" pathway, and are intended 
as such in this review. However, as pointed out by 
several the total state density in many 
of the smaller complexes is not large enough to ration- 
alize unstructured, Lorentzian lines without directly 
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Figure  4. Semilogarithmic plot of homogeneous line width 
(FWHM in MHz) measured via high-resolution infrared spec- 
troscopy versus well depths for several HF-containing complexes. 
For consistency, these well depths are all taken from ab initio 
theoretical calculations cited in Tables I-VII, with the exception 
of HF dimer, which is an experimental value of Pine and Howard.@ 
The dashed line is intended only to guide the eye and underscore 
the nearly exponential correlation between homogeneous line 
width and well depth. 

invoking the continuum. Furthermore, in the bolome- 
tric21i28 and mass spectrometric based s t ~ d i e s , ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  
the depletion signals indicate that laser-induced pre- 
dissociation of the complexes away from the beam oc- 
curs at least before s (Ar-HF being the notable 
exception116). This issue is best resolved by direct 
measurements in the time domain such as has been 
initiated by Casassa et a1.226 for study of vibrational 
predissociation of NO dimer. It would be particularly 
interesting to have direct comparisons between pre- 
dissociation lifetime and line width measurements on 
the same molecular system, in order to determine the 
importance of radiationless channels such as IVR which 
may not lead promptly to dissociation. 

In the meantime, there already exists a significant 
data set on predissociation/relaxation line widths in 
HF-containing complexes with which to search for 
simple trends. Indeed, the data in Tables I-VI1 indicate 
a strong correlation of the observed line widths on both 
the ground-state well depth and red shift of the HF 
stretch from the free monomer value. An approxi- 
mately exponential correlation is suggested by the 
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semilogarithmic plots of AVFWHM versus red shift and 
well depth in Figures 3 and 4, respectively. Although 
a correlation does not necessarily imply a causal rela- 
tionship, this trend is physically plausible if the mag- 
nitude of the vibrational mode coupling responsible for 
predissociation scales with the overall strength of in- 
teraction between the substituents. Even this approx- 
imate correlation clearly must break down in the limit 
of sufficiently strong binding to render dissociation from 
the vibrationally excited state an endothermic channel. 
It also fails qualitatively in a prediction of the 20.3-ms 
lifetimes for v1 excited Ar-HF. Nonetheless, the 
enormous dynamic range of predissociation/relaxation 
behavior indicates an extreme sensitivity to small 
changes in the molecular potential energy surfaces. 

There have been many theoretical mod- 
e1s16153~55~158~170~180 proposed to predict trends in vibra- 
tional predissociation behavior. A common feature of 
may of these theories is that transitions between bound 
and dissociative states are strongly enhanced by reso- 
nances that require little excess energy deposited into 
relative translation of the fragments. This would ac- 
count for the exceedingly long lifetimes of the triatomic 
inert gas-HF complexes, in which high rotation of the 
HF fragment is the only energetically accessible channel 
for minimizing translation energy. Indeed, full close- 
coupled calculations on vibrational predissociation in 
H2-Ar53i55 and Ar-HC1229 do indicate a peaking of the 
final J states of H2 and HC1, respectively, in the highest 
accessible rotational channels. In larger than triatomic 
systems there exist multiple rotational and vibrational 
degrees of freedom, and the density of near-resonant 
(and hence possibly strongly favored) dissociation 
pathways grows correspondingly. This is certainly ev- 
ident with the steady increase in predissociation/re- 
laxation rates in complexes of HF with hydrocarbons 
(see Table VI). However, the significant difference 
between Nz-HF119 and OC-HF211 line widths, for ex- 
ample, is difficult to explain in light of the similarity 
of bonding strengths, vibrational frequencies, rotational 
constants, etc. 

The importance of specific vibrational couplings is 
not considered in such a simple resonance picture, and 
yet the dramatic effects of these couplings are mani- 
fested clearly in the strongly vibrational mode de- 
pendent line widths observed for HF dimer (Avl = 13.4 

MHz, Av2 = 11.8 MHz, Av3 = 558 MHz)739209 and HCN 
trimer (Avl S 1 MHz, Av2 = 15000 MHz, Av3 = 56 
MHz).171 Additional data from direct time-resolved 
studies of vibrationally excited NO dimer ( T , ~  = 880 ps, 
rV4 = 39 ps) also indicate a mode-specific predissociation 
pathway.226 In each of these systems the behavior ap- 
pears to be nonstatistical; Le., the predissociation rates 
do not scale monotonically with excess vibrational en- 
ergy. This non-RRKM behavior indicates that dynam- 
ical rather than purely statistical effects are important 
and thus require a more sophisticated consideration of 
the potential energy surface. 

It can defensibly be argued that vibrational mode- 
mode coupling in complexes is so weak that small dif- 
ferences in the potential surface translate into large 
differences in predissociation rates. If this is the case, 
predissociation trends in isotopically substituted com- 
plexes should help identify the key dynamical effects 

MHz, Avp = 408 M H z ) , ~ O * ~ ~ J ’ ~  HCN-HF (Av1 = 2722 

Chemical Reviews, 1988, Vol. 88, No. 6 865 

more readily than comparison between different com- 
plexes. In HF dimer, for example, the line widths for 
the v2 H-bonded HF stretching vibration decrease below 
the Doppler resolution limit for DF dimer and the 
mixed HF-DF and DF-HF This behavior 
is inconsistent with energy16 or momentum gap227 laws 
proposed to explain the extremely slow predissociation 
in triatomics. If channels that minimize translational 
energy in the fragments predissociate preferentially, a 
more likely interpretation is that more rotational 
quanta are required to achieve a near resonance for DF 
(Brat = 10 cm-l) than HF (Brat = 20 cm-’) containing 
complexes. This quantum gap” perspective may also 
help explain the much narrower line widths in HC1 
dimer spe~tra,6~J~O since near-resonant dissociation 
would also require more rotational quanta in the HC1 
fragment (Brat = 10 cm-’). Similarly, in DCN-DF 
c ~ m p l e x e s , ~ ~  the line widths for the DF and CN 
stretching modes are narrower than in the correspond- 
ing HCN-HF vibrations, though the number of vibra- 
tional channels energetically accessible in the outgoing 
substituents makes a clear interpretation more difficult. 
Further isotopic substitution studies in HF/DF, 
HCl/DCl, and HCN/DCN systems would be very use- 
ful in testing these dynamical models in more detail. 

B. Intermolecular Bend-Stretch Coupling 

Vibrational predissociation occurs via direct or in- 
direct coupling of the initially excited mode with the 
intermolecular stretch coordinate. It is therefore useful 
to consider in detail what spectroscopic evidence the 
data provides for the magnitudes of these mode-mode 
couplings. 

A numerically exact treatment of the rovibrational 
Schroedinger equation even for a two-dimensional, “ball 
and stick” model of a van der Waals triatomic requires 
solution of close-coupled equations for the stretching 
and bending degrees of freedom, the difficulty of which 
substantially restricts a least-squares fitting of exper- 
imental data to a potential surface. Toward that end, 
an approximate (BOARS) decoupling of the stretch and 
bend degrees of freedom was proposed by Holmgren et 
al.,151 whereby an effective one-dimensional radial po- 
tential was constructed from the full potential surface 
by solving the angular Hamiltonian parametrically as 
a function of internuclear distance. Hutson and How- 
ard152 later used refinement of the BOARS method 
(CBO) which perturbatively includes first-order radi- 
al-angular couplings to least-squares fit two-dimen- 
sional potential surfaces from microwave, line broad- 
ening, virial coefficient, and scattering data for hydro- 
gen halide-inert gas complexes. These semiempirical 
surfaces1g1-193 have proven remarkably successful in 
predicting energies of excited van der Waals vibrational 
states and thereby stimulating further experimental 
effort. 

Recent infrared spectroscopic data suggest that there 
is a significant degree of coupling between inter- and 
intramolecular modes in hydrogen halide complexes. In 
HCN-HF,68 for example, there is a +2% increase in B 
upon u1 excitation, resulting from a deepening of the 
radial well. Indeed, a shortening of the intermolecular 
bond is observed upon HF excitation in every HF- 
containing complex studied thus far in the infrared. 
Additionally, there is evidence for interaction of bend 
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and stretch degrees of freedom in the spectra that may 
necessitate explicit inclusion of angular-radial couplings 
in the analysis. Increase in the anisotropy of the an- 
gular HF potential in several HF complexes is eviden- 
ced by the increased dipole and hence 
more directional “pointing” of the HF in the upper 
state. A direct vibrational coupling of bend with the 
intermolecular stretch is demonstrated by the increase 
in the vibrationally averaged separation upon excitation 
of perpendicular bending Quantitative 
evidence for these stretch-bend couplings in rotating 
Ar-HF complexes has been obtained via analysis of 
Coriolis crossing between the u2 (II) perpendicular bend 
and the 2u3 (2) overtone of the van der Waals stretch 
vibration.126 Resonant crossings of coupled vibrational 
states also have been observed as isolated perturbations 
and analyzed in OC-HF211 and HCN-HF7* complexes, 
though identification of the perturbink vibration is not 
as straightforward in these polyatomic systems. In- 
terestingly, the line widths observed at  the crossing in 
the OC-HF system differ dramatically from the un- 
perturbed transitions,211 indicating that these intra- 
molecular vibrational couplings can indeed influence 
predissociation/relaxation dynamics. 

Coupling between the intermolecular bending and 
stretching modes in Ar-HC1 is particularly well dem- 
onstrated in the far- and near-infrared data of Robinson 
et al.13*141 and Lovejoy and Nesbitt,201 respectively. For 
both HC1 ul = 0 and 1 complexes, the van der Waals 
u3 stretch vibration acquires roughly 20% of the oscil- 
lator strength of either II or Z bending vibration. This 
must result largely from a coupling of radial with an- 
gular motion, since one anticipates little dipole tran- 
sition moment associated directly with purely radial 
motion of the Ar and HC1 centers of mass. Indeed, by 
analysis of the high J rotational states (J S 30), Lovejoy 
and Nesbitt201 have observed considerable Coriolis 
coupling between the perpendicular bend and both the 
parallel bend and stretch modes. 

C. Equilibrium and Vibrationally Averaged 
Structures 

One key focus of studies of weakly bound complexes 
has been a more complete characterization of the po- 
tential energy surface, since such a surface completely 
governs the collisional and “half-collisional” dynamics 
of the subunits. The equilibrium structure of a complex 
is determined by the absolute minimum in this surface. 
However, by virtue of shalow potential wells along a 
particular coordinate or large zero-point motion of light 
atoms, the ground-state wave function may sample 
configurations significantly away from the equilibrium 
geometry. This large-amplitude motion is more the rule 
than exception in weakly bound complexes, particularly 
for hydrogen- or deuterium-containing species. Nev- 
ertheless, it appears an incurable (and perhaps not 
completely undesirable) trend in the literature to focus 
on either an equilibrium or vibrationally averaged ge- 
ometry as a convenient, single-parameter characteri- 
zation of this multidimensional surface and furthermore 
to develop simple unifying concepts that can reliably 
predict these structural trends. It is both in support 
and in defiance of these traditional concepts that the 
recent infrared data have made significant contribu- 
tions. 

The MBER rotational and hyperfine studies of van 
der Waals complexeslOJ1 has fostered lively discus- 
sion230v231 about the relative importance of physical (i.e., 
electrostatic) and chemical (i.e., charge donation) in- 
teractions in determining an equilibrium structure. In 
the former d e s c r i p t i ~ n , ~ ~ ! ~ ~ ~  point multipoles, distrib- 
uted on the molecular framework, can be used to model 
the isolated electrostatic properties of the subunits 
obtained via experiment or independent ab initio cal- 
culations. An approximate surface can then be gener- 
ated from a sum of these electrostatic terms plus re- 
pulsive terms chosen to model hard-core interactions 
(e.g., van der Waals radii). The potential advantage of 
such an approach is that the electrostatic properties of 
the subunits do not need to be recalculated for every 
complex. Proponents of chemically mediated binding 
in complexes argue that the charge-exchange interac- 
tions between the highest occupied and lowest unoc- 
cupied molecular orbitals (HOMO-LUM0)231 are im- 
portant in determining equilibrium structures and that 
the quantitative details of such “incipient chemistry” 
require a full ab initio calculation on the combined 
subunits. Such full ab initio calculations unquestion- 
ably can determine the correct answer but at some loss 
of an intuitive physical picture of the interactions; the 
key issue is whether the simpler, electrostatic descrip- 
tion captures enough of the relevant physics to explain 
or, even better, predict experimental results satisfac- 
torily. 

Several recent examples from rotationally resolved 
infrared spectroscopy suggest that this may be the case. 
The slipped-parallel equilibrium structures of COz di- 
mers118 inferred from high-resolution infrared spec- 
troscopy are in good quantitative agreement with the 
predictions of a quadrupole-quadrupole electrostatic 
plus hard-sphere potential.11J18*161 Similar calculations 
have been performed by Fraser et a1.Iz0 to obtain im- 
pressive agreement with the planar structure of C02 
trimer as well. The equilibrium structure of N20 dimer 
predicted from an electrostatic plus Lennard-Jones 
atom-atom potential also agrees nicely with the infrared 
data.167 The slipped-parallel geometry of HCCH di- 
m e P 2  appears to be similarly well characterized by 
electrostatic calculations. 

It is clear from observed enhancements of dipole 
moments measured upon complexation, however, that 
induction effects must play an important role in the 
interaction. The electrostatic treatment can be refined 
by inclusion of both multipoles and multipolar polar- 
izabilities from high-quality ab initio calculations on the 
monomer.173J85J96Jg7~202~2M These methods have been 
exploited to predict frequency shifts of the intramo- 
lecular vibrations, equilibrium geometries, and induced 
dipole moments for several complexes of HF that are 
in fair agreement with experiment. A particular success 
of these methods is in the prediction of an extremely 
flat intermolecular bending potential for OCO-HF,205 
which is consistent with large-amplitude, low-frequency 
bending motion of the C 0 2  around a linear equilibrium 
geometry.129 A much tighter bending potential is pre- 
dicted for N2-HF,202 and indeed this is observed to be 
a much more rigid, linear complex.128 It is worth noting, 
of course, that one could arrive at  the same qualitative 
conclusion via the more chemically based concepts of 
Lewis acid-base interactions between HF and the ni- 
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trogen and oxygen terminus, which have collinear (sp) 
and off-axis (sp2) hybridized lone-pair electron density, 
respectively. Some208 but not all e l e c t r o s t a t i ~ ~ ~ ~ ~ ~ ~  
calculations have correctly predicted the existence of 
multiple minima in the N20-HF potential, and hence 
the possibility for geometric isomers. 

There appear to be several examples provided by IR 
spectroscopy, however, which are not in agreement with 
predictions from electrostatic theories. The magnitude 
of dipole moment enhancement upon vibrational ex- 
citation in HF-hydrocarbon complexes, for example, 
does not appear to be explained by simply electrostatic 
and induction effects.202 There also appear to be con- 
siderable discrepancies between electrostatic calcula- 
t i o n ~ ~ ' ~  and IR-microwave experiments1"O-lo2 for the 
equilibrium structure and dipole moment of NH3 di- 
mers. One should hasten to point out, however, that 
several ab initio calculations136138 on NH3 dimer have 
similarly failed to predict the observed behavior. In 
light of the importance of establishing the limits of 
credibility of these approximate theories, it would be 
extremely useful to have more rotationally resolved data 
on NH3 dimer in both the near- and far-IR. 

While the above cases indicate how infrared experi- 
ments have been quite useful in furnishing structural 
information on the equilibrium geometry of complexes, 
the real advantage in the infrared is in sampling parts 
of the potential surface away from equilibrium, and in 
particular probing the large-amplitude motion associ- 
ated with the low-frequency intermolecular vibrations. 
Previously, the degree of large-amplitude motion had 
been inferred from precise measurements of molecule- 
fixed projections of multipole moments, nuclear spin 
hyperfine structure,loJ1 and centrifugal distortion effects 
in the ground vibrational state. With the recent in- 
termolecular vibrational information from hot bands 
and combination bands in the near-IR, as well as direct 
excitation methods in the far-IR, the methods are a t  
hand for probing directly the topology of the intermo- 
lecular potential surface. 

The evidence accumulated thus far suggests that 
molecular complexes can vary dramatically in their 
degree of intermolecular rigidity. N2-HF128 and HCN- 
HF,75976 for example, exhibit relatively stiff bending 
potentials as derived from measurements of the low- 
frequency bending vibrations. On the other hand, 
OCO-HF complexes*29 exhibit bending frequencies an 
order of magnitude lower. The data are consistent with 
large-amplitude motion in the C02 subunit around a 
linear geometry. Electrostatic calculations on C02,163 
N20,113 and HCCHIG1 dimers indicate the possibility of 
multiple structures and moderate-energy pathways 
between these structures. The direct observation of 
such geometric isomers in N20-HF130p209 and HCN 
trimerl'l demonstrates clearly that multiple minima of 
comparable binding energy can exist in a potential 
surface. Isomerization between these structures in- 
volves motion along intermolecular bending coordinates. 
With excitation of the bending vibration, therefore, one 
can anticipate dramatic quantum state dependent 
changes in the effective vibrationally averaged geometry 
of the complex. For example, in Ar-HC1 the wave 
function for the parallel bend excited state significantly 
samples the secondary minimum in the potential at the 
inverted Ar-ClH configuration.lB Similarly, a T-shaped 
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equilibrium structure of H2-HF is correctly predicted 
from electrostatic quadrupole-dipole and quadrupole- 
quadrupole  interaction^,^^^ but large-amplitude hin- 
dered rotor motion in the H2 angular coordinate yields 
a nearly isotropic H2 angular distribution for the 
ground-state (para) complexes, while yielding a more 
localized T-shaped geometry only for the excited (ortho) 
complexes. 

These considerations suggest that vibrationally av- 
eraged information obtained only from states unexcited 
in the low-frequency intermolecular modes may be 
concealing important topological features of the po- 
tential surface. This could be especially insidious for 
jet-cooled studies in the near-infrared, where the upper 
state is typically excited to an intramolecular vibration, 
but the low temperatures attained in a supersonic jet 
dramatically limit the range of lower J, K,  and inter- 
molecular vibrational states observed. This has been 
tested recently232 in model potential systems repre- 
senting two extreme limits of floppy motion in tria- 
tomics: (1) a square-well ABC bending potential (i.e., 
a free "hinge") and (2) hindered internal rotation of BC 
in the complex (Le., a "pinwheel"). Full quantum cal- 
culations for the rovibrational states in the floppy limit 
predict spectra that are exceedingly difficult to distin- 
guish from a highly rigid limit for an ABC molecule of 
considerably different geometry. This underscores the 
importance of encouraging a variety of research efforts 
in the far-IR, near-IR, and microwave. Particularly 
relevant will be studies of multiple vibrational, J, K 
levels, hyperfine structure, multipolar moments, and 
isotopically substituted complexes in order to infer 
correctly the precise topology of the intermolecular 
potential surface. 

V. Summary 

The field of high-resolution infrared spectroscopy of 
weakly bound complexes has enjoyed, by virtue of the 
development of several experimental techniques with 
requisite sensitivity and spectral resolution, an explosive 
growth in the past 5 years. The spectroscopic infor- 
mation on vibrational states of complexes offers our first 
detailed glimpses of excited, but bound regions of the 
intermolecular potential energy surface, thereby helping 
bridge the gap between microwave studies of the ground 
state, and bulk transport, pressure broadening, and 
molecular beam studies of the continuum states. These 
methods now allow us to address in great detail inter- 
esting dynamical issues such as vibrational predisso- 
ciation/relaxation in metastable vibrational states via 
spectral line-broadening studies. Vibrationally averaged 
structures in these complexes are obtained that can 
rigorously test the best available theoretical models or 
calculations of bonding in weakly attractive systems. 
Detailed analysis of the rovibrational eigenvalues in 
floppy molecular systems with large-amplitude motion 
allows one to probe the eigenstructure of highly coupled 
vibrations and rotations. 

The wealth of new data provided on complexes pre- 
viously studied in the microwave underscores the syn- 
ergistic advantages for multiple efforts on the same 
molecular systems. For example, the combination of 
microwave, far-infrared, and near-infrared investiga- 
tions of Ar-HC1 have provided an unprecedented set 
of data for fitting of the full potential energy surface. 
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Of comparable importance is the need for information 
from both ultracold pinhole (1-2 K) and slit (5-30 K) 
expansions as well as from the cooled, but much warmer 
equilibrium White cells, in order to obtain spectroscopic 
data over the widest possible range of vibrational and 
rotational quantum states. The supersonic jet studies 
may prove most useful in the initial detection and 
spectral characterization of the complexes, but the data 
from much warmer systems will probably be necessary 
to investigate more of the multiply vibrationally excited 
states via thermally populated hot bands, as well as to 
investigate rotational energy levels near the dissociation 
limit. Also useful are isotopic substitution studies to 
elucidate the effects of wide-amplitude vibrational av- 
eraging that may be masked by observation solely of 
levels populated in a supersonic jet. The central role 
of ab initio, electrostatic, and semiempirical theoretical 
studies in providing the necessary guidance for exper- 
imental efforts is absolutely crucial and cannot be un- 
derestimated. 

Directions for future growth in the field are manifold. 
The observation of several trimers with rotationally 
resolvable and assignable structure as well as the 
identification of likely candidates for tetramer species 
bodes well for the extension of these high-resolution 
methods into even larger molecular clusters. The data 
thus far even on trimers have elucidated some intriguing 
comparisons with condensed-phase crystal structure. 
Particularly in these larger clusters, it seems likely that 
multiple isomeric configurtions will continue to be 
discovered. Double-resonance techniques may prove 
a necessary and powerful extension of these methods 
for assigning even jet-cooled spectra of mixtures of these 
clusters. 

The vibrational predissociation studies in the infrared 
have indicated some fascinating nonstatistical behaviors 
that would be important to probe in the final state 
distributions. There are clear theoretical predictions 
that indicate that high rotational excitation in the 
products is expected. Methods for state-resolved de- 
tection of molecular fragments are already feasible with 
LIF or MPI detection and therefore should make pos- 
sible time-resolved dynamical studies of photofrag- 
mentation. The experiments promise to be quite hard, 
but the dynamical possibilities commensurately rich. 

Much progress has been made in the past years on 
ab initio calculations of potential energy surfaces. The 
precise calculation of surfaces a t  the level of accuracy 
required to predict detailed spectroscopic behavior in 
weakly bound complexes is still quite difficult except 
for the simplest of systems. It would seem appropriate, 
therefore, to establish benchmark complexes that rep- 
resent a compromise between experimentally feasibility 
and fewest number of electrons (e.g., Ne-HF), for direct 
comparison between state-of-the-art ab initio theory 
and high-resolution experimental results. 

The importance of semiempirical methods for fitting 
potential energy surfaces to high-resolution data would 
also be hard to overstate. At  present there is a rapidly 
growing surplus of data that have been more or less 
accurately parametrized by conventional spectroscopic 
analysis but that have not been exploited beyond a 
simple characterization of vibrationally averaged ge- 
ometries. It appears an extremely opportune and 
productive point in the field’s growth for continued 

Nesbitt 

synergism between theoretical and experimental efforts 
in order to generate the best possible intermolecular 
potentials and thereby to stimulate further dynamical 
and spectroscopic studies of weakly bound molecular 
complexes. 
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