
1024 J. Phys. Chem. 1992, 96, 1024-1040 

FEATURE ARTICLE 

Vibration-Rotation-Tunneling Spectroscopy of the van der Waals Bond: A New Look at 
Intermolecular Forces 
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Measurements of the low-frequency van der Waals vibrations in weakly bound complexes by high-resolution laser spectroscopy 
provide a means to probe intermolecular forces at unprecedented levels of detail and precision. Several new methods are 
presently being used to record vibration-rotation-tunneling (VRT) transitions d a t e d  with the motions of the weak bonds 
in van der Waals clusters. The most direct measurements are those probing only the van der Waals modes themselves, which 
occur at far-infrared wavelengths. This article presents a review of the information on both intermolecular forces and 
intramolecular dynamics that has been obtained from far-infrared VRT spectra of 18 complexes during the past several years. 
Some rotationally resolved measurements of van der Waals modes observed in combination with electronic or vibrational 
excitation are also discussed. 

Introduction 
Molecular descriptions of condensed matter depend on having 

a knowledge of the pairwii interactions as well as the many-body 
forces which govern the dynamics of discrete constituents. By 
modeling the microscopic behavior of bulk phases, scientists can 
elucidate the basic physics underlying such diverse phenomena 
as solubilities, phase transitions, micelle formation, protein folding, 
friction at the solid-solid interface, and electron transport in 
solution. Modern formulations of the many-body dynamics in 
such problems (e.g., simulated annealing, Monte Carlo sampling, 
molecular mechanics) now influence a very large number of 
scientists, as new generations of supercomputers become in- 
creasingly more accessible. Interestingly, the mathematical 
representations of intermolecular forces which constitute the input 
to these models remain remarkably primitive. Even the most 
sophisticated calculations of this type employ severe approxima- 
tions to the intermolecular forces, in particular, invoking an ex- 
tensive averaging over many-body interactions. Computational 
codes aimed at addressing a broader range of problems make even 
more severe approximations to the inter- and the intramolecular 
forces.' Some of the most widely used potentials compress the 
combined effects of pairwise and many-body forces into effective 
pair potentials experienced by an individual molecule. Such 
effective potentials do allow approximate description of the col- 
lective behavior of the molecules in the condensed phase, but by 
construction, they are incapable of describing the behavior of the 
individual molecules. Moreover, they are generally incapable of 
providing a physically relevant description of related phenomena 
which depend on the speclfic properties of the individual molecules. 

Experimental efforts to study intermolecular forces, and to 
thereby provide accurate intermolecular potential energy surfaces 
(IPS) for pairwise and many-body interactions, have a long 
history.2 Properties of liquids and solids which depend strongly 
on the details of intermolecular forces (phase diagrams, diffusion 
rates, viscosities, etc.) are quite common but are difficult to ra- 
tionalize in terms of fundamental molecular physics. Even for 
one of the simplest of all solids, argon, the debate still continues 
over the relative contributions of the different many-body forces 
which account for solid-solid phase  transition^.^-^ For more 
complex systems, our understanding of intermolecular forces is 
substantially less complete. Broadly speaking, there are two 

t Department of Chemistry, Harvard University, Cambridge, MA 021 38. 

0022-3654192 f 2096- 1024$03.00/0 

problems which have prevented the detailed experimental char- 
acterization of these forces: (1) few experiments provide a clear, 
unambiguous probe of intermolecular forces, and (2) it is generally 
very Micult to calculate the experimental observables accurately 
enough on a model IPS to perform a meaningful test of whether 
a given mathematical description reliably represents the inter- 
molecular forces. 

Bulk manifestations of intermolecular forces, such as phase 
transition temperatures, are perhaps the easiest to observe, but 
they are the most difficult to interpret at a molecular level. Early 
experiments measuring gas-phase nonidealities, e.g., second virial 
coefficients, diffusion coefficients, and pressure broadening cross 
sections for vibrational and rotational spectra, reduced the com- 
plexity of the problem to that of understanding the pairwise 
interaction between two particles. These represented the initial 
attempts of experimentalists to establish control over the number 
of degrees of freedom which the molecules sample during the 
measurement. Many-body forces are discriminated against in 
t h w  experiments by reducing the number density of the molecules 
sufficiently to keep the frequency of ternary and higher order 
collisions negligible. However, results from these collisional ex- 
periments still represent an average over a thermal distribution 
of collisional energies, as well as over the relative orientation and 
the impact parameter of the colliding pair. This is still an ov- 
erwhelming number of degrees of freedom, unfortunately pre- 
cluding the elucidation of accurate IPS'S from even these simpler 
types of data. 

Results from such experiments traditionally have been inter- 
preted in terms of an orientationally averaged effective isotropic 
pair potential. However, isotropic potentials are far too simplistic 
to provide a basis for understanding the molecular dynamics of 
bulk material, as the anisotropy (orientational dependence) is a 
dominant feature in most condensed-phase systems. For example, 
hydrogen bonding, a common terminology for describing the 
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gare.14 These microwave studies provide a highly accurate probe 
of the region of the IPS sampled by the ground intermolecular 
vibrational state of the complex. A summary of these results has 
been presented by Novick et al.lS Electronic spectra of complexes 
also typically sample the IPS near the van der Waals minimum 
in both the ground and excited vibronic state. Extraction of the 
anisotropic IPS from these experiments alone has proven to be 
nearly impossible, although IPS'S for Ne-HCP and Ar-HBr" 
have actually been extracted from microwave spectra alone. For 
most systems, however, even in combination with collisional 
measurements of the type discussed above, the information pro- 
vided by microwave spectroscopy and electronic spectroscopy of 
clusters is sti l l  inadequate: the ground intermolecular vibrational 
state simply does not sample a sufficiently extensive region of the 
IPS to permit its characterization. 

This constraint applies as well to infrared spectra of the in- 
tramolecular modes of the constituent monomers of a cluster. 
M u s e  of the large separation in time scales between intramo- 
lecular vibrations (lOOWOOO an-') and intermolecular vibrations 
(10-400 cm-l), the intramolecular modes can be treated as 
adiabatically separable from the intermolecular modes, much as 
electronic motion is separated from vibrational motion in the 
Born-Oppenheimer approximation. A different IPS is thus ob- 
tained for each vibrational level of the monomers, and probes of 
the vibrationally excited IPS therefore rely on the detection of 
hot bands and combination bands. This capability has recently 
been demonstrated in an impressive fashion by Nesbitt and co- 
workers.'* Rotationally resolved infrared spectra of complexes 
can now be obtained using a number of modern techniques. In 
many cases, vibrational predissociation has also been observed, 
providing interesting new insight into the coupling between the 
ground- and excited-state potentials. The recent reviews of 
Nesbitt18 and MillerI9 provide excellent guides to this literature. 

In addition to the difficulty of obtaining precise and detailed 
experimental probes of the intermolecular potential, computational 
methods for accurately treating many-body dynamics have been 
either too costly or intractable given the available theoretical 
techniques and computers. Such calculations are essential for 
assessing whether a given mathematical form of the IPS ade- 
quately represents the physics of the interaction. Accurate cal- 
culations of the eigenvalues and eigenvectors, or of collisional 
averages over the IPS, require explicit treatment of all of the 
degrees of freedom simultaneously. Approximations which reduce 
the dimensionality of the calculations in an effort to make them 
tractable are often too inaccurate to permit the evaluation of a 
trial IPS. Over the past several years, dramatic progress in 
theoretical approaches to calculating the spectra of weakly bound 
(and highly vibrationally excited) molecules and the increasing 
availability of madem supercomputers have allowed the accurate 
computation of the eigenvalues and eigenvectors of multidimen- 
sional systems, as well as the detailed calculation of some colli- 
sionally averaged properties on multidimensional anisotropic IPS'S. 
These developments are discussed in recent reviews by Cohen and 
Saykallym and by Light et a1.21,22 and in the papers by Green et 
al?3*" Hutson's discussion of approximate methods for treating 
the intermolecular dynamics of atom-molecule clusters provides 
an excellent introduction to the theoretical treatment of cluster 
eigenstates and their dynamics.25 

strongest attractive anisotropy in pairwise intermolecular forces, 
is well-known to chemists and biologists, for its manifestations 
are both endemic and dramatic. Ternary dispersion form between 
atoms are thought to be dominated by the Axilrod-Telle# in- 
teraction, an anisotropic threebody force. Anisotropic repulsive 
forces account for the effective shapes of molecules and constitute 
the dominant anisotropic contributions in several contexts, although 
they are the least well understood of the principal anisotropic 
forces. Anisotropic attractive forces include electrostatic, in- 
duction, and dispersion interactions. There is a considerable body 
of theoretical studies of the appropriate functional forms for these 
interactions,'-9 although to date these have not been thoroughly 
tested. 

Experimentalists, frustrated with the level of detail provided 
by bulk collisional measurements, attempted to implement ad- 
ditional control over the conditions of the collisional event. 
Molecular beam scattering experiments provide a substantial 
degree of such control, not only reducing the number of particles 
involved to two but also accurately characterizing their relative 
velocity. These experiments are most sensitive to the anisotropy 
in the repulsive region of the IPS, but they may, in principle, be 
used to determine a global anisotropic IPS. (We use the term 
global to mean over the full range of intermolecular coordinates, 
not over the full range of inter- and intramolecular coordinates, 
as is sometimes implied.) In practice, however, it has not been 
possible to determine a global IPS from scattering data except 
in the most favorable cases, such as Ne-H2,10 as the energy 
resolution of these experiments is usually inadequate for the task. 
Characterizations of the anisotropy in several other systems 
containing H2 or He have recently been obtained from state of 
the art scattering experiments." 

High-resolution spectroscopy of clusters formed from the 
components whose interaction potential is of interest offers the 
prospect of obtaining the ultimate possible control with respect 
to averaging over the IPS. Unlike bulk collisional and molecular 
beam scattering experiments, which necessarily involve averaging 
over both a distribution of collisional energies and an extensive 
range of intermolecular separations and orientations, high-reso- 
lution spectroscopy probes essentially monoenergetic, well-defined 
eigenstates of the system. Thus, the intermolecular potential can, 
in principle, be probed at an extraordinary level of detail by 
measuring the properties of different eigenstates, each of which 
samples a distinct region of the IPS. An additional advantage 
of high-resolution spectroscopy is that it can be adapted for the 
study of many-body forces more easily than can collisional 
techniques, since the observed spectra can be more straightfor- 
wardly assigned to a particular cluster size. 

Application of high-resolution spectroscopy to the study of 
molecular clusters began in 197 1 with the work of McKellar and 
Welsh,12 who obtained rotationally resolved spectra of rare gas 
(Rg)-H2 clusters in the near-infrared region. Subsequently, the 
powerful techniques of microwave spectroscopy were employed 
for this purpose by Klemperer and co-worker~,~~ who developed 
the molecular beam electric resonance (MBER) method for the 
study of supersonically generated clusters. Rotational constants, 
tunneling frequencies, dipole moments, and quadrupole hyperfine 
coupling constants have now been measured for over 100 com- 
plexes using this technique and the Fourier transform microwave 
spectroscopy method subsequently introduced by Balle and Fly- 

(6) Axilrod. B. M.: Teller. E. J.  Chem. Phvs. 1943. 11. 299. 
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These theoretical advances have been paralleled by the de- 
velopment of new direct spectroscopic probes of the intermolecular 
degrees of freedom of weakly bound complexes. Such spectra 
provide the ideal route to specific information about regions of 
the IPS displaced from the global minimum. We call such ap- 
proaches vibration-rotation-tunneling (VRT) spectroscopy to 
emphasize that the measured spectra typically sample regions both 
above and below the barriers to internal motion on the IPS. As 
a result, terminologies associated with conventional notions of 
vibrational spectroscopy, or with the study of low-frequency 
tunneling motions, are often equally appropriate. 

Solvated molecules are usually present in their ground vibra- 
tional levels, imparting a special importance to the measurement 
of the IPS for the vibrational ground state of the monomers; viz., 
it is this ground-state surface which usually governs the structural 
and dynamical behavior of bulk fluids and molecular solids. 
Determination of the ground-state IPS requires direct access to 
the internal vibrational modes of the cluster, which occur at 
frequencies from 10 to 500 cm-l, i.e., in the far-infrared (FIR) 
region. The FER has been one of the technologically most difficut 
regions of the electromagnetic spectrum to access. This region 
has been largely ignored, as developments in microwave technology 
and near-infrared laser sources have made high-resolution spec- 
troscopy in these adjacent regions relatively routine. Practical 
tunable lasers in the FIR region have become available only quite 
recently. In the following pages, we review the development of 
VRT spectroscopy, focusing on the application of tunable far- 
infrared laser and Fourier transform FIR spectroscopy for direct 
measurement of van der Waals vibrations. Some references to 
rotationally resolved IR, visible, and W spectra of van der Waals 
vibrations involving intramolecular excitation will be included 
whenever a comparison of the spectra is warranted, but no attempt 
is made to present a comprehensive review of these studies here, 
as this has been provided e l se~he re . ' ~ J~  

AI-HCI. A Prototype for IntemoleculPr Potentid surfeces 
end VRT D ~ M ~ ~ c s  

A decade ago, Hutson and Howard determined two intermo- 
lecular potentials for the Ar-HCl sy~tem.2~ Both of the potentials 
were extracted from the best available experimental data, including 
microwave rotational spectroscopy in the ground state of the 
cluster, molecular beam scattering, and pressure broadening of 
HCl rotational lines by argon. One surface (M3) had a single 
primary minimum at the linear Ar-HCl configuration, while the 
second (M5) exhibited a substantial secondary minimum at the 
linear Ar-ClH geometry. The experiments that were techno- 
logically feasible at the time were incapable of discriminating 
between these two very different topologies, but it was suggested 
that direct measurement of VRT spectra could distinguish W e e n  
them. 

High-resolution laser measurements of VRT spectra for Ar- 
HCl were first performed in 1985 by Howard and Pine?' who 
measured the II(j=l) bending vibration of the cluster in com- 
bination with u = 1 of the HC1 stretch, and by Marshall et a1.?6 
who measured the II(j=l) fundamental vibration directly in the 
FIR region (near 34 cm-') with resolution of both rotational and 
nuclear quadrupole hyperfine structure. These studies signaled 
the beginnings of a new era in the study of intermolecular forces. 
The infrared measurements were obtained using a tunable dif- 
ference frequency laser to measure the absorption by clusters 
produced in a cooled multipass cell. In the FIR measurements, 
an electric field was used to tune the cluster resonances from their 
zero-field frequencies into coincidence with an available fixed- 
frequency FIR laser line. Molecules which absorbed the FIR light 
were either focused into or defocused out of a quadrupole mass 
spectrometer, in an indirect detection scheme common to the 
MBER method. These measurements of the 3 h - I  IIU- 1) bend 
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were subsequently extended by Ray et a1.,29 who developed a much 
more sensitive electric resonance approach. By generating the 
cluster beam inside the cavity of a FIR laser, Ray et al. took 
advantage of the increased path length from multipassing of the 
FIR laser beam, the enhanced sensitivity of the output power to 
losses (absorption) in the cavity due to nonlinear response of the 
gain medium, and the higher densities of clusters which could be 
used in an unskimmed supersonic beam. Using this technique, 
termed "intracavity FIR laser electric resonance spectroscopy", 
the measurements of three of the lowest vibrational levels of 
Ar-HCl-the II(j=l) bend (34 an-'), the Z(j=l) bend (24 an-'), 
and the intermolecular stretching vibration (32 cm-')-were 
completed by Robinson et al.30 This data set proved sufficient 
to unambiguously conclude that the IPS for Ar-HCl possesses 
a double minimum, answering the lingering question that was 
raised by Hutson and Howard 10 years before.26 Hutson3I s u b  
sequently fit the new FIR-VRT data and a measurement of the 
binding energy obtained from infrared vibrational predissociation 
measurements by Howard and Pine to an anisotropic IPS, denoted 
H6(3). The spectroscopic efforts leading to the development of 
the H6(3) surface have been reviewed by S a ~ k a l l y . ~ ~  The de- 
termination of this surface and those of other rare gas (Rg)- 
hydrogen halides and Rg-H2 systems has been reviewed by 
H~tson. '~  

Ar-HCl has become the prototype for understanding inter- 
molecular forces and VRT dynamics in 2-dimensional system 
with moderate anisotropy. Systems with very weak anisotropy 
are better compared with the Rg-H2 clusters, which have been 
studied in the near-infrared r e g i ~ n . ~ ~ , ~ ~  Anticipating the subse- 
quent content of this review, a consideration of the dynamics of 
the VRT levels of Ar-HCl is highly instructive. We begin by 
constructing a basis consisting of the free rotor wave functions 
of the HCl monomer and a series of stretching eigenfunctions from 
a suitable 6-12 potential. In this basis, the first two excited 
bending vibrations are labeled Z(j=1) and rI(j=l), where the 
letters Z and II denote levels that correlate to m, = 0 and m, = 
f l  of the free rotor wave function, respectively. The isotropy of 
space is broken by the presence of the argon, and the mI com- 
ponents of the j = 1 free rotational state of HC1 become quantized 
along the z axis of the cluster. Since Ar-HCl is the first system 
for which extensive VRT measurements were obtained, a variety 
of different labeling schemes for the VRT states has been used. 
Much of the literature on Ar-HCl and related system is written 
in terms of the standard linear triatomic notation (nl,  n j ,  n3) for 
the VRT states, where nl refers to the monomer stretch, n$ the 
intermolecular bend, and n3 the van der Waals stretch. This 
labeling system is not incorrect, but it conveys the idea that some 
of the usual rigid rotor-harmonic oscillator ideas are useful and 
appropriate for the discussion of the VRT states when, in fact, 
they are not. 

The nature of the Ar-HC1 IPS, as determined from the VRT 
spectroscopy, has been discussed by H u t s ~ n . ~ ' . ~ ~  Both of the 
relevant attractive forces, viz. induction and dispersion, favor the 
linear geometry in the orientation Ar-HC1 but are essentially 
isotropic at other orientations, favoring neither the perpendicular 
geometry nor the inverted linear geometry Ar-ClH. The sec- 
ondary minimum that is present in the Ar-HCl IPS at the inverted 
linear geometry (Ar-ClH) results from the weakening of the 
repulsiue forces at this orientation. Hutson has rationalized this 
effect as resulting, in turn, from the electron-withdrawing effect 
of the hydrogen atom. This effect also explains the decrease in 
the difference in well depths between the primary and the sec- 
ondary minimum found in the series Ar-HF (85 an-'),% b H C 1  

(25) Hutson, J. M. Adv. Mol. Yib. Collision Dynamics 1991, 1 ,  1 .  
(26) Hutson, J. M.; Howard, B. J. Mol. Phys. 1982,45,769; 1981,43.493. 
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Phys. 1985,83, 4924. 
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1987,87,5149. Robinson, R. L.; Gwo, D.-H.; Saylrally, R. J. J.  Chem. Phys. 
1987, 87, 5156. Robinson, R. L.; Gwo, D.-H.; Ray, D.; Saykally, R. J.  J .  
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Feature Article The Journal of Physical Chemistry, Vol. 96, No. 3, 1992 1027 

Microwow 
Swrcr  

12-75 OH21 

Amplifier ri PDP I 1/53 

Figure 1. Berkeley tunable far-infrared laser spectrometer. 
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Figure 2. C W  planar supersonic jet  design. 

(35 ~ m - ’ ) , ~ ~  Ar-HBr ( 5  cm-’)17-the hydrogen withdraws less 
electron density from the highly electronegative F atom than it 
does from the much less electronegative and more polarizable C1 
and Br atoms. From the Ar-HCl IPS and from subsequent studies 
of other systems, it has become apparent that the anisotropy of 
intermolecular forces results from the combination of both at- 
tractive and repulsive forces and that consideration of only the 
attractive forces is not sufficient if one is attempting to generate 
an approximate model for the IPS. The competition between 
attractive and repulsive forces is discussed in more detail later 
on with respect to its effect on the VRT dynamics of Ar-H20 
and Ar-NH3. 

Tunable Far-Infrared Laser Spectroscopy 
Only 2 years after the initial FIR-VRT spectroscopy studies 

of Ar-HCl, and while the measurements of the Z bend and the 
intermolecular stretch were barely off to the publisher, Busarow 
et al.35 combined a versatile new tunable far-infrared laser system 
(Figure 1) with a CW planar supersonic expansion (Figure 2), 
which provided an exceptionally intense source of clusters. This 
combination has proven to be as sensitive as and much more 
versatile than either of its electric resonance predecessors. In the 
past 4 years since the concatenation of these two technological 
advances, far-infrared VRT spectra of at least 13 clusters (not 
counting isotopomers) have been measured, involving more than 
60 different VRT bands (Table I). Experimental IPS’S have been 
developed from these data for the simplest clusters. IPS’S for the 
more complex systems can be expected in the near future, as more 
powerful computational methods capable of efficiently treating 

(34) Nesbitt, D. J.; Child, M. S.; Clary, D. C. J.  Chem. Phys. 1989, 90, 

(35) Busarow, K. L.; Blake, G. A.; Laughlin, K. B.; Cohen, R. C.; Lee, Y. 
4855. 

T.; Saykally, R. J. J.  Chem. Phys. 1988, 89, 1268. 

TABLE I: Clusters for Which Ground-State VRT Spectra H8ve Been 
ObQeWCd 

cluster ref ~ 

36-41 
42 
43 
44 
45 
46 
47-5 1 
41, 52-54 
55, 56 
57 
28-30, 35, 58, 59 
60 
61 
62, 63 
64, 65 
66-69 
70 
71 
72 
73 
74 
75 

the multidimensional intermolecular dynamics are developed. 
The tunable far-infrared laser and the CW planar jet have been 

described in detail e l s e ~ h e r e ; ~ ~ * ’ ~ * ~ ~  hence, only a brief overview 
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of these systems is given here. The tunable far-infrared (TFIR) 
laser was introduced independently by Bicanic et a1?8 and by 
Fetterman et al.'9 in 1978. Sisnificant improvements in the design 
of a FIR gas laser by Mansfield and co-workers80 led to the 
development of a much more powerful and general TFIR source 
by Farhoomand and Pickett.8l Also, the essence of the experi- 
ment, viz. the Schottky diodes which are used as the mixing device, 
has been fabricated with greatly improved conversion efficiency 
and operating bandwidth since the initial work TFIR lasers. The 
most recent advances in diode performance and design are de- 
scribed by Crowe et a1.82 The current state of the art of TFIR 
laser technology is reviewed by Blake et al.'7 The mast important 
features of the currently used laser design are as follows; (1) high 
spectral resolution, ca. 10 kHz, which is significantly less than 
the few hundred kilohertz pressure and Doppler broadening ob- 
tained in the CW planar jet; (2) high sensitivity, fractional ab- 
sorptions of 1 part in 106 can routinely be measured, and (3) broad 
tunability in the range 300-3000 GHz (10-100 an-'), with some 
coverage at higher frequency. 

The CW planar jet described by Busarow et a1.35,76 is a con- 
ceptually simple design, requiring only a pair of carefully machined 
plates to form the planar orifice and to seal against the nozzle 
body and a high throughput pumping system. Planar expansions 
offer significant advantages relative to the more commonly used 
pinhole expansions. These include increased path length, reduced 
Doppler width, and increased cluster densities. We employ a 4.0 
X 0.001 i n2  nozzle, expanding a 0.5-1.0-atm mixture of gases 
(usually 95% argon) into a vacuum chamber maintained at a 
pressure of 100-150 mTorr by a 2500 cfm Roots blower pumping 
system. Experiments at frequencies ranging from the microwave 
to the UV83-85 have since been performed using the CW planar 
jet more or less as described by Busarow et aLSs The pulsed planar 
nozzle introduced by Nesbitt and Lovejoy,86 which does not require 

Cohen and Saykally 

(64) von Puttkamer, K.; Quack, M.; Suhm, M. A. Mol. Phys. 1988,65, 

(65) Quack, M.; Suhm, M. A. Chem. Phys. Lett. 1990, 271, 517. 
(66) Blake, G. A,; Busarow, K. L.; Cohen, R. C.; Laughlin, K. B.; Lee, Y. 

(67) Blake, G. A.; Bumgarner, R. E. J.  Chem. Phys. 1989, 91, 7300. 

1025; 1987, 62, 1047. 

T.; Saykally, R. J. J. Chem. Phys. 1988,89, 6577. 

(68) Moazzen-Ahmadi, N.; McKellar, A. R. W.; Johns, J. W. C. Chem. 

169) Moazzen-Ahmadi. N.: McKellar. A. R. W.: Johns. J. W. C. J. Mol. 
Phys. Lett. 1988, 151, 318. 

Spectrosc. 1989, 138, 282: ' 

(70) Juch,  K. W.; Miller, R. E. 1. Chem. Phys. 1988,88,6157. 
(71) Wofford, B. A,; Ram, R. S.; Quinonez, A.; Bevan, J. W.; Olsen, W. 

B.; Lafferty, W. J. Chem. Phys. Lett. 1988,152,299 and references therein. 
(72) Kolenbrander, K. D.; Dykstra, C. E.; Lisy, J. M. J.  Chem. Phys. 1988, 

88, 5995. 
(73) Berry, M. T.; Brustein, M. R.; Lester, M. I.; Chakravarty, C.; Clary, 

D. C. Chem. Phys. Lett. 1991, 178, 301. 
(74) McKellar, A. R. W. Manuscript in preparation. 
(75) McKellar, A. R. W. J. Chem. Phys. 1990,92, 3261. McKellar, A. 

R. W. Astrophys. J. Lett. 1988, 326, L75. 
(76) Busarow, K. L. Ph.D. Thesis, University of California, 1990. 
(77) Blake, G. A,; Laughlin, K. B.; Cohen, R. C.; Busarow, K. L.; Gwo, 

D.-H.; Schmuttenmaer, A.; Steyert, D. W.; Saykally, R. J. Rev. Scimlnstrum. 
1991,62, 1693. Blake, G. A.; Laughlin, K. B.; Cohen, R. C.; Busarow, K. 
L.; Gwo, D.-H.; Schmuttenmaer, A.; Steyert, D. W.; Saykally, R. J. Reu. Sci. 
Instrum. 1991,62, 1701. 

(78) Bicanic, D. D.; Zuidberg, B. F. J.; Dymanus, A. Appl. Phys. Lett. 
1978, 32, 367. 

(79) Fetterman, H. R.; Tannenwald, P. E.; Clifton, B. J.; Fitzgerald, W. 
D.; Erickson, N. R. Appl. Phys. Lett. 1978, 33, 151. 

(80) Mansfield, D. K.; Horlbeck, E.; Bennett, C. L.; Chouinard, R. Inr. 
J. Infrared Millimeter Waws 1985, 6, 867. 

(81) Farhoomand, J.; Pickett, H. M. Int. J. Infrared Millimeter Waues 
1987, 8, 441. 

(82) Peatman, W. C. B.; Crowe, T. Inr. J. Infrared Millimeter Waues 
1990, I I ,  355. Seidel, L. K.; Crowe, T. Int. J. Infrared Millimeter Waues 
1989, 10. 779. Titz, R. V.; Roser, H. P.; Schwaab, G. W.; Neilson, H. J.; 
Wood, P. A.; Crowe, T. W.; Peatman, W. C. 8.; Prince, J.; Deaver, B. S.; 
Alius, H.; Dodel, G. Int. J. Infrared Millimeter Waues 1990, 11, 809. 

(83) Bumgarner, R. E.; Blake, G. A. Chem. Phys. Lett. 1989. 161, 308. 
(84) Wang, 2.; Bevan, J. W. J. Chem. Phys. 1989, 91, 3335. 
(85) Chang, B.-C.; Yu, L.; Cullin, D.; Rehfuss, B.; Williamson, J.; Miller, 

T. A.; Fawzy, W.; Zheng, X.; Fei, S.; Heaven, M. C. J. Chem. Phys. 1991, 
95, 7086. 

Coordinate System 

I 

I 
I 

2" 
2' 
I 
I 

2' 

V(R, OA 7 0, t e B ,  $ 8 ,  X )  

F i e  3. Jacobi coordinates for the interaction of two polyatomic 
molecules. 

such a high throughput vacuum system, has also proven very 
successful. The powerful combination of a GaAs Schottky diode 
based TFIR laser and a CW planar jet is now employed by at 
least three research groups which are actively pursuing mea- 
surement of VRT spectra of van der Waals clusters. A fourth 
group, headed by Professor K. Leopold,60 is utilizing CW planar 
jet technology in combination with an alternative method for 
generation of TFIR radiation based on mixing CO, radiation in 
a metal-insulator-metal (MIM) diode. Table I summarizes the 
ground-state VRT studies of complexes that have been made as 
of this writing, using tunable far-infrared laser spectroscopy and 
other techniques. 

Cour8ionaI Relaxation and Coordinate Systems of Clusters 
Before turning to a discussion of the specific systems studied 

by VRT spectroscopy, it is useful to consider some general aspects 
of cluster formation in supersonic expansions and to specify a 
coordinate system for use in the subsequent discussions. The rata 
of cooling obtained in supersonic jets are not uniform for different 
degrees of freedom. It is well-known that the rapid cooling op 
erative in a supersonic expansion allows bottlenecks in relaxation 
processes to create nonequilibrium distributions of population in 
the different VRT states of monomers and of clusters. While 
rotations are found to be nearly equilibrated with the low 
translational temperature of the beam, high-frequency monomer 
vibrations are cooled less effectively and nuclear spin states are 
not cooled at all. Nuclear spin is thus essentially frozen in at the 
room temperature thermal distribution. This was first shown by 
Beck et al.8' for the benzene monomer and has since been discussed 
by Nelson et a1.8* and by others with specific reference to molecular 
clusters. The nuclear spin bottleneck prevents relaxation of excited 
rotational states with different nuclear spin than the ground state 
from relaxing into that state, regardless of the energy difference. 
For example, even in 1 K beams, a substantial fraction of Hz 
molecules remain in the j = 1 (ortho) rotational level although 
it is 60 cm-I above the true j = 0 ground state. Similarly, both 
ortho and para forms of H20 and NH3 are found with room 
temperature abundances in cold beams, although nearly 20 an-' 
separates the lowest ortho and para levels of these species. During 
an expansion, the different spin conformers of the monomers may 
associate to form distinguishable spin states of clusters. For 
instance, the H20 dimer is formed in the para-para, para-ortho, 
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Figure 4. Correlation diagram showing (a) free rotation, (b) weakly 
hindered internal rotation and (c) one possible near rigid limit for a 
complex containing H20.  

ortho-para, and ortho-ortho forms. Typically, these different 
forms are observed in the statistical ratios expected from the room 
temperature abundance of ortho and para molecules. This need 
not be the case, since the binding energy (thermodynamics) and 
the kinetics of formation and destruction of different spin con- 
formers of a given cluster are not necessarily the same. 

Throughout this work we choose to describe the complexes 
under study with a set of generaked Jacobi wrdinates (scattering 
coordinates). The Jacobi coordinates appropriate for a complete 
description of the dynamics of any complex composed of two 
interacting polyatomic fragments in their ground vibronic states 
consist of five angles and a single distance. These are shown in 
Figure 3. The R vector joins the centers of mass of the two 
interacting monomers, pointing from molecule A toward molecule 
B, and defines the weak bond axis; BA and OB are the angles 
between R and an appropriate symmetry axis in each monomer, 
4A and 4B describe rotation of each monomer about these sym- 
metry axes relative to a well-defined reference orientation, and 
x = xA - xB is the dihedral angle between the symmetry axes. 
For complexes composed of atoms or linear molecules, some of 
these coordinates may be defined to be zero at all relative ori- 
entations. For trimeric and higher clusters, variations on this 
scheme will be employed. 

H2O-Coatriniag Clusters 
Weakly bound clusters containing the water molecule are of 

enormous interest because of the obvious importance of water in 
a wide array of contexts. It is therefore not surprising that the 
exact H2*H20 pair potential and effective pair potential of water 
molecules in the bulk have been the subjects of literally thousands 
of studies. The IPS corresponding to water interacting with other 
molecules will also be useful in the development of a detailed 
understanding of intermolecular forces. For example, the in- 
termolecular forces between water and nonpolar molecules are 
important in the famous "hydrophobic effect". The molecular 
interpretation of this phenomenon is the subject of continuing 
debate, which could perhaps be settled if the relevant Ips's were 
known precisely. 

TFIR laser spectroscopy has been applied to several H20- 
containing systems. The simplest of these is the atom-molecule 
complex Ar-H20, for which sufficient VRT ~ p e c t r a ~ ~ ~ * * ~  have 
been obtained to allow an accurate IPS to be generated exclusively 
from the spectroscopic dakW91 The structurally more complex 
systems N2-H20,42 CO-H20,43 CH4-H20,44 C3HB-H20145 

(89) Fraser, G. T.; Lovas, F. J.; Suenram, R. D.; Matsamura, K. J.  Mol. 

(90) Cohcn, R. C.; Saykally, R. J. J .  Phys. Chem. 1990, 91, 7991. 
(91) Cohen, R. C.; Saykally, R. J. J.  Chem. Phys., to be submitted for 

Specrrosc. 1990, 144, 91. 

publication. 

19 cm-1 64 
Figure 5. Computer-generated stick spectrum showing all nine bands of 
Ar-H20 which have been observed by TFIR laser spectroscopy. The 
intensities assume a 5 K beam and normal relative intensities within each 
band. The different bands are scaled by the transition moments com- 
puted from a preliminary revision of the A w l  IPS (ref 91). 

NH3-H20,46 and H20-H2@7-51 have also been studied by FIR- 
VRT spectroscopy, although not in such great detail. 

In F i e  4, we show a melation diagram depicting the relative 
energies of the VRT states associated with internal rotation of 
H 2 0  as a function of the magnitude of the anisotropy in the 
interaction potential. As the anisotropy is increased from zero 
(Figure 4a), the initial effect is the breaking of the (2j + 1) spatial 
degeneracy of the free rotational energy levels of the monomer 
by the large internal fields present within the complex. This 
situation is depicted in Figure 4b and is pertinent for discussion 
of the Ar-H20 complex, as well as for all other H20-containing 
complexes with moderate anisotropy. Additional increase in the 
anisotropy of the IPS causes substantial mixing of the different 
internal rotor levels j ,  such that the internal rotor quantum 
numbers are no longer good labels for the states and a tunneling 
or vibrational language becomes more appropriate. One of the 
several possible energy level diagrams appropriate for the strongly 
anisotropic case is shown in Figure 4c. 

k H 2 0  A Prototype for 3-Di"W VRT Dynamics. The 
most detailed VRT spectra among these clusters exist for k H 2 O .  
The interaction of a nonpolar sphere, e.g. argon, with water has 
been considered to be a useful model of the forces associated with 
hydrophobic effects (see ref 37). This cluster is also a simple 
prototype for developing a detailed understanding of intermolecular 
forces in multidimensional complexes. It is the first system with 
more than two van der Waals degrees of freedom for which 
extensive VRT spectra have been obtained. These data have been 
used in the development of an accurate and detailed experimental 

The spectra indicate that Ar-H20 has an equilibrium 
bond length of about 3.6 A and that the H 2 0  is nearly freely 
rotating within the complex. 

Twelve difference VRT levels, corresponding to the I:(Ooo), the 
I: and II components of the &I), (Ilo), (111) ,  and (212) internal 
rotor states, the fundamental intermolecular stretch n = 1,2(&), 
and the stretching internal rotor combination levels n = 1, I:(lol) 
and n = 1, II( lol) of the normal isotope have been fully char- 
a ~ t e r i z e d . ~ ~ - ~ ~  A calculated stick spectrum of all of the observed 
bands of Ar-H20 is shown in Figure 5 ,  and an energy level 
diagram for states bound by more than 30 cm-' is shown in Figure 
6. States with k,kc = even are para and with k,kc = odd are 
ortho. Electric dipole selection rules permit only ortho-ortho and 
para-para transitions. The intermolecular vibrations are labeled 
by n, the number of quanta of stretching excitation, which, for 
simplicity, we omit when n = 0; s2 = 2, II, A, ..., the projection 
of the total angular momentum (and identically, the projection 
of internal angular momentum) on the pseudodiatomic axis; and 
j ,  the free rotor level of the H20 monomer to which the internal 

I 
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Cohen and Saykally" developed an adaptation of the collocation 
method, introduced for scattering and spectroscopic calculations 
by Yang and Peet,93-% for the efficient calculation of the eigen- 
values in 3-dimensional systems. This eigenvalue subroutine was 
then embedded in a least-squares loop and used to directly fit the 
VRT data to a model IPS. The resulting IPS was denoted Awl .  
This fit provided the first unambiguous evidence of strong an- 
gular-radial coupling in this system. The orientation of the 
potential minimum on the AW1 surface is at B = 55", the linear 
hydrogen-bonded configuration, when the intermolecular sepa- 
ration is larger than 3.8 A. At short intermolecular separations 
(R < 3.3 A) the potential minimum on this IPS is at B = 180°. 
This is a large change in the orientation of the potential minimum 
(angular-radial coupling), and it occurs precisely in the region 
of the IPS sampled by the first two radial wave functions. As 
a result, internal rotation and the van der Waals stretching motions 
are not even approximately separable. Strong angular-radial 
coupling had already been invoked in analysis by Cohen et al." 
of the effective radial potentials sampled by the different internal 
rotor levels of Ar-H20. However, the evidence was only an 
indication of the presence of angular-radial coupliig and was not 
unequivocal. In the course of fitting the experimental data to a 
full 3dimensional IPS, the energy of the 2(ll1) state was observed 
to be strongly dependent on the anisotropy in the position of the 
radial minimum of the IPS. Calculations on the f d  IPS, denoted 
A w l ,  predicted that this state would be observed at different 
orientations about 100 GHz (3.3 cm-I)  above its companion the 
II( 1 I )  state. This contradicts the predictions which are arrived 
at by assuming that all states sample the same effective radial 
surface. On Hutson's effective angular surfaces92 and on other 
more detailed purely angular surfaces which have been adjusted 
to reproduce some of the additional experimental data which have 
since been obtained, the 2( 1 11) state is always predicted to be 
below the II( 1 state. The 3-dimensional predictions thus provide 
an opportunity for testing the importance of angular-radial 
coupling in the IPS. 

Direct mea~urements~~ of FIR VRT transitions to the 2 and 
II( 1 J, the Z and 11(212) internal rotor states, and the n = 1, 
II( lo') stretching-internal rotor combination state obtained since 
the development of the A w l  surface confirm the conjecture that 
angular-radial coupling in the IPS is large; in fact, the already 
substantial coupling in the AW 1 surface was actually found to 
be too small. The 2(111) band is measured to be 3.8 cm-' above 
II(1 11), an additional 0.5 cm-' higher than the prediction. Analysis 
of the Coriolis effects in the 1'' internal rotor levels establishes 
that the Z(ll l)  eigenstate is a nearly 65:20 mixture of that basis 
state and the n = 1 Z(Ooo) basis state with additional contribution 
from more highly excited states. Similarly, 2(212) is shown to 
be very strongly mixed with n = 2 Z(lol). Inspection of the wave 
functions obtained from full 3-dimensional quantum calculations 
using the collocation method confirms the conclusions of the 
Coriolis analysis?' 

In addition to this new FIR data from our lab, several other 
studies of Ar-H20 have been completed since the development 
of the AW1 IPS: Lascola and Ne~bitt '~ have measured infrared 
combination differences establishing the relative energy of J = 
1, 2(lol) and J = 1, Bl,  II(l,,J, which was not available from 
direct FIR measurements, to be 11.3333 (3) cm-'--only 0.1 cm-' 
from Cohen and Saykally's predictiongo on the AW 1 surface. Two 
different internal rotor transitions in para-Ar-D20 and one such 
transition in Ar-HDO have been studied by Suzuki et a1.40 Zwart 
et al.41 have studied an additional two internal rotor transitions 
in or theArD20.  The dipole moments and nuclear quadrupole 
coupling constants of the complex in the 2(Ooo) and 2( lo') states 
have been measured by Fraser et aLS9 

The Ar-H20 IPS extracted from this new collection of VRT 
spectra is described at length in a forthcoming paper?I In brief, 
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Figure 6. VRT states of Ar-H20 (cm-I). 

rotor state most nearly correlates. Individual components of the 
il # 0 states may also be labeled by the full rovibrational sym- 
metry of the state in the PI symmetry group of the cluster. For 
Ar-H20 and Ar-D20 this group is isomorphic to Ch; for Ar- 
HDO it is isomorphic to c,. The FIR-VRT spectra of Ar-H20 
are extremely intense. The strongest lines in the II( lol) - Z( lol) 
band are easily okrved with a signal-tenoise ratio of 20 0oO using 
a 300-ms RC time constant. This S/N is about 20 times better 
than in our original survey of the region.36 Several improvements, 
including using a multipass cell to increase the absorption, a longer 
nozzle (4.0 in. vs 1.5 in.), and more efficient Schottky diodes, 
contribute to this overall increase in sensitivity. The strong FIR 
spectrum is in dramatic constrast to the microwave pure rotational 
spectrum, which is extremely weak k - 0.1 D] and was observed 
by Fraser et aLS9 only after the FIR spectra were available as a 
guide. 

Analysis of the VRT spectrum of Ar-H20 using a hindered 
internal rotor model was first suggested by Hutson?2 Hutson 
used the first two VRT bands measured by Cohen et to 
develop a model for the effective angular IPS of Ar-H20. This 
model relied on the assumption that all four states involved sample 
an identical effective radial surface. A series of different angular 
potentials were developed which were consistent with the measured 
vibrational frequencies. Analysis of Coriolis effects in these four 
states and the relative intensities of the two VRT bands by Cohen 
et al.37 suggested that the most likely surface in Hutson's series 
was one that has a planar equilibrium structure with the Ch axis 
of water oriented perpendicular to the van der Waals bond axis. 
In a recent study, a h e n  and S a y k a l l ~ ~ ~  presented a more complete 
analysis of the Coriolis effects in these and the other VRT states 
of Ar-H20, verifjing that the four states used by Hutson do indeed 
sample nearly identical radial potential surfaces. However, strong 
angular-radial coupling was shown to affect nearly every other 
eigenstate of the molecule. These conclusions were subsequently 
verified by accurate calculations of the VRT wave functions on 
the 3-dimensional IPS. 

The additional measurement of the intermolecular stretching 
vibrations in the para manifold [n = 1, 2(0&2(Om)] and in the 
ortho manifold [n  = 1, 2(lol)-2(lol)] provided sufficient data 
for the development of a full 3-dimensional intermolecular IPS. 
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Figure 7. (a, top) Preliminary IPS for Ar-H20: contours for argon 
constrained to move in the plane of the water (4 = 0). (b, bottom) 
Angular dependence of the preliminary IPS for the argon atom fixed at 
3.6 A from the center of mass of the water molecule. See the text for 
more complete description of the coordinates. Energy is indicated in cm-' 
measured from 0.0 at the lowest dissociation threshold. 

the anisotropy in the IPS for Ar-H20 is shaped by the same 
competition between attractive and repulsive anisotropies that 
governs the structure of the Rg-HX potentials. Both the attractive 
and repulsive anisotropies are maximized at the orientation Ar- 
HO, the linear hydrogen-bonded geometry. The anisotropic 
repulsive forces are sharp1 localized about the hydrogen atoms 

surrounding the oxygen. The anisotropic attractive forces are more 
slowly varying functions of orientation. Because the attractive 
forces are not as sharply peaked as the repulsive forces, the po- 
tential minimum occurs as near to the hydrogen atom as the 
repulsive forces allow, viz. 8 - 90'. A preliminary version of the 
new IPS is shown in Figure 7. The three intermolecular coor- 
dinates are the vector from the center of mass of the water to the 
argon (R), the angle of this vector with respect to the C, axis 
of H 2 0  (e), and an angle describing the rotation of the H 2 0  
monomer about its C, axis (4). 8 = 0 is chosen to be the ori- 
entation with the argon closest to the hydrogen atoms and on the 
C, axis. 4 = 0 is defined as the geometry where all four atoms 
are coplanar. The IPS has a broad minimum extending from the 

which protrude about 0.3 K beyond the spherical repulsive forces 

v(HOH) = 592 GHz 
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Figure 8. Energy level diagram and the measured transitions in H 2 M 0  
(ref 55). 

linear hydrogen-bonded geometry (8 about 5 5 O )  to orientations 
where the H20 C, axis is perpendicular to the van der Waals bond 
axis (8 = 90') and even beyond to 8 = 120'. At values of R 
beyond the reach of the exponentially decaying repulsive inter- 
action, the minimum in the surface occurs at the orientation at 
which the argon approaches along the OH bond. At this orien- 
tation the attractive forces are maximized. The usual concept 
of hydrogen bonding, viz. acidic proton seeking nonbonded electron 
pairs, is thus followed by the long-range interactions, while re- 
pulsive forces induce a reorientation as distances near the van der 
Waals minimum are approached. 

H 2 M 0  and H20-N2. Bumgarner et al. have studied VRT 
spectra of the complexes of water with N242 and with the iso- 
electronic species C0."3 The observed spectra correspond to the 
K, = 1 - 0 rotation-tunneling transitions of a near-prolate 
symmetric top. The energy level diagram for the H(D),O-CO 
transitions is shown in Figure 8. The results for N2-H20 are 
similar, although they are complicated by the presence of addi- 
tional tunneling states associated with the permutation-inversion 
symmetry of the two equivalent nitrogen nuclei. The anisotropic 
forces in these systems are much greater than those in the Ar-H20 
complex due to the presence of electrostatic interactions (e.g. 
dipole-quadrupole), of many more anisotropic dispersion terms, 
and because the cylindrically shaped diatomic molecules have more 
structure in the repulsive wall than does the spherical argon atom. 
As a result, the internal motion of the H20 molecule is much more 
strongly hindered. In combination with the microwave spectra 
obtained by Yaron et al?7 and by h u n g  et a1.,98 these FIR-VRT 
spectra have been used to derive structural and dynamical con- 
straints to the motion of the H20  and to estimate the equilibrium 
structure of the complexes. These data have been interpreted with 
a model that assumes a nearly planar complex and interchange 
of the hydrogens by a tunneling path localized in the plane. Both 
clusters are observed to exhibit hydrogen-bonded equilibrium 
geometries, with the three heavy atoms and one hydrogen arranged 
in a nearly linear configuration. Interestingly, the equilibrium 
structure in H 2 W 0  is not completely linear. The evidence 
presented by Yaron et al.97 based on their microwave study is 
further supported by FIR spectroscopy, indicating that the C-HO 
bond has an equilibrium angle of about 1 1 O .  Bumgarner et al.43 
obtain the tunneling frequencies in H 2 W 0  and in D20-C0 as 
16.7 and 1.0 GHz, respectively, assuming that they are inde- 
pendent of K,. It is interesting to note that these tunneling 

(97) Yaron, D.; Peterson, K. I.; Zolandz, D.; Klemperer, W.; Lovas, F. J.; 

(98) bung,  H. 0.; Marshall, M. D.; Suenram, R. D.; Lovas, F. J.; Klem- 
Ruenram, R. D. J. Chem. Phys. 1990,92,7095. 
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signment and the observation of the microwave spectrum. The 
spectrum apparently evidences internal rotation of the H 2 0  within 
the cluster. 

NH3-HZO. Along with the water dimer and the HF dimer, 
NH3-HzO is one of the textbook examples of hydrogen bonding. 
Microwave spectra of this complex were fmt obtained by Herbine 
and using MBER methods. They deduced that the 
equilibrium structure of the complex is a linear hydrogen-bonded 
geometry, with the water monomer acting as a Lewis acid and 
ammonia as a Lewis base. Stockman et ale4 have observed a series 
of 10 VRT transitions corresponding to internal rotation of the 
NH3 subunit about its C, axis within the complex. Two different 
families of VRT spectra are observed, corresponding to the NH3 
bound to both ortho and to para H20. Preliminary analysis of 
the data indicates a barrier of less than 25 cm-I for NH3 internal 
rotation, with a most probable value of 10.5 f 5 cm-'. The H 2 0  
tunneling barrier is close to 700 f 100 cm-'. In agreement with 
high-level ab initio theory, they find a nonlinear equilibrium 
structure, with a N-O-H angle of 10-13'. 

H20-H20. The water dimer system is without a doubt the most 
important of all weakly bound binary complexes. High-resolution 
study of the water dimer began in 1974, when Dyke and Muen- 
terlW measured pure rotational transitions in this species. The 
equilibrium structure of the molecule has been shown to be close 
to the classical linear hydrogen-bonded structure, with a hydrogen 
atom from one water pointed at a lone pair on the other. Per- 
mutation tunneling of the four hydrogen atoms gives rise to a 
complicated rotation-tunneling energy level structure. The group 
theoretical analysis of the splittings was fmt described by Dyke.lol 
However, the lack of an adequate theoretical model for estimating 
the tunneling splittings prevented the observation and assignment 
of the rotation-tunneling spectrum of this molecule for more than 
10 years. The assignment of a-type rotation-tunneling transitions 
by Dyke and co-workerslo2 and by Coudert et al.lo3 along with 
theoretical studies by HougenlW provided the impetus for sig- 
nificant advances in our understanding of the hydrogen permu- 
tation tunneling within this molecule. These experiments con- 
finned the existence of the tunneling motions, which had previously 
only been assumed to be present. The tunneling splittings mea- 
sured in the microwave studies of the water dimer range from 0.5 
to 0.7 cm-l. Analysis of these spectra and the FIR data described 
below by Coudert and H o ~ g e n ' ~ ~  has established that the water 
dimer executes hydrogen permutation tunneling motions by at 
least four different dynamical pathways. These tunneling paths 
affect the energy level patterns of states with different symmetries 
in a complex manner. In some cases, the tunnelings interfere 
CONJttllctively to give a large splitting, while in others they interfere 
destructively to give a small splitting. 

FIR spectra were critical to determining the A rotational 
constant and the size of the largest tunneling interaction constant 
(denoted hh) in the water dimer. Measurement of perpendicular 
K, = 2 - 1 rotation-tunneling transitions at 22 cm-' by Busarow 
et al!' provided the fmt direct experimental information on these 
quantities. These transitions measured are indicated in Figure 
10. They occur among levels of A2 and B2 symmetry in K,, = 
1 and K, = 2. The R(4) B2+ line of these spectra is shown in 
Figure 11. Su uent measurement of K, = 1 - 0 transitions 

separation of the effects of the rotation about the A axis of inertia 
from the extremely facile h4, tunneling motion. Zwart et 

by Fraser,l& Hu,' 9 and Z ~ a r t ~ ~  and their *workers allowed the 

t 

Frequency (cm") 

Figure 9. Assigned portion of the CH4-H20 spectrum. 

frequencies are about the same as those associated with donor- 
acceptor interchange in the water dimer and its fully deuterated 
isotopomer. These authors interpret the tunneling frequencies 
to indicate a barrier to the hydrogen interchange motion in 
H 2 M 0  of about 220 cm-'. 

CH.,-HzO md C3H8-H20 Model Hydrophobic System. The 
interaction of hydrocarbons with water affords an opportunity to 
investigate important aspects of the hydrophobic effect which are 
not manifested in the interaction of water with the nonpolar argon 
atom. For example, the dependence of the IPS on the orientation 
of the hydrogens of methane and propane should provide specific 
insights into the nature of the repulsive forces operating between 
longer chain hydrocarbons and water. FIR-VRT spectra of the 
CH4-H20 and the C3H8-H20 complexes have been obtained by 
Cohen et al." and by Steyert et al!5 The IF% of methane-water 
provides an interesting opportunity to investigate the importance 
of highsrder electrostatic contributions (e.g. dipole-octupole and 
dipole-quadrupole interactions) to the IPS. These electrostatic 
forces are not present in the interaction of argon with water and 
are so weak that they are typically neglected in studies of more 
strongly bound systems, such as the water dimer or the HF dimer. 
They are, of course, the lowest nonzero contribution to the at- 
tractive forces in H 2 M H 4 .  

Cohen et al." have observed and assigned six different VRT 
bands of CH4-H20 in the region from 18 to 18.5 cm-'. A stick 
spectrum of the rotationally assigned lines is shown in Figure 9, 
wherein the intensities are not normalized to any experimental 
variables. Several other features of the spectrum are easily as- 
signed as isolated P, Q, or R branches which belong to CH4-H20. 
Perturbations either in the energy level patterns or in the intensities 
prevent assignment of these other bands at this time. The high 
density of VRT transitions in the spectrum of CH4-H20 results 
at least in part from the population of three different nuclear spin 
states of CH4 in the jet (A, E, and F symmetry levels corre- 
sponding to thej = 0,1, and 2 rotational levels). It is not difficult 
to imagine that the already rich spectrum of Ar-H20 shown in 
Figure 5 may become much more dense and complicated when 
the spherical argon atom is replaced by methane. In addition to 
the factor of 3 increase in the total number of lines from the three 
symmetry levels of CHI, methane is not spherically symmetric, 
and the coupling of the internal angular momentum of CH4 with 
that of HzO in the presence of the IPS leads to even further 
complexity. Unraveling the relationship of the observed spectra 
to the IPS is a challenging task that has only just begun. 

The FIR-VRT spectrum of the C3H8-Hz0 complex is also 
extremely dense. Over 400 lines have been observed by Steyert 
et al!5 in the region from 500 to 750 GHz. Rotational assignment 
of the complicated spectrum has been accomplished using a newly 
developed method for measuring the Stark effect with the TFIR 
laser/CW planar jet system and through the use of microwave 
combination differences. The Stark effect measurements aided 
in making absolute J assignments, thus facilitating the final as- 
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interconversion. Tunneling splittings associated with the inter- 
change on the proton acceptor contribute on the order of 6 cm-l 
(180 GHz) to the observed splittings. The other tunneling 
splittings contribute less than 1 cm-I: approximately 0.66,0.05, 
and 0.05 cm-I, respectively. The initial theoretical models of 
Coudert and Hougen assumed that only the first two of these 
motions were relevant, based on analogy to (HF)2109 and using 
the model water dimer IPS of Reimers, Watts, and Klein 
(RWK2)Il0 as a guide to understanding likely dynamical pathways 
and barriers to rearrangement of the hydrogens within the 
molecule. The permutation associated with the hh tunneling 
constant is thought to be the interchange of the two hydrogens 
on the hydrogen bond acceptor. Coudert and HougenIo5 have 
suggested that this tunneling occurs, not by internal rotation of 
the acceptor about its C, axis, but by a more complex path which 
involves downward motion of the hydrogen bond acceptor, through 
a configuration in which it is coplanar with the hydrogen bond, 
and the simultaneous internal rotation of the hydrogen bond donor. 
A similar pathway has been invoked to describe tunneling in 
methylamine."' The barrier to the simpler internal rotation of 
water about its C, axis is on the order of lo00 cm-' on the RWK2 
IPS. This is too high to be consistent with the size of the observed 
tunneling splitting. On this same potential, the methylaminetype 
motion is hindered by a barrier of about 130 cm-'.Il0 Smith et 
a1.112 have presented ab initio calculations of the barriers on the 
water dimer IPS. These authors find the barrier to methyl- 
amine-type motion to be 200 cm-' and the lowest barrier to do- 
nor-acceptor interchange to be 300 cm-l. This second barrier 
is much lower than the 800-cm-' barrier to donor-acceptor in- 
terchange identified by Coudert and Hougen on the RWK2 
surface. Even if we assume that the ab initio calculations could 
underestimate the barriers by 10096, the disagreement between 
a high-quality empirical surface and high-quality ab initio theory 
is still very large. The empirical potential substantially overes- 
timates the barrier at this geometry. Clearly, much work remains 
to be done in order to clarify the nature of the permutation 
tunneling in the water dimer. 

Isotopomers of (H20)2 have also been studied in the microwave 
r e g i ~ n , ~ ' ~ J l ~  providing various dynamical constraints on the IPS 
through varying one or more of the masses and measuring the 
effect on the tunneling splittings. In (D20), the tunneling splittings 
are reduced by an order of magnitude from those of the fully 
protonated isotopomer, viz. from 15-20 to 0.9-1.1 GHz.II4 In 
the FIR region, Zwart et a12O have measured two K, = 2 - 1 
bands in (D20)*. As in (H20),, these bands allow determination 
of the A rotational constant and the h4 tunneling splitting. In the 
ground state of (D20), all the splittings are sufficiently small to 
justify the use of the high barrier limit model of Coudert and 
Hougen. 

Intermolecular vibrations of the water dimer are predicted to 
lie above 100 cm-l-a  region of the spectrum which has not yet 
been explored using laser-based methods because of inadequate 
sensitivity. Taking advantage of state of the art detector tech- 
nology, Pugliano et ale5' have measured a C-type torsional vibration 
in (D20)2 at 85 an-', possibly corresponding to the lowest vibration 
in the methylaminelike tunneling coordiite. The donoracceptor 
interchange tunneling splittings increase in the upper vibrational 
level by about a factor of 12, and there is a significant contribution 
from interamversion tunneling without interchange. This suggests 
that the tunneling coordinates are strongly coupled to the vi- 
brational coordinate and that the VRT spectra thus provide a 
significant dynamical constraint to the IPS in several coordinates. 
In any case, this work constitutes the first detailed study of an 
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Figure 10. Rotation-tunneling energies of (H20)2 (ref 59). 
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Figure 11. R(4) B2+ line of the K, = 2 - 1 band of the water dimer (ref 
59). 

have also measured some transitions in the K, = 2 - 1 band which 
were not found in the work of Busarow et al!' In the fit of 
Coudert and Hougen,Io5 the A rotational constant is determined 
to be 196 GHz and hh is determined to be -50 GHz. The 
spectroscopic results have been reviewed by Fraser.Io8 

The complexity of the multidimensional intramolecular dy- 
namics has thus far precluded any direct understanding of the 
relationship of the VRT spectra to the IPS for (H,O),. However, 
assuming that all tunneling barriers are large compared to the 
tunneling splittings, Coudert and Hougenlo5 have developed a 
model that provides some insight into the intermolecular dynamics. 
They have fit all of the available VRT data to a model that 
includes several different types of tunneling splittings. It should 
be noted that the large hh splitting suggests that the high barrier 
approximations of ref 105 may not be sufficiently accurate to 
describe the intermolecular dynamics in the vibrational ground 
state. In excited VRT states it is virtually assured that this 
approximation will be inadequate, thus requiring development of 
new dynamical methods. 

The four different tunneling motions implicated in the analysis 
of Coudert and HougenIos are (1) the interchange of hydrogens 
on the proton acceptor, (2) geared interconversion of the roles 
of donor and acceptor, (3) antigeared interconversion of the donor 
acceptor roles, and (4) interchange of the hydrogens on the hy- 
drogen bond donor and on the hydrogen bond acceptor without 
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intermolecular vibration in the important water dimer system. 
Hopefully, more will soon follow. 

NH,-Contnining Clusters 
Many ammonia-containing dimers have been studied by 

Klemperer and ~ e w o r k e r s ~ ' ~  in the microwave region. Contrary 
to the initial expectations and to intuition developed from the study 
of the liquid-phase behavior of ammonia and amines, ammonia 
does not act as a hydrogen bond donor in any known gas-phase 
dimer. Even in (NH3)2, Nelson et a1.Il6 have shown that there 
is no apparent tendency for either monomer to point a hydrogen 
at the lone pair of its partner. This is an extraordinary result which 
demands that we rethink the basic concept of hydrogen bonding. 
Experimental Ips's for dimers containing NH3 are a natural 
starting point for attempts to understand and explain the apparent 
differences in behavior between liquid-phase ammonia and am- 
monia as a binding partner in gas-phase dimers. 

Ar-NH,: Effects of Inversion Motions on Intermolecular Po- 
tentials. The microwave spectrum of Ar-NH3 was first inves- 
tigated by Fraser et al.II7 and by Nelson et a1.,"8 who reported 
the observation of a large number of transitions for this cluster 
in the vicinity of the free NH3 inversion frequency. This is the 
only NHpxntaining cluster for which evidence of umbrella in- 
version within the cluster has been presented. In all other systems, 
the inversion tunneling is apparently quenched. Nelson et al.Il8 
were able to assign pure rotational transitions of Ar-NH3 in the 
ground ZOO(-) state but did not assign the rotation-inversion 
spectrum until quite recently.54 However, on the basis of the 
unassigned clump of lines near 20 GHz and the observed rotational 
spectrum, these authors concluded that NH3 was nearly freely 
rotating and inverting within the complex. This has since been 
confiied by measurement of FIR-VRT spectra. In the fmt such 
work, Gwo et aLS2 measured the Zl0(+) - ZOO(-) transition at 
26.5 cm-'. 

The labeling scheme used for the internal rotor-inversion levels 
used is analogous that described above for Ar-HCl and &H20. 
The levels are labeled by n, the number of quanta in the stretching 
coordinate; Q, the projection of the total angular momentum on 
the van der Waals bond axis; and jk(+ or -), the symmetric top 
internal rotor-inversion level to which the state most nearly 
correlates in the freely rotating and inverting limit. The (+) or 
(-) refers to the symmetric or antisymmetric inversion tunneling 
level, respectively. Schmuttenmaer et al.53 have measured the 
Illo(+) - ZOO(-) transition at 16.3cm-' and the van der Waals 
stretching vibration [n = 1, ZOO(-) +- ZOO(-)] at 34.3 cm-I, as 
shown in Figure 12. These spectra were necessary to unam- 
biguosly assign the vibration observed by Gwo et al.52 because 
the strong mixing between the Elo(+) internal rotor state and 
the n = 1, ZOO(-) stretching level resulted in conflicting evidence 
regarding the assignment of the bending transition. 

Schmuttenmaer et aLS3 were able to 'deperturb" these states 
by using information from nuclear quadrupole hy-perfme constants 
to deduce values for their properties in the absence of angular- 
radial coupliig. These properties were then used in a simultaneous 
fit to data for the ZOO(-), IIlo(+), and Zl0(+) states to obtain 
an effective angular potential [ V(6,#)] for the Ar-NH3 cluster 
averaged over the ground-state radial wave function. The first 
two potential constants could be determined from the available 
data, and a range of reasonable values for the third was established. 
The data place limits on the range of effective potentials for the 
coordinate (e) which specifies the relative orientation of the van 
der Waals bond and the C,, axis of NH,. The NH3 monomer 
prefers to be oriented such that its symmetry axis is nearly per- 
pendicular to the van der Waals bond axis. However, the available 
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Figure 12. Ar-NH3 energy levels and the observed transitions (ref 65). 

data are relatively insensitive to the second internal angle, which 
specifies the angle of internal rotation of the NH3 about its C3, 
axis within the complex. The experimental potential model was 
constrained to be isotropic in this coordinate. Independently, 
Zwart et al.54 completed an assignment of the rotation-inversion 
spectrum and measured FIR transitions among the j ,  = 11(+/-) 
states of Ar-NH3. These states are of E symmetry and are not 
connected by electric dipole transitions to those measured by 
Schmuttmnaer et and Gwo et a1.,52 which are of A symmetry. 
A similar fit to obtain an effective angular surface was performed 
by these authors, and a nearly identical description of V(19,4) was 
obtained. 

High-level ab initio calculations of an extensive array of points 
on the 3-dimensional IPS of Ar-NH, [V(R,O,#)] have been 
computed by Chalisinski et al.'19 In another effort, Bulski et al." 
have computed the IPS for Ar-NH3 by combining ab initio 
calculation of the long-range induction and dispersion tems with 
a determination of the short-range repulsive forces by a fit to ab 
initio calculation of the Heitler-London interaction energy on a 
grid of 360 points. This procedure produces a global repmentation 
of the interaction potential that is similar to the one employed 
in empirical fitting procedures. Bulski et al. have computed the 
IPS at several different values of the NH3 umbrella angle. For 
NH3 fixed at its equilibrium geometry, these two different cal- 
culations amve at roughly similar IPS'S. However, the calculation 
of Bulski et al. produces an absolute well depth that is about 25% 
deeper. This may be an indication that the anisotropic dispersion 
energies from this calculation are more reliable. The minimum 
on the ab initio Ips's occurs at the nearly perpendicular geometry 
confimed by experiment and at an orientation such that the argon 
lies on a bisector of two NH bonds. Both calculations suggest 
that the repulsive anisotropy has considerable structure in the 4 
coordinate, reflecting substantial penetration of the hydrogens 
beyond the spherical electron distribution of the monomer. Ex- 
perimental surfaces which do not explicitly include terms which 
represent this repulsion, such as those presented by Schmuttcnmaer 
et may only fortuitously reproduce the data. On the other 
hand, the ab initio surfaces are not capable of reproducing the 
experimentally determined VRT energies or expectation values. 
This may be due to an overestimation of the contribution of 
anisotropic repulsive forces near the minimum, an undereatimation 
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of the contribution of anisotropic dispersion forces, or perhaps 
both. van Bladel et a1.I2' have attempted to modify the ab initio 
potential of Bulski et al." to improve agreement with experiment 
by adopting a single scaling parameter for the anisotropic re- 
pulsion. This adjusted surface is in much better qualitative 
agreement with experiment, suggesting that the ab initio surface 
doaf provide a useful starting point for the development of an IPS 
which accurately models the experimental data. Schmuttenmaer 
et al. have since measured additional VRT transitions from which 
a quantitative 3dimensiod surface is currently being extracted'22 
with the use of the collocation method. 

NH3-NH3: A Hydrogen-Bondiag Aaomrly. The rotational 
spectrum of the ammonia dimer was first observed by Nelson et 
al.1169123 Nelson and K l e m ~ e r e r ' ~ ~  then used permutation-in- 
version group theory to establish that 10 different symmetry 
tunneling sublevels exist in this complex. However, only two sets 
of pure rotational transitions would be expected to occur among 
states of G symmetry. All other transitions within the ground 
vibrational level obey rotation-tunneling selection rules and thus 
occur at higher frequencies. The pure rotational transitions ob- 
served by Nelson et al. were assigned to 4-fold degenerate VRT 
states of G symmetry. The interpretation of the results of Nelson 
et al. has been particularly controversial, as they establish a 
structure for the dimer which does not exhibit a hydrogen bond. 
Nuclear quadrupole hyperfine coupling constants in several dif- 
ferent isotopomers have been used to show that the two subunits 
are on the average inequivalent, with their C3, axes oriented at 
angles of 49" and 115O with respect to the van der Waals bond 
axis (R). 

Although the isotope data obtained by Nelson et al. make it 
seem quite unlikely that vibrational averaging is responsible for 
the observation of a non-hydrogen-bonded structure in this 
molecule, Liu et al.125 and others126 initially challenged the in- 
terpretation of the microwave spectra by Nelson et al., suggesting 
that such averaging does indeed cause the apparent structure to 
deviate significantly from the equilibrium value. More recent ab 
initio calculations127 have found the structure proposed by Nelson 
et al. to be a global minimum. This structure has been rationalized 
by some as being a doubly hydrogen bonded structure. 

The complex nature of the hydrogen permutation tunneling in 
(NH3)2 has not yet been characterized. Two types of permutations 
are thought to be involved: (1) the interchange of the roles of 
the two inequivalent NH3 subunits and (2) exchange of the 
positions of hydrogens on the individual NH3 monomers by C3 
rotation about the monomer symmetry axis (or its equivalent). 
These permutations may occur in the complex via one or more 
dynamical pathways. No reliable estimates of the splittings as- 
sociated with these motions are available from either theory or 
experiment. Nelson et al. suggested the tunneling splittings oc- 
curred at frequencies above 30 GHz, since no unassigned tran- 
sitions attributed to (NH3)2 were observed in either MBER or 
FTMW experiments. 

Havenith et al:5 have measured transitions to the lowest excited 
intermolecular vibrational level of NH3 dimer, near 20 cm-'. Six 
different VRT subbands were measured, which sample all of the 
different symmetries which are predicted by group theory. The 
symmetry assignments of some of these transitions have since been 
reassigned by Loeser et a1.56 The energy level differences obtained 
in this work are shown in Figure 13 with the corrected symmetry 
labels, Two of the transitions have been identified as originating 
in the G ground states observed by Nelson et al. and one in a K, 
= 1 G state while the others are assigned to states of A and E 
symmetry. These spectra raise some interesting questions re- 
- 
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Figure 13. VRT levels observed in (NH3)2 (ref 67). 

garding the unusual dynamical behavior of this molecule. For 
example, if the fmt excited vibrational level of the complex  occur^ 
at 20 cm-I, then how large is the tunneling splitting in this same 
coordinate? The spectra of Havenith et al. only begin to char- 
acterize the many different VRT splittings in the ground and the 
first excited states of the complex. They do not sample enough 
common states to determine any of the tunneling splittings. 
Additional data obtained by h e r  et al.56 and by Zwart4' contain 
enough common levels to establish the relative energies of several 
K, = 0 and 1 levels. At the time of this writing, seven different 
K, = 1 - 1 transitions have been observed out of the eight which 
are expected. The measured separation between the lowest K, 
= 1 and K, = 0 levels ranges from 190 to 290 GHz and is clearly 
much larger than the value (130 GHz) estimated from the 
structural A rotational constant. This implies a significant con- 
tribution to the K, = 1 energies from VRT dynamics. h e r  et 
al. have also presented a complete mapping of the K, = 0 and 
K, = 1 and some of the K, = 2, u = 0 and u = 1 G state levels. 
These G state spectra demonstrate the complete breakdown of 
assumptions based on a high barrier tunneling limit, such as that 
used successfully by Coudert and Hougen to describe (H20)2 
intermolecular dynamics. Transitions which are forbidden in the 
high bamer limit are observed to be quite strong. Unfortunately, 
the absence of a suitable dynamical model has thus far precluded 
a detailed understanding of (NH3)2 and its spectra, although the 
wealth of data provided by Loeser et al. should stimulate new 
efforts in this direction. 

HX-Containing Clusters (X = F, Cl, Br, CN) 
Rare Gas-Hydrogen Halides. The measurement of the FIR- 

VRT spectrum of Ar-HC128-30q32p35 and the subsequent deter- 
mination of the H6(3) IPS from this data by Hutson31 were 
discussed above. Since the development of the H6(3) IPS, the 
Ar-HCl spectrum has been more extensively studied. Busarow 
et al.35 measured the Z(/=1) vibration in a CW planar jet using 
the TFIR laser. The n(j-1) bend has been reinvestigated by 
Leopold et al.58 in a CW planar jet, and McKellar et al.59 have 
measured FT-FIR spectra of Ar-HCl formed at equilibrium in 
a cooled multipass cell. Hutson3I has predicted that a second set 
of bending transitions correlating to the j  = 2 internal rotor level 
should be observable. These states would provide the most new 
information about the IPS, but to our knowledge they have not 
yet been searched for in the FIR region. 

In the FIR region, the only other rare gas-HX system studied 
in detail is Ar-HBr. Firth et a1.60 observed the II(j=l) transition 
nearly exactly at the frequency predicted by Hutson" using an 
IPS extracted solely from microwave rotational data. Hot bands 
assigned to the intermolecular stretching vibrations of A r H F  and 
Kr-HF have been measured in the near-infrared spectra by Fraser 
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and Pine.55 By utilizing these spectra along with the measurement 
of the van der Waals stretch-HF chemical bond stretch combi- 
nation band observed by Lovejoy and Nesbitt,130 the ground-state 
stretching frequency of Ar-HF is established to be 38.6863 an-'. 
Very recently, the Ar-HF complex has also been observed in the 
FIR region by Leopold and co -~orke r s .~~  

The most extensive studies of a series of the rare gas-HX 
clusters are the near-infrared measurements of Nesbitt and co- 
workers, who have measured VRT spectra built on the HF (DF), 
and HCI (DCl)128-133 chemical bond stretches of these species 
clustered with He, Ne, and Ar. The spectra are rich in information 
about the anisotropy in the intermolecular potential and the 
coupling of the bound van der Waals VRT levels on the u = 1 
IPS to the dissociative continuum on the u = 0 IPS. Experimental 
potentials have been derived only for A ~ - H F ( u = ~ ) ~ ~  and for 
Ar-HCl(o= 1),134 although others are no doubt forthcoming. The 
Ar-HF surface was determined using the rotational RKR method 
of Child and N e ~ b i t t , ' ~ ~  which relies on the approximate sepa- 
rability of the angular and radial degrees of freedom. This ap- 
proximation may hold for Ar-HF but has been shown to fail 
markedly in several other similar complexes in which the repulsive 
sphere surrounding the hydrogen atom penetrates beyond that 
of the heavy atom (viz. APHC~,~' Ar-H20,37*38*90*91 A P N H ~ ~ ~ ) .  
The Ar-HCl(u= 1) surface has been extracted by H ~ t s o n ' ~ ~  from 
the experimental data of Lovejoy and N e ~ b i t t ' ~ ' , ' ~ ~  in a fit similar 
to the one performed for A~-HC~(U=O),~' and the resulting 
surfaces are nearly identical. The complex is bound 1.6 an-' more 
strongly in the vibrationally excited state at an equilibrium bond 
distance 0.01 A longer than in the ground state. An ab initio 
surface has been computed for Ne-HF, and the VRT spectrum 
has been calculated on this surface.136 The qualitative agreement 
of prediction on the ab initio IPS with experiment indicates that 
it has an anisotropic component which approximately reflects the 
essential physics in the cluster. However, the binding energy on 
the ab initio IPS has been shown to be roughly 30% too shallow, 
and a rigorous experimental determination of the IPS which would 
permit a detailed analysis of the accuracy of the ab initio IPS has 
not yet been presented. 

AI-HCN. Fraser and Pine137 have measured the fundamental 
intermolecular bending vibration of Ar-HCN in the near-infrared 
region in combination with the CH stretching vibration. The bend 
was observed to be 7.79 cm-I above the CH stretching band of 
the cluster. This same intermolecular vibration has recently been 
observed at 6.07 cm-' by Cooksy et al. built on the ground vi- 
brational state of the monomer.61 These observations are in rough 
agreement with the prediction made by Leopold et al.,138 who 
estimated the bending frequency to be 10 cm-I based on analysis 
of the unusual isotope shifts and large size of the centrifugal 
distortion in the ground state. Leopold et al. have also suggested 
that the Ar-HCN complex exhibits strong angular-radial cou- 
pling, since the argon can approach much closer to the center of 
mass from the side of the molecule than from an end-on direction. 
Calculations by Mladenovic and B a ~ i c ' ~ ~  on an ab initio surface 
provided by Dykstra140 also evidence the strong effects of angu- 
lar-radial coupling. However, these authors compute the bending 
vibration to lie 12.5 cm-I above the ground state, indicating that 
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Figure 14. (a, top) Calculated stick spectrum of the mixed bend/stretch 
band of Ar2-HCl and (b, bottom) the 313 - h2 line from that band (ref 
73). 

the ab initio surface is too steep in the bending coordinate. 
Calculations by Clary et al.14' predicting the first ?r bend to be 
at about 6.6 cm-l are in better agreement with experiment. 

Ar2-HC): A Direct Probe of ThreBody Forces. Three-body 
forces clearly make important contributions to the properties of 
solids and liquids. However, there is virtually no experimental 
information which provide accurate constraints on the sizes, shapes, 
or sources of these forces. Recent efforts by Chalisinski et al.3J42 
to calculate threebody forces by ab initio techniques are consistent 
with the notion that there are many contributions to them which 
fortuitously cancel to give a net effect which is small. These 
calculations show explicitly that the success of the Axilrod-Teller 
expression6 in reproducing the effective form of three-body in- 
termolecular forces is due to such a fortuitous cancellation of many 

(141) Clary, D. C.; Dateo, C. E.; Stoecklin, T. J .  Chem. Phys. 1990,93, 
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different types of three-body interactions. 
Intermolecular VRT spectra have been assigned for only two 

trimers, Ar2-HCl and (HF)3.87 which is discussed below. Ar2-HCl 
is of particular interest since the pair potentials for argon dimer143 
and Ar-HCl" are both accurately known. Extraction of the 
three-body forces operating in this cluster can proceed by de- 
termining the difference between the experimental 5-dimensional 
IPS and the sum of the pairwise forces. Elrod et al:3,64 have 
observed two of the low-lying VRT states of Ar2-HCl at 37.2 and 
39.5 cm-l above the ground state. These measurements constitute 
a powerful demonstration of the sensitivity of the TFIR laser/CW 
planar jet apparatus. Over 400 VRT lines have been assigned, 
many with resolution of quadrupole hyperfine structure, as shown 
in Figure 14. 

Ar2-HCl was first identified by Mots et al.'" using a Fourier 
transform microwave spectrometer. In its ground state, this cluster 
is T-shaped, with the hydrogen of HCl pointing toward the center 
of the line connecting the argons. Ar2-HC1 has five intermolecular 
degrees of freedom (R, p, x, O,c$). As in other raregas complexes 
with hydrides, the anisotropy in the IPS is expected to break the 
(2j + 1) spatial degeneracy of each free rotational level of the 
monomer, but not to extensively mix them with other internal rotor 
levels. Six low-lying intermolecular vibrations are expected: the 
AI-Ar stretch (p), the (Ar2)-HCl stretch (R), the (Ar2) bend (x), 
and three bending levels (e, c$), associated with the j  = 1 internal 
rotor level of the HCl monomer. The three HC1 bending levels 
have been denoted the parallel bend, in-plane bend, and the 
out-of-plane bend by Hutson et al.145 The parallel bend correlates 
to the mj = 0 component of the j = 1 internal rotor state, and 
the other two bends are linear combinations of mi = +1 and m, 
= -1. The calculations of Hutson et demonstrate that the 
VRT spectrum of the complex depends strongly on the nature of 
the three-body forces which contribute to the IPS. However, the 
dynamical approximations employed by Hutson et al. have been 
shown by the experimental study of Elrod et aLU to be too severe, 
as was suggested by Hutson et al. themselves. 

The measured VRT spectra are assigned to the parallel bend63 
and to a state which is an admixture of in-plane bending, one or 
more of the stretching motions, and perhap the (Ar2) bend.@ This 
second VRT band evidences strong coupling among the different 
intermolecular coordinates. It strongly suggests that a fully 
coupled 5-dimensional solution to the Schrodinger equation is 
necessary to accurately compute the spectra on a trial IPS. 
Analysis of 35Cl and 37Cl spectra allows a detemhtion of whether 
the HCl points toward or away from the argon pair in the excited 
states. In the excited parallel bending state, the hydrogen points 
away from the argons. This is analogous to the result obtained 
for Ar-HCl, where the ground state samples the primary minimum 
at the linear hydrogen-bonded geometry and the Z(j= 1) bending 
level samples the secondary minimum, with the hydrogen pointing 
away from the argon atom. In the mixed bend/stretch state the 
hydrogen points toward the argons, as it does in the ground state. 
Despite the difficulties of interpreting the specifics of the VRT 
dynamics, it is clear that the spectra do probe the three-body forces 
in the Ar2-HCl IPS at an unprecedented level of detail and 
precision. A rigorous characterization of the three-body forces 
must await the determination of the full 5-dimensional IPS for 
this system, however. 
(HF),: A Prototype for Hydrogen Bond Tunneling Dynamics. 

(HQ2 was first studied by Dyke et a1.14 and has served as a model 
for understanding hydrogen permutation tunneling dynamics ever 
since. The molecule is observed to have a nearly linear hydro- 
gen-bonded structure, with the axis of the hydrogen bond acceptor 
tilted 60' from the hydrogen bond. In the ground vibrational state, 
the tunneling associated with exchanging the donoracceptor roles 
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causes a 0.7-cm-' splitting. VRT spectra of the HF dimer have 
been collected by Quack et al.64,65 using a FTIR spectrometer in 
the range 100-550 cm-'. A complex spectrum was observed, only 
parts of which have been assigned thus far. The assigned subbands 
include two transitions terminating in the K, = 3 level of the geared 
interchange vibration (also called the disrotary in-plane vibration 
and the trans bending vibration) at 275.4 and 157.1 cm-' 64 and 
two subbands terminating in the out-of-plane torsional mode at 
399.78 and 400.75 ~m- ' :~ The geared interchange vibration 
corresponds to excitation in the same coordinate as that which 
descrik the permutation tunneling. Dayton et al.147 have provided 
a precise determination of the binding energy of the cluster, Do 
= 1062 f 5 cm-'. This is a useful constraint for determination 
of an experimental IPS, since most VRT spectra are only weakly 
sensitive to the absolute well depth. 

There has also been a considerable theoretical effort aimed at 
developing an IPS for the HF dimer and at understanding the 
dependence of the IPS on the intramolecular coordinates. Much 
of this work has been reviewed recently by Truhlar.'" Theoretical 
studies of this tunneling motion by Bunker et al.,149 using an ab 
initio potential surface, have provided a qualitative explanation 
for the variation of the tunneling splitting as a function of K,. 
These calculations indicate that the ab initio surface represents 
much of the physics of the interaction correctly. However, the 
agreement is far from quantitative. An empirical IPS has been 
presented by Barton and Howard,lW based on a fit to some of the 
early microwave results. Much more data have been acquired 
since the development of this surface, and it is an opportune time 
to consider developing an experimental IPS from the available 
VRT data. We note, in this respect, the recent efforts of Marshall 
et al.,lS1 who have calculated accurate eigenvalues on an ab initio 
surface, using close-coupling methods. This 4-dimensional cal- 
culation is too expensive to be embedded in a least-squares routine 
at this time, but it will serve as a benchmark for testing the 
accuracy of more efficient methods. In another effort, Quack and 
Suhm65 have calculated a few VRT eigenvalues on a model surface 
using quantum Monte Carlo techniques. 
(Ha),. (HC1)2 has a structure similar to that of the HF dimer, 

except that the nonbonded hydrogen is oriented at an angle of 
90' to the hydrogen bond. The HC1 dimer is also much more 
weakly bound; the binding energy has been measured by Howard 
and Pine to be 430 f 22 cm-1.152 As a result, interchange 
tunneling in this molecule is vastly more facile than in the HF 
dimer. Blake and B ~ m g a r n e r ~ ~  have directly measured the 
splitting associated with this motion to be 15.48 cm-'-more than 
10 times the 0.7-cm-' splitting in (HF)2. The rotation-tunneling 
spectrum of the HC1 dimer in its ground state has been studied 
by Blake et al.,& who measured K, = 1-K, = 0 rotation-tunneling 
spectrum at 26 cm-I ,  and by Moazzen-Ahmadi and c+workers,6* 
who reported higher K transitions. Analysis of the complex hy- 
perfine structure, such as that shown in Figure 15, by Blake et 
a1.66 established that the A rotational constant is about 7.5 cm-' 
and that the complex is planar to within 10'. The only van der 
Waals vibration thus far studied in this cluster is the out-of-plane 
torsional mode, observed by Moazzen-Ahmadi et al.69 near 165 
cm-' with FIR methods. 

An extensive ab initio effort to understand the structure and 
dynamics of HCl dimer has also been mounted.lS3 This work 
has included calculation of the interaction energy at many points 
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F i p e  15. Hyperfine structure in the rotation-tunneling spectrum of (HC1)2 (ref 76). 

on the surface and computation of the K, dependence of the 
tunneling splittings on that surface. The ab initio calculations 
are less successful at predicting the tunneling dynamics than in 
the HF dimer because of the more significant coupling among 
the different intermolecular degrees of freedom and the low (-70 
cm-l) barrier to tunneling. 
(HCN)* pad HCN-HF. HCN dimer and HCN-HF are also 

simple models for hydrogen bonding. Both molecules adopt a 
linear structure as expected for hydrogen-bonded dimers. They 
have three intermolecular vibrations-two doubly degenerate bends 
and a stretching vibration. Jucks and MiUer70 have measured the 
van der Waals stretching fundamental in the HCN dimer by 
infrared combination differences to be 40.751 cm-’. In the CH 
stretching excited state the van der Waals stretching frequency 
is 40.552 cm-’. Hot bands assigned as originating in the two 
different bending vibrations of this complex have been observed, 
but these have not been tied to the ground state by measurement 
of combination bands, and the VRT frequencies remain unknown. 
All of the fundamental vibrations of the related complex, HCN- 
HF, have been obtained by a combination of laser and Fourier 
transform spectroscopies through the work of Bevan and co- 
workers7’ as well as others. The three intermolecular modes are 
assigned as the intermolecular stretch, 168.2 cm-I, and two in- 
termolecular bends at 550.03 and 78.58 cm-’. 
(HF),. The HF trimer is a cyclic hydrogen-bonded cluster. 

In elegant double-resonance experiments, Kolenbrander et aL7* 
have measured two torsional VRT bands of the HF trimer. These 
are the overtone of the in-plane torsion at 940.5 (2) cm-’ and the 
in-plane, out-of-plane torsional combination band at 954.5 (2) 
cm-I. These experiments were interpreted by comparison with 
an ab initio treatment of the intermolecular forces and an ap- 
proximate treatment of the VRT dynamics using the ab initio force 
field. The model calculations predict infrared-active torsional 
fundamentals at 491 and 568 cm-I. 
Clmters of Reactive Species 
Free radicals and molecular ions are the species which determine 

the course of most chemical reactions. However, because of their 
extreme reactivity, relatively little is known about these species. 
Even less is known about the intermolecular forces which govern 

their behavior in condensed phases. Few experiments have been 
capable of providing information about intermolecular forces in 
clusters of reactive species. In recent work, Lee and co-work- 
ers154-1s8 have studied the high-frequency intramolecular vibrations 
of isolated mass-selected clusters, including species of the forms 
H+(H2o)n, H+(NHJn, H+(H2O)n(NH3)m, and H+(HJn* The 
spectra for the smallest of these system were obtained with partial 
rotational resolution, allowing some structural information to be 
obtained. By far the most extensive experimental studies of 
clusters containing a reactive molecule are those of AroH.”J5”6s 
Less detailed spectra of Ne4H,’66 
have also been reported. Radical-containing clusters such as these 
exhibit unusual quantum numbers and angular momentum cou- 
pling. Dubernet et have described the angular momentum 
coupling in clusters of an atom with a linear radical, showing how 

and 

(154) Price, J. M.; Crofton, M. W.; Lee, Y. T. J.  Chem. Phys. 1989,91, 

(155) Yeh, L. I.; Okumura, M.; Myers, J. D.; Price, J. M.; Lee, Y. T. J.  

(156) Okumura, M.; Yeh, L. I.; Lee, Y. T. J. Chem. Phys. 1985,83,3750; 

(157) Okumura, M.; Yeh, L. I.; Myers, J. D.; Lee, Y. T. J.  Chem. Phys. 

(158) Okumura, M.; Yeh, L. 1.; Myers, J. D.; Lee, Y. T. J .  Phys. Chem. 

(159) Berry, M. T.; Brustein, M. R.; Adamo, J. R.; Lester. M. I. J .  Phys. 

(160) Berry, M. T.; Brustein, M. R.; Lester, M. I. Chem. Phys. Lett. 1988, 

(161) Berry, M. T.; Brustein, M. R.; Lester, M. I. J .  Chem. Phys. 1989, 

(162) Beck, K. M.; Berry, M. T.; Brustein, M. R.; Lester, M. I. Chem. 

(163) Berry, M. T.; Brustein, M. R.; Lester, M. I. J .  Chem. Phys. 1990, 

(164) Fawzy, W.; Heaven, M. C. J .  Chem. Phys. 1988,89, 7030. 
(165) Fawzy, W.; Heaven, M. C. J .  Chem. Phys. 1990, 92,909. 
(166) Lm, Y.; Kulkami, S.; Heaven, M. C .  J .  Phys. Chem. 1990,94,1720. 
(167) Heaven, M. C. Private communication. 
(168) Lin, Y.; Heaven, M. C. J.  Chem. Phys. 1991 ,  94, 5765. 
(169) Dubernet, M.; Flower, D.; Hutson, J. M. J.  Chem. Phys. 1991,94, 

2749. 

Chem. Phys. 1989, 91, 7319. 

1988,88,79. 

1986,85,2328. 

1990, 94, 3416. 

Chem. 1988, 92, 5551. 

153, 17. 

90, 5878. 

Phys. Lett. 1989, 162, 203. 

92, 6469. 

7602. 



Feature Article 

to develop a qualitative description for the energetic8 and intensities 
of VRT transitions in these complexes and how to relate the VRT 
spectra to the anisotropic intermolecular forces. 

Initial investigations of Rg-OH spectra were obtained by la- 
ser-induced fluorescence, in the groups of Lester'5"63 and 
H e a ~ e n . ' ~ . ' ~ ~  VRT spectra in the first excited electronic state 
(AQ) of Ar-OH and Ar-OD were measured in that work. The 
most pronounced features in the spectrum correspond to an ex- 
tended progression in the intermolecular stretching vibration on 
the excited electronic surface. Intermolecular bending vibrations 
built on the electronic transition were also obrved. The extended 
stretching Progreapon results from the large geometry change upon 
electronic excitation. The equilibrium bond length in the ground 
state is about 3.6 A; in the excited state it is nearly 1 A shorter! 
The excited-state surface is also much deeper. Ab initio calcu- 
lations by Degli-Esposti and Werner'7o suggest a ground-state 
binding energy of 70 cm-' and an excited-state binding energy 
of 1095 cm-I. The VRT spectra in the A22 excited state have 
been analyzed by Bowman et aI.l7' They obtain an experimental 
IPS exhibiting an absolute well depth of 1061 an-', in reasonable 
agreement with the ab initio value. The observed data sample 
primarily the Ar-HO geometry, and as a result, the potential is 
not accurately determined at the Ar-OH geometry. These ex- 
perimental spectra have subsequently been extended by Beck et 
a1.'62 to include overtone spectroscopy of M H ( u = 2 ) .  Recent 
experiments by Chang et aLE5 and Schliepen et al.185 have mea- 
sured the electronic spectra at much higher resolution, probing 
both the A-doubling and of the hyperfine interactions within the 
cluster. These properties are a sensitive probe of the VRT wave 
function and will allow a much more accurate characterization 
of the excited-state IPS than was otherwise possible. 

In the most recent experiments, Berry et al.73 have observed 
spectra of several different ground-state (Xzn) VRT levels, in- 
cluding the first four bending levels, the fundamental (n = l), 
and the overtone (n = 2) of the intermolecular stretch and several 
bend-tretch combination levels, by stimulated emission pumping 
(SEP) techniques. These experiments sample an extended region 
of the ground-state surface and should permit a direct fit for the 
purpose of extracting an empirical Ips from the experimental data. 
Bound bending and stretching levels are ok rved  well above the 
ab initio dissociation limit, establishing that the ab initio surface 
of Degli-Esposti and WernerI7O severely underestimates the binding 
energy (at least 30%). The experiments of Berry et al. also show 
that while the ab initio surface is useful for predicting the gross 
features of the spectrum, it only qualitatively represents the an- 
isotropy in the IPS. For example, predictions of the first four 
internal rotor frequencies by Chakravarty and Clary172 on the ab 
initio IPS do predict the correct energy level ordering and ap- 
proximate spacing, but they differ by as much as 20% from the 
experimentally measured energy differences. 

Hydrogen-ContaMg Clusters 
Because of their weak binding energies and the large rotational 

constants of both the monomer and the complex, clusters con- 
taining H2 are spectroscopically unique. Hz clusters are especially 
important in astrophysical modeling of dense clouds and planetary 
atmospheres. The spectra and IPS'S of these clusters have been 
discussed by M ~ K e l l a r , ' ~ ~  Huts0n,3~ Nesbitt,I8 and Hutson and 
L ~ R o ~ , ' ~ ~  among others. McKellar has obtained new spectra of 
Rg-H2 comple~es'~ corresponding t o j  = 2 - j = 0 a n d j  = 3 
-1 = 1 internal rotor transitions of H, within the complex. These 
spectra provide precise constraints with which to improve upon, 
the already highly accurate Rg-H, surfaces of LeRoy and 
H u t ~ 0 n . I ~ ~  Calculations of pressure broadening cross sections on 
these surfaces by Green175 also indicate regions of the surface 
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which can be improved. M ~ K e l l a r ' ~ ~  has also obtained extensive 
spectra of the H2 dimer and various isotopomers. These VRT 
spectra may be compared with the calculations of D a n b ~ , ' ~ ~  on 
the ab initio M80 (H2)2 IPS which has been obtained by Meyer 
et al.'77 Significant discrepancies exist. The extensive data set 
and modem computational methods should permit extraction of 
the IPS for this complex from the available experimental data. 
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Other Systems 
An Ar-C02 intermolecular bending vibration, 27.82 an-' above 

the C02 monomer bending vibration upon which it is built, was 
observed by Sharpe et al.I7* Calculations by Peet" of the Ar-CO, 
VRT spectrum on a potential surface developed by Hough and 
Howard'7g for CO, (oo00) interacting with argon predict the fust 
bending state to be 31.5 cm-' above the ground state. Dai et al. 
have measured extensive VRT spectra of Ar-glyoxal and Arz- 
glyoxal using elegant SEP techniques.'*' Efforts in that group 
are currently under way to extract the full 3-dimensional IPS of 
Ar-glyoxal from the VRT data. 

Conclusiom 
In his 1988 review, NesbitP showed that the number of clusters 

which had been studied by high-resolution spectroscopy has been 
rising exponentially for over 10 years. Most of these data sample 
only in the region of the potential minimum. As a result, the 
interpretation of these spectra in terms of fundamental inter- 
molecular and or molecular properties has not paralleled the 
explosive increase in the available data. The experiments reviewed 
in the preceding pages represent an exciting new opportunity in 
the study of intermolecular forces because they do probe a wide 
region of the IPS with precision and specificity. It is evident from 
the preceding discussion that VRT spectra which sample a suf- 
ficient region of the IPS to allow experimental determination of 
the surface can now be obtained quite routinely using a variety 
of methods. Additional studies employing these methods will no 
doubt be forthcoming. Accurate experimental intermolecular 
potentials have now been determined from VRT data for several 
prototype systems, including Ar-HCI(u=O and 1),3'J34 Ar-HF- 
(u= 1),34 and Ar-Hz0.Ws91 These anisotropic potentials are ex- 
pected to be accurate over the full range of intermolecular co- 
ordinates sampled by the experimental data. In addition, the 
anisotropic potentials for Ar-HC1 and Ar-H20 have been con- 
strained to reproduce long-range attractive forces which are known 
from other experiments. These potentials are expected to be 
accurate at intermolecular separations larger than those sampled 
by the experimental data. IPS'S for more complex systems, such 
as the hydrogen halide dimers, Ar2-HCI, and the dimers of hy- 
drogen, water, and ammonia will no doubt be generated soon. 

In order for this to occur, computational methods capable of 
solving for the eigenvalues of the nuclear motion in systems with 
more than three internal degrees of freedom with both high ac- 
curacy and high eficiency must be developed. Both the collocation 
method90~9'.93-96 and the discrete variable representation 
(DVR)Z'.Z2,'39,182-184 have recently been proposed as possible 
methods for obtaining the eigenvalues of systems with many 
coupled degrees of freedom. These methods have proven to be 
highly successful in the calculation of the eigenvalues associated 
with dynamics in two van der Waals degrees of freedom, viz. 
APHC~,!'~~'~~ APHCN, '~~  and Ar-C02,96 The DVR has been 
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(181) Frye, D.; Dai, H. L. J.  Chem. Phys., submitted for publication. 
(182) Bacic, Z.; Waff, 0.; Light, J. C. J.  Chem. Phys. 1988, 89, 947. 
(183) Bacic, Z.; Light, J. C. J.  Chem. Phys. 1987, 86, 1065. 
(184) Choi, S. E.; Light, J. C. J.  Chem. Phys. 1990, 92, 2129. 
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used in the calculation of dynamics in three dimensioos for 
chemically bound systems.2'.22 The collocation method has the 
considerable advantage that it can incorporate nondirect product 
basis functions such as the spherical harmonics. This aspect of 
the method is exploited in our recent analysis of the Ar-H20 
cluster which exhibits van der Waals dynamics in three dimensions 
(Ref 90 and 91). These computational methods, and perhaps 
others, may permit extraction of many-dimensional IPS'S from 
experimental data when further algorithmic improvements are 
made or faster supercomputers become available. Detailed as- 

(185) Schliepen, J.; Nema, L.; Heinge, J.; ter Meulen, J. J. Chem. Phys. 
Le??. 1990, 175, 561. 

ARTICLES 

sessments of the various contributions to both pairwise and 
many-body intermolecular forces will then become possible, 
perhaps finally leading to the capability to accurately represent 
the structures and dynamics of both isolated clusters and condensed 
phases from first principles computer simulations, employing 
accurate and physically meaningful intermolecular potentials as 
the input. 
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Spectroscopic and ab Inltlo Study of the Interactlon of Molecular Hydrogen with the 
Isolated Slllca Hydroxyls and Related Systems 
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Experimental vibrational data concerning the interaction of dihydrogen with the isolated hydroxyl of amorphous silica are 
compared with the results of ab initio calculations, both HartreeFock and correlated through perturbative technique (MP2). 
Si01 (H8iOH) is chosen to mimic the silica free hydroxyl. Two modes of interaction are considered, one envisaging dihydrogen 
as a proton donor to the oxygen atom in SiOH (structure F), the other as a proton acceptor in a T-shaped structure (structure 
T). Calculated properties are the binding energy, frequencies of vibrational motions in the harmonic approximation, and 
H-H infrared intensity in the doubleharmonic approximation. Both structures are stable. Structure T is more weakly bound 
and has less IR active H-H stretch than structure F, whose calculated features are in better agreement with the experiment. 
Experimental results concerning the bridging hydroxyl of H-mordenite are also reported. Structures F and T are compared 
with the known gas-phase complexes of molecular hydrogen. 

Introduction 
In recent years, Kazansky and co-workers have shown that 

dihydrogen can be efficiently employed in low-temperature IR 
surface studies to reveal pairs of acid-base Lewis sites in aluminas 
and The perturbation suffered by the H2 molecule 
breaks the local symmetry, so rendering its stretching mode IR 
active (the more so the stronger the interaction), and causes a 
red shift of the frequency, which is also a measure of the strength 
of the interaction. In the presence of very strong acid-base pairs 
dihydrogen may break up heterolytically.2 

Dihydrogen also interacts with surface hydroxyls.' Detailed 
studies4 of the interaction of H2 with the free hydroxyl of 
amorphous silica and zeolites, inclusive of the H-H modes, have 
shown that at low coverages a definite adduct is formed. Two 
other cases are known where the interaction of molecular hydrogen 
and silica is instead nonspecific: (i) the perturbation of hydroxyls 
in Vycor glass brought about by hydrogen physisorption, very 
recently studied in the near IR,S which takes place at higher 
coverages than in the previous case; (ii) the trapping of molecular 
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hydrogen by Si02-based fibers, which interferes with their optical 
performances.6 

As silica notoriously exhibits acidic properties only, the in- 
teraction mechanism is probably different from that observed in 
the case of acid-base pairs and is basically still to be understood: 
this is the theme of the present paper. To this purpose, we report 
and discuss both spectroscopic measurements and computational 
results. The systems investigated on the experimental side are 
again the isolated hydroxyl of amorphous silica (denoted hereafter 
SOH) and the closely related bridged hydroxyl in H-mordenite 
[denoted hereafter Si(Al)OH]. The study has been carried out 
at relatively high temperatures (77 K) and low pressures, to avoid 
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