
Determination of the intermolecular potential energy surface for (HCl) 2
from vibration–rotation–tunneling spectra

M. J. Elroda) and R. J. Saykally
Department of Chemistry, University of California, Berkeley, California 94720

~Received 26 October 1994; accepted 5 April 1995!

An accurate and detailed semiempirical intermolecular potential energy surface for~HCl!2 has been
determined by a direct nonlinear least-squares fit to 33 microwave, far-infrared and near-infrared
spectroscopic quantities using the analytical potential model of Bunkeret al. @J. Mol. Spectrosc.
146, 200 ~1991!# and a rigorous four-dimensional dynamical method~described in the
accompanying paper!. The global minimum~De52692 cm21! is located near the hydrogen-bonded
L-shaped geometry~R53.746 Å, u159°, u2589.8°, andf5180°!. The marked influence of
anisotropic repulsive forces is evidenced in the radial dependence of the donor–acceptor
interchange tunneling pathway. The minimum energy pathway in this low barrier~48 cm21! process
involves a contraction of 0.1 Å in the center of mass distance (R) at theC2h symmetry barrier
position. The new surface is much more accurate than either theab initio formulation of Bunker
et al. or a previous semiempirical surface@J. Chem. Phys.78, 6841 ~1983!#. © 1995 American
Institute of Physics.
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I. INTRODUCTION

During the past decade, the investigation of intermole
lar forces via the study of van der Waals complexes has b
greatly advanced by progress in both high resolution mole
lar spectroscopy techniques and the complementary theo
cal methods required to calculate the spectrum from a
intermolecular potential energy surface. In favorable sit
tions, it has been possible to determineexperimentalpoten-
tial energy surfaces by directly fitting spectroscopic data
detailed analytical models of the intermolecular interaction1

In order to invert spectroscopic data to obtain a poten
surface in this fashion, it is necessary to solve the associ
multidimensional intermolecular dynamics problem very a
curately and efficiently such that the calculation of the r
evant eigenvalues and eigenvectors can be placed inside
least-squares fitting loop. The various methods currently
use for this purpose are summarized in recent review2,3

Principally due to limitations in these computational tec
niques~and available computers!, the systems for which suc
calculations have been used in conjunction with least-squ
fitting of high precision spectroscopic data to determine
proved intermolecular potential surfaces~IPS! have been
limited to ~1! rare gas (Rg) pairs

4 ~one intermolecular degre
of freedom!, ~2! Rg–H2 systems,5–7 and Rg–hydrogen
halides8 ~two intermolecular degrees of freedom!, and ~3!
Ar–H2O,

9 and Ar–NH3 ~Ref. 10! ~three intermolecular de
grees of freedom!. Quack and Suhm11 have obtained severa
six-dimensional ~including chemical bond stretch! semi-
empirical IPS for the HF dimer system through fitting ofab
initio points to an analytical model, then adjusting vario
terms in the model to force agreement with several kno
properties of the dimer~dissociation energy, F—F bond dis-
tance, rotational constant! with the use of quantum Monte

a!Present address: Department of Earth, Atmospheric, and Planetary
ences, Massachusetts Institute of Technology, 54-1312, Cambridge,
02139.
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Carlo ~QMC! methods. Most recently, an empirical six
dimensional intermolecular potential for~NH3!2 has been
constructed by van der Avoirdet al. which impressively re-
produces many of the measured spectroscopic propertie12

However, since the latter two studies did not employ dire
least-squares fitting of the data, the reliability of these pote
tial surfaces for~NH3!2 and~HF!2 is not really comparable to
the simpler IPS listed above.

The new direction addressed in the present work is t
extension of the direct least-squares fitting methods to t
determination of interaction potentials that are of genuin
chemical significance. All of the existing rigorously deter
mined potential surfaces involve rare gas atoms and,
though these systems provide important benchmarks a
paradigms, these results are not generalizable to the m
strongly interacting molecular systems. The simplest m
lecular system from the point of view of intermolecular dy
namics is that of a pair of linear molecules, which constitut
a four-dimensional intermolecular dynamics problem~the
coordinate system is depicted in Fig. 1!. In particular, we
address appropriate theoretical techniques for precisely c
culating the vibration–rotation–tunneling~VRT! spectra of
the ~HCl!2 complex in the accompanying paper~which will
be referred to as I!,13 and we turn here to a general discus
sion of this system.

Because hydrogen chloride is a prototypical hydroge
bonding system, its condensed phases have been the su
of extensive experimental investigation through dielectr
properties,14 and nuclear magnetic resonance,15,16 infrared
and Raman,17–23 spectroscopies, and x-ray and neutron di
fraction techniques.24–27More recently, the HCl intermolecu-
lar interaction has been investigated with gas phase exp
mental techniques. The~HCl!2 complex was initially
characterized by unresolved vibrational structure in the infr
red spectrum of the HCl monomer by Rank an
co-workers.28,29 In a related development, Dykeet al.30 used
high resolution molecular beam electric resonance tec
niques in a study of~HF!2, and found that although the

Sci-
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934 M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
hydrogen-bonded equilibrium structure was an L-shap
configuration, quantum tunneling rapidly interchanges t
roles of the hydrogen bond donor and acceptor. This tunn
ing motion results in the splitting of each rotational level in
a symmetric and antisymmetric component, with the sel
tion rules requiring that the transitions result in a change
the tunneling state symmetry. Since the tunneling splitti
provides a very sensitive characterization of the height a
shape of the barrier to donor–acceptor interchange, th
data provide crucial information on the intermolecular pote
tial energy surface, which is the feature of ultimate intere
Although extensive high resolution infrared studies of~HCl!2
were later carried out31 as well as coherent anti-Stokes Ra
man spectroscopy~CARS!,32 similar measurements of the
tunneling splitting for~HCl!2 remained elusive. In the late
1980s, far-infrared laser spectroscopy measurements
the Ka50→1 tunneling subband33 and near-infrared mea-
surements of the tunneling splitting for the mixed dim
~H35Cl–H37Cl!34 finally led to the direct measurement of th
ground state tunneling splitting by far-infrared las
techniques.35 Since that time, Fourier-transform far-infrare
techniques have been used to measure several rotat
tunneling subbands associated with the intermolecular o
of-plane bending vibration,36 and Schuderet al. recently re-
ported extensive near-infrared measurements for~HCl!2
~Ref. 37! and ~DCl!2.

38

The extensive theoretical efforts in the study of th
HCl–HCl interaction can roughly be divided intoab initio
investigations, semiempirical methods which emphasize c
densed phase properties, and the calculation of spectra
signed to test proposed potential energy surfaces~including
ab initio models!. Although most of the previousab initio
calculations were performed at the self-consistent field~SCF!
level,39–42 there have been several recent studies which
cluded the influence of electron correlation.43–45 Other ab
initio calculations have also been carried out at lower lev
of theory to facilitate a global mapping of the four
dimensional IPS~see Fig. 1!.46–48These potentials were then
used in molecular dynamics simulations of liquid HCl an
subsequently refined to yield more accurate semiempir
surfaces. In particular, the work of Votavaet al.48 is notable
in that both radial distribution functions obtained from ne
tron scattering from liquid HCl27 and experimental second
virial coefficients49 were used to refine the potential. In
study vital to the present work, Karpfenet al.50 determined
the ~HCl!2 potential surface at 1654 geometries via relative
high levelab initio calculations. Bunkeret al.51 subsequently
fit a six-dimensional analytical function~cast in a single cen-

FIG. 1. Coordinate system for~HCl!2. The ‘‘L-shaped’’ equilibrium struc-
ture determined in this work occurs atu159°, u2589.8°, f5180°, and
R53.746 Å. The monomer bond lengths~r 1 and r 2! were fixed at their
equilibrium values~2.412 a.u.!.
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
ed
e
el-
o
c-
in
g
nd
se
n-
t.

-

of

r

r

on–
ut-

e

n-
de-

in-

ls

d
al

-

ly

ter spherical expansion! through these points. Jensenet al.52

used this analytical function in a full four-dimensional close
coupling calculation~only the high frequency intramolecular
modes neglected! of the lowest intermolecular vibrational
levels of ~HCl!2 in an attempt to evaluate the quality of the
ab initio analytical potential by comparing to existing experi
mental spectra and to predict unobserved spectra. Beca
these calculations only included states with total angular m
mentum of zero, much of the existing experimental da
could not actually be directly compared with the calculate
results. In order to address this deficiency, Althorpeet al.53

performed approximate three-dimensional calculations~ra-
dial coordinate fixed—‘‘reversed adiabatic approximation’’!
for total angular momentum values of up to two using th
analyticalab initio potential, as well as an electrostatic po
tential surface based on only the dipole and quadrupole m
ment of HCl. Although the agreement between these pote
tials and the experimental spectra was not quantitative, t
relative success of the simple electrostatic potential su
gested that all of the essential anisotropy in the total IPS w
indeed contained in the long-range attractive terms. We sho
in this paper, that such is not the case.

In an early attempt to deduce an experimental potenti
for ~HF!2, Barton and Howard54 used the BOARS
approximation55 ~separation of the radial and angular degree
of freedom! to calculate~HF!2 spectra and to directly fit~via
least-squares methods! a very simple low-order anisotropic
repulsion1electrostatic potential energy surface. This
approximation—which also reduces the maximum dimen
sionality of the problem to three—is also not sufficiently
quantitative for the fitting of high resolution spectra for
~HF!2. However, the nature of the experimental data avai
able at the time—which included only eigenstates locate
very near the bottom of the potential well—is the main limi
tation in the reliability of this IPS for~HF!2. It should be
emphasized, however, that this work represents the only p
vious attempt to directly fit a set of spectroscopic data to
flexible potential surface for a four-dimensional system—
albeit with an approximate dynamical method and a qui
crude potential model. In contrast, the~HF!2 potential deter-
mination of Quack and Suhm11 did not involve such a least-
squares fit of the extensive spectroscopic data that exist~see
references given in Ref. 11!.

In this paper, we report the measurement of new fa
infrared VRT spectra for~HCl!2 and ~DCl!2 which access
excited states in the tunneling coordinate, thus providing im
portant new constraints on the form of the IPS—particularl
with respect to the barrier to donor–acceptor interchang
Using a rigorous four-dimensional quantum dynamics tec
nique to precisely calculate the spectroscopic observab
~described in the accompanying paper!, the bestab initio and
semiempirical potential energy surfaces are evaluated
comparison to all new and existing experimental spectra. F
nally, we describe the determination of a highly accura
experimental potential surface from a least-squares fit of t
complete spectroscopic data set for~HCl!2 and~DCl!2 using
a fully coupled four-dimensional dynamics method and a d
tailed intermolecular potential model.
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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935M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
II. EXPERIMENT

The new VRT spectra reported here were observed
continuous supersonic planar jet expansion probed by a
able far-infrared laser spectrometer. The spectrometer
been described in detail previously.56,57 The tunable far-
infrared radiation is generated by mixing an optica
pumped line-tunable far-infrared gas laser with continuou
tunable frequency modulated microwaves in a Schottky b
rier diode to generate light at the sum and difference frequ
cies~n5nFIR6nMW!. The tunable radiation is separated fro
the much stronger fixed frequency radiation with a Mich
son polarizing interferometer and is then directed to a m
tipass cell which encloses the supersonic expansion. A
passing;10 times through the expansion, the radiation
detected by a Putley-mode InSb detector and the signa
demodulated at 2f by a lock-in amplifier. Technical grad
HCl ~99.0%, Matheson! was used, and DCl was synthesiz
by reaction of D2O with benzoyl chloride,58 cryogenically
distilled with liquid nitrogen and used with no further pur
fication.@H~D!Cl#2 was produced by continuously expandin
a 1%–5% H~D!Cl ~.5% was found to be optimal! in argon
mixture at a stagnation pressure of 2 atm through a 10 cm
25mm planar jet into a vacuum chamber pumped by a 12
l /s Roots pump. The 939.494 GHz~CH3OD!, 980.5914
GHz ~CH3OD!, 1101.1594 GHz~CH2DOH!, 1145.4305 GHz
~CH2F2!, and 1193.7273 GHz~CH3OH! laser lines provided
the fixed frequency far-infrared radiation. The signal stren
for all of the transitions was found to be sensitive to t
conditions of the molecular beam. The assignment of
spectra revealed that, despite the estimated rotational
perature of 5 K, all of the spectra observed originated fr
states 5 to 15 cm21 above their respective ground states.
representative rotational feature of the spectrum~with re-
solved nuclear quadrupole hyperfine structure due to the
I53/2 chlorine nuclei! is shown in Fig. 2.

III. DATA ANALYSIS

For the purposes of discussing the spectroscopic en
levels of ~HCl!2, it is necessary to adopt a notation to d
scribe the intra- and intermolecular vibrations of the co
plex. The intermolecular eigenstates are labeled with the
lowing notation: un3n4n5n6&. The high frequency HCl
stretching modes are denotedn1 andn2, for the ‘‘free’’ and
‘‘bound’’ monomers, respectively. For the intermolecul
modes, the in-plane ‘‘antigeared’’ bending vibration is d
notedn3, the intermonomer Cl–Cl stretch is denotedn4, the
in-plane ‘‘geared’’ bend is denotedn5, and the out-of-plane
bend is denotedn6. The n5 mode correlates with the pre
ferred tunneling path, and then550→1 energy difference
can be identified as the tunneling splitting due to the perm
tation symmetry of the dimer. An energy level diagram f
~HCl!2 is shown in Paper I. It is also useful to classify th
vibration–rotation–tunneling~VRT! levels according to their
irreducible representations in theC2h(M ) molecular symme-
try group. The electric dipole selection rules requireA↔A or
B↔B and1↔2. TheA/B rule is responsible for the pre
viously mentioned requirement that transitions result in
change in the tunneling state symmetry. This result, and
J. Chem. Phys., Vol. 1Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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large tunneling splitting account for the result that~HCl!2 has
no allowed transitions in the microwave region, unlike the
case of~HF!2.

The n551→2 Ka50→0 subbands for ~H35Cl!2,
~H35Cl!~H37Cl!, ~D35Cl!2, and ~D35Cl!~D37Cl!, the n551→2
Ka51→1 subbands for~D35Cl!2, and ~D35Cl!~D37Cl!, and
the n551→2 Ka50→1 subbands for ~D35Cl!2, and
~D35Cl!~D37Cl! were recorded with full rotational and partial
hyperfine resolution. Following the established convention
for ~HCl!2 and ~HF!2,

36 the hyperfine-free line centers were
fit to a model that allows eachKa manifold to possess its
own set of rotational parameters. In addition, because~HCl!2
is a very near prolate asymmetric top, the asymmetry split-
ting can be treated perturbatively. We used the expression

EKa
5nKa1~1/2!~BKa

1CKa
!J~J11!

2DKa
@J~J11!2Ka

2#26DEKa
, ~1!

whereDEKa
is the asymmetry splitting

DEKa
5~1/4!~BKa

2CKa
!J~J11! ~2!

for states whereKa51. We are also able to determineAeff
~defined as the difference between the real or virtualJ50

FIG. 2. Experimental spectrum for then551→2 Ka50→1 J50→1 ~DCl!2
transition. The structure shown in theR~0! line is due to theI53/2 quadru-
pole interactions of the chlorine nuclei.
03, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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states ofKa50 andKa51 for a given vibrational level! for
~DCl!2 because both parallel and perpendicular transiti
were measured connecting theKa50 andKa51 levels in
both vibrational states. The spectroscopic constants
~HCl!2 are contained in Table I and for~DCl!2 in Table II.
The fitted rotational constants confirmn551 ~the first excited
‘‘tunneling’’ state! as the lower state for all of the new tran
sitions reported here for~HCl!2 and ~DCl!2.

The nuclear quadrupole hyperfine structure was fit
energies obtained from a Hamiltonian appropriate for a tw
spin system. The following angular momentum coupli
scheme was used:

I 11I 25I , I1J5F. ~3!

The matrix elements are evaluated in a symmetric
basis,59

TABLE I. Spectroscopic constantsa ~1s uncertainties in parentheses! for
~HCl!2.

un3n4n5n6& Ka Parameter ~H35Cl!2 ~H35Cl!~H37Cl!

u0 0 1 0& 0 (B1C)/2 ~MHz! 1915.071~18! 1864.56~3!

DJ ~kHz! 8.2~3! 6.9~7!

^P2~cosu!&35 0.187~6! 0.187b

^P2~cosu!&37 0.191~6!

n552←1 ~cm21! 37.645 395~3! 37.298 817~6!

u0 0 2 0& 0 (B1C)/2 ~MHz! 1923.984~18! 1872.60~2!

DJ ~kHz! 10.1~2! 9.0~7!

^P2~cosu!&35 0.179~8! 0.179b

^P2~cosu!&37 0.186~17!

aObserved transition frequencies available on request from authors.
bFixed to value for~H35Cl!2.

TABLE II. Spectroscopic constantsa ~1s uncertainties in parentheses! for
~DCl!2.

un3n4n5n6& Ka Parameter ~D35Cl!2 ~D35Cl!~D37Cl!

u0 0 1 0& 0 (B1C)/2 ~MHz! 1896.27~3! 1846.98~4!
DJ ~kHz! 8.2~6! 6.7~10!
^P2~cosu!&35 0.189~5! 0.189b

^P2~cosu!&37 0.20~2!
n552←1 ~cm21! 31.012 263~10! 30.955 251~13!

u0 0 2 0& 0 (B1C)/2 ~MHz! 1929.85~4! 1879.48~4!
DJ ~kHz! 7.6~5! 6.4~9!
^P2~cosu!&35 0.193~8! 0.193b

^P2~cosu!&37 0.19~3!

u0 0 1 0& 1 (B1C)/2 ~MHz! 1896.03~3! 1846.86~4!
(B2C) ~MHz! 27.77~5! 26.37~7!
Aeff ~cm21! 5.386 162~13! 5.380 828~15!
DJ ~kHz! 7.8~5! 5.2~11!

u0 0 2 0& 1 (B1C)/2 ~MHz! 1931.74~3! 1881.32~3!
(B2C) ~MHz! 35.81~4! 34.00~6!
Aeff ~cm21! 5.291 146~13! 5.287 334~15!
DJ ~kHz! 7.3~4! 6.4~9!

aObserved transition frequencies available on request from authors.
bFixed to value for~D35Cl!2.
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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^I 1I 2IJKFMFuHQuI 1I 2I 8J8K8F8MF8 &

5dFF8dMFMF8
~21!~ I 81I11I21F1K !

4
@~2I11!~2I 811!

3~2J11!~2J811!#1/2H I I 8 2
J8 J FJ

3S J 2 J8
2K 2q K8 DF ~21! I 8

H I I 8 2
I 1 I 1 I 2

J
S I 1 2 I 1

2I 1 0 I 1
D

3~x22q!11~21! I
H I I 8 2
I 2 I 2 I 1

J
S I 2 2 I 2

2I 2 0 I 2
D ~x22q!2G , ~4!

where the quantities in parentheses and braces are 3-j and
6-j symbols, respectively, and the nuclear quadrupole cou-
pling constants,x22q, can be related to the usual Cartesian
components by

x205xaa , ~5!

x2615~2/3!1/2xab , ~6!

and

x2625~1/6!1/2~xbb2xcc!. ~7!

Only first-order energies~DJ50 and DK50! were
evaluated for the purposes of fitting the experimental spectra.
The value of^P2~cosu!& is reported rather thanxaa , since
that quantity@^P2~cosu!&5xaa/xHCl# is more directly related
to the angular orientation of the HCl monomers within the
complex. These quantities are reported in Tables I and II for
~HCl!2 and ~DCl!2, respectively.

IV. ANALYTICAL INTERMOLECULAR POTENTIAL
ENERGY SURFACES FOR (HCl)2

In 1983, Votavaet al.48 performedab initio calculations
~electron correlation included at the CEPA-1-SD level! on
~HCl!2 in order to construct an analytical potential energy
surface for the purposes of performing molecular dynamics
calculations on liquid HCl. Theab initio points were fit to an
effective three point-charge model@at the positions of the
hydrogen atom~charge10.403 a.u.!, chlorine atom~charge
20.909 a.u.!, and a dummy center~charge 0.506 a.u.! posi-
tioned outside the molecule on the side of the chlorine atom#
with exp-6 functions between H–Cl and Cl–Cl sites and
angle-dependent H–H exponential repulsion. This model
was refined so that agreement with experimental second
virial coefficients and experimental liquid properties~radial
distribution functions! was improved. Since this semiempir-
ical potential energy surface continues to be employed in
modern studies of HCl,60 it is important to test the quality of
this potential with respect to the results from spectroscopy.
This is described later in the paper.
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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In 1991, Bunkeret al.51 determined anab initio six-
dimensional~including both HCl monomer stretching mo-
tions! analytical potential energy surface for~HCl!2 from the
earlier calculations of Karpfenet al.50 by fitting the potential
points to an elaborate, accurate single-center spherical ex-
pansion form

V~r 1 ,r 2 ,R,u1 ,u2 ,f!

5 (
l1l2l

Al1l2l
~R,r 1 ,r 2!gl1l2l~u1 ,u2 ,f!1Vshort range. ~8!

Here the angular basis set for the expansion is defined a

937M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
gl1l2l~u1 ,u2 ,f!5~21! l12 l2
2l11

2p1/2H S l 1 l 2 l
0 0 0 DPl10

~u1!Pl20
~u2!

1 (
m51

lm

~21!m2S l 1 l 2 l
m 2m 0DPl1m

~u1!Pl2m
~u2!cos~mf!

J , ~9!
r

:

t
a

e
u

and where, in turn, the symbols in parentheses are 32j sym-
bols, l m is the smaller ofl 1 and l 2, andPlm~u! is an unnor-
malized associated Legendre function related to the sphe
harmonic functions by

Ylm~u,f!5Plm~u!exp~ imf!. ~10!

The very short-range repulsion~for geometries where
the atoms begin to overlap! is separately parametrized,

Vshort range5@a exp~22.5R12!h
2~2.0,4.0;R12!

1b exp~23R14!h
2~2.0,4.0;R14!

1b exp~23R23!h
2~2.0,4.0;R23!#

3h2~2.0,3.5;r 1!h
2~2.0,3.5;r 2!, ~11!

and damped out at long range by the following functions

h6~ t,u;R!50.5$16tanh@ t~R2u!#%. ~12!

The very short-range repulsion can be entirely neglec
in calculations of bound intermolecular states since the w
functions for those states do not possess significant am
tude in the region of the potential where the short-range t
is significant. Because of the invariance of the potential
der the Eq.~12! permutation operation, theAl1l2l

(R,r 1 ,r 2)
coefficients are related by

Al1l2l
~R,r 1 ,r 2!5~21! l11 l2Al2l1l

~R,r 2 ,r 1!. ~13!

In addition, the invariance of the potential under theE*
operation requires

~21! l11 l21 l51. ~14!

The expression forA000 is given by

A0005k0
0001@k1

sr exp~2d3!1k2
sr exp~22d3!#

3h2~2.0,6.0;R!1@k1
000 exp~2d3!1k2

000

3exp~22d3!#h
1~2.0,6.0;R!h2~0.5,8.5;R!
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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k6
000

R6 h1~2.0,6.0;R!1k11
000~y1

21y2
2!, ~15!

where

y1512exp~2c3d1!, ~16!

y2512exp~2c3d2!, ~17!

d15r 12c1 , ~18!

d25r 22c1 , ~19!

and

d35R2c2 , ~20!

and wherec1, c2, andc3 are adjustable parameters. The ex-
pression for otherAl1l2l

(R,r 1 ,r 2) is

Al1l2l
5@k1

l1l2l exp~2d3!1k2
l1l2l exp~22d3!

1k3
l1l2l exp~23d3!1k4

l1l2l exp~24d3!

1k5
l1l2l exp~25d3!1k9

l1l2l y1

1k10
l1l2l y2#h

1~2.0,6.0;R!h2~0.5,8.5;R!

1Fk6l1l2l
R6 1

k7
l1l2l

R7 1
k8
l1l2l

R8 Gh1~2.0,6.0;R!. ~21!

In addition, the electrostatic contribution to each of the
l 11 l 25 l terms was added to give the potential correct long-
range behavior

Al1l2l
elec5~21! l28p3/2d~ l11 l2!,l

3S ~2l 111!!

~2l11!~2l 111!! ~2l 211!! D
1/2 Ql1

Ql2

Rl11 ,

~22!

whereQl are the HCl multipole moments. The dipole, quad-
rupole, and octupole moments were held fixed at theab initio
values and thel54 and l55 moments were adjustable pa-
rameters. The damping functions~h! were used to damp out
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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the electrostatic terms forR less than 6a0, to ensure that the
only anisotropic terms at distances greater than 8.5a0 are
those of electrostatic or dispersion, and that only thek0

000,
k6
000, andk11

000 isotropic terms extend toR greater than 8.5a0.
This potential did not explicitly include induction effects
which are known to be very small.51

This detailed expression was fit to the 1654ab initio
points using 38~27 pertaining to the four-dimensional inter
molecular potential! variable parameters. The analytical po
tential minimum was found to be2626 cm21 at r 15r 2
51.278 Å, R53.82 Å, u157.4°, u2587.7°, f5180°, in
good agreement with the pureab initio minimum. The stan-
dard deviation of the fit was 19 cm21, although the analytical
surface produces more accurate energies near the pote
minimum. It should be noted that the quality of the analytic
fit—in addition to the quality of theab initio calculation
itself—is a determining factor in the ultimate accuracy
this pure theoretical approach, as was found by van Bla
et al.12 in their study of~NH3!2.

V. THEORETICAL METHODS

In Paper I, the method used for treating the coupled
termolecular four-dimensional~HCl!2 dynamics is described
in detail. However, for completeness the intermolecu
Hamiltonian, written in a space-fixed angular momentu
coupling scheme, is reproduced below

Ĥ5
\2]2

2m]R2
1b1 ĵ 1

21b2 ĵ 2
21

\2l̂ 2

2mR2
1V~R,u1 ,u2 ,f!.

~23!

Herem is the reduced mass of the complex,b1 andb2 are the
rotational constants of monomers 1 and 2,ĵ 1

2 and ĵ 2
2 are the

rotational angular momentum operators for monomers 1 a
2, and l̂ 2 is the orbital angular momentum operator asso
ated with the end-over-end rotation of the complex. For
calculations described in this work, the intramolecular co
dinates are adiabatically separated from the intermolecu
coordinates by fixing the HCl bond lengths at their equili
rium values.

The results of fully coupled four-dimensional dynamic
calculations for~HCl!2, ~DCl!2, and~HCl!~DCl! are also pre-
sented for the Bunkeret al.51 ab initio surface in Paper I.
Those results are used here in order to compare to the a
able experimental spectra, as well as with the semiempir
potential of Votavaet al.48 ~potential 3!. Following the meth-
ods outlined in Paper I, the Votavaet al. potential was
expanded in a spherical expansion formalism up
l1
max5l2

max58 in order to achieve satisfactory reproduction
the site–site potential points. Since this IPS is obviou
more anisotropic than theab initio surface~which required
an expansion only tol1

max5l2
max55!, a very large basis se

was necessary to achieve satisfactory convergence~jmax510
n55! in the four-dimensional variational method, such th
only theJ50 levels could be calculated with available com
puter resources. Therefore, theJ50→1 spacings were esti-
mated from thê1/R2& expectation value calculated from th
eigenvectors of theJ50 computation. Some relevant energ
level differences from this calculation are contained in Tab
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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III for comparison with theab initio and experimental results
for ~HCl!2. The Votavaet al. potential, adjusted to fit liquid
HCl data and gas phase second virial coefficients, reproduc
the experimental dissociation energy and the average inte
molecular distance~from the J50→1 spacings! in quite
good agreement with experiment. However, it quite badly
predicts the positions of the excited states in the tunnelin
coordinate~n551 and 2!, while theab initio potential pro-
vides much more quantitative estimates of these feature
The performance of the semiempirical potential—a relatively
good description of the radial coordinate but a very poo
description of the anisotropy—is not surprising, given the
data set used to determine its parameters. Although theab
initio potential provides reasonablyqualitative agreement
with experiment, we turn to the description of aquantitative
nonlinear least-squares approach to the determination of a
improved experimental intermolecular IPS for~HCl!2 exclu-
sively from high resolution spectroscopic data.

VI. EXPERIMENTAL DATA SET

The spectroscopic observables which are available a
constraints on the nature of the~HCl!2 intermolecular poten-
tial energy surface include: the dissociation energy, the inte
molecular vibrational energies, the near prolate top rotationa
term values@(B1C)/2, (B2C), and A# and the nuclear
quadrupole coupling constants~^P2~cosu!&!. Through a com-
bination of high resolution laser and FTIR far-infrared and
laser-based near-infrared spectroscopy experiments, many
the low-lying eigenstates of~HCl!2 ~Refs. 31, 33–38, 61, and
62! and~DCl!2 ~Refs. 34, 38, and 62! have been accessed. In
the least-squares fits, we include information which is avail
able from theJ50 and J51 eigenvalues and the angular
expectation values. The experimental data set used in th
least-squares fit is summarized in Table IV for~HCl!2 and in
Table V for ~DCl!2. The eigenstates are labeled by their vi-
brational state2un3n4n5n6&—and the relevant rotational
quantum numbers,J andKa .

The extent to which the experimental data constrain th
IPS is a crucial consideration in the fitting of the spectro-
scopic data. The new~HCl!2 and ~DCl!2 far-infrared spectra
~involving n552! reported here greatly add to the character-
ization of the tunneling coordinate~i.e., the dependence of
the potential on the in-plane bending angles!. Direct far-
infrared measurements of then550→1 transition frequency35

~includingKa dependencies!
33,36for ~HCl!2 and estimates for

TABLE III. Comparison of calculations using theab initio ~Ref. 51! and
Votavaet al. ~Ref. 48! potentials to experimental results for selected eigen-
states~energies in cm21! for ~HCl!2.

Ab initio Votavaet al. Experiment

D0 2373 2396 2412
Ground stateJ50→1 0.1213 0.1295 0.1297
u0 0 1 0& 12.4 1.3 15.5
u0 0 1 0& J50→1 0.1210 0.1295 0.1278
u0 0 2 0& 59.1 88.4 53.1
u0 0 2 0& J50→1 0.1206 0.1275 0.1284
u0 0 0 1& 136.1 169.2 160.8
u0 0 0 1& J50→1 0.1187 0.1267 0.1268
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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Downloaded¬30
TABLE IV. Comparison of calculations using theab initio ~Ref. 51! and the fitted ES1 potentials with experi-
mentally determined values for~H35Cl!2.

Observable Ab initio Experimental ES1

u0 0 0 0&
D0 2373.0 2412.0 2411.8
J50→1 Ka50→0 0.121 3 0.129 7 0.129 6
J51→1 Ka512→11 0.000 570 0.000 624 0.000 638
J50→1 Ka50→12 11.076 92 11.085 64 11.085 50
^P2~cosu!& 0.145 0 0.170 2 0.160 1

u0 0 1 0&
Ground stateJ50→n551 J50 12.432 81 15.476 68 15.667 07
J50→1 Ka50→0 0.121 0 0.127 8 0.127 8
J51→1 Ka512→11 0.000 450 0.000 503 0.000 510
J50→1 Ka50→12 11.101 55 10.883 49 11.062 66
^P2~cosu!& 0.187 9 0.186 8 0.196 3

u0 0 2 0&
n551 J50→n552 J50 46.660 43 37.645 40 37.616 12
J50→1 Ka50→0 0.120 6 0.128 4 0.128 6
^P2~cosu!& 0.180 6 0.178 8 0.195 5

u0 0 0 1&
Ground stateJ50→n651 J50 136.055 73 160.778 160.601 52
J50→1 Ka50→0 0.118 3 0.128 6 0.127 7
J51→1 Ka512→11 0.000 520 0.000 615 0.000 583
J50→1 Ka50→12 11.515 20 11.198 10.925 70

u0 0 1 1&
Ground stateJ50→n651 n551 J50 157.061 64 184.862 185.059 77
J50→1 Ka50→0 0.118 7 0.126 8 0.125 7
J51→1 Ka512→11 0.000 290 0.000 438 0.003 55
J50→1 Ka50→12 11.149 30 8.381 8.661 30
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~DCl!2 from near-infrared spectroscopy34,38 constitute the
previously reported data set for this coordinate. Then552
spectra are particularly important as these eigenstates ar
cated near the top of the barrier to donor–acceptor in
change. The antigeared in-plane bending fundamental~n3!
has yet to be observed, probably due to its small predic
band intensity. In spite of this, the dependence of the po
tial on the in-plane coordinates is probably constrained be

TABLE V. Comparison of calculations using theab initio ~Ref. 51! and the
fitted ES1 potentials with experimentally determined values for~D35Cl!2.

Observable Ab initio Experimental ES1

u0 0 0 0&
J50→1 Ka50→0 0.120 4 0.128 1 0.128 1
J51→1 Ka512→11 0.000 942 0.001 2 0.001 06

u0 0 1 0&
Ground stateJ50→n551 J50 3.633 62 5.96 5.734 94
J50→1 Ka50→0 0.120 1 0.126 5 0.126 8
J51→1 Ka512→11 0.000 828 0.000 926 0.000 906
J50→1 Ka50→12 5.608 63 5.512 18 5.539 59
^P2~cosu!& 0.193 1 0.188 7 0.193 1

u0 0 2 0&
n551 J50→n552 J50 35.858 79 31.012 25 30.984 97
K50→1 Ka50→0 0.120 5 0.128 9 0.128 9
J51→1 Ka512→11 0.001 06 0.001 20 0.001 18
J50→1 Ka50→12 5.223 48 5.419 45 5.275 01
^P2~cosu!& 0.165 5 0.192 8 0.186 1
J. Chem. Phys., Vol. 103¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subject
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by experiment than any other region of the potential. Th
FTIR far-infrared measurement of the out-of-plane bend f
~HCl!2 ~Ref. 36! provides a good constraint on the torsiona
coordinate~f! and the measurement of a similar combina
tion out-of-plane bend/n551 band provides a constraint on
the extent of the coupling off to the in-plane angles~u1 and
u2!. Unfortunately, no spectra accessing excited stretchi
states have been reported; such data would provide the m
exacting constraint on the radial coordinate. However, t
J50→1 spacings are largely determined by^1/R2& and there-
fore provide a good constraint on the average value ofR for
each bending state. In addition, the dissociation energy~D0!
for ~HCl!2 has been measured from a consideration of abs
lute infrared intensities,61 and this information helps to con-
strain the isotropically averaged well depth. In order to com
pare the experimental dissociation energy directly with th
results from the intermolecular four-dimensional dynamic
calculations, it is necessary to properly account for th
change in zero-point energy upon complexation due to sh
in the intramolecular frequencies. Then1 ‘‘free’’ and n2
‘‘bonded’’ HCl stretches have been measured at 2880.24
and 2854.0593 cm21, respectively.37 Since the HCl monomer
stretching frequency occurs at 2885.9777 cm21, this amounts
to a total redshift of 38 cm21, or a decrease in the zero-poin
energy of 19 cm21. Therefore, the experimentally determine
D0 of 431 cm21 is shifted to 412 cm21 so as to include
contributions from the intermolecular modes only. It shou
also be emphasized that the~DCl!2 spectra essentially con-
, No. 3, 15 July 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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940 M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
stitute an independent data set due to the fact that DCl
sesses a much smaller rotational constant than HCl. T
results in the~DCl!2 eigenstates being localized in quite d
ferent regions of the potential surface than the correspon
~HCl!2 eigenstates.

VII. LEAST-SQUARES FITS

The fully coupled four-dimensional dynamics calcul
tion was imbedded in a standard nonlinear least-square
ting routine~Levenberg–Marquardt algorithm!63 using a ba-
sis set of jmax58 n54 for both ~HCl!2 and ~DCl!2. The
largest matrices~for J51 B2 symmetry! were 1620 basis
functions square. In order to expedite the fit, only~DCl!2
potential basis functions with coefficients larger than 0
cm21 were included in the energy calculation. The effects
this approximation were found to be less than the inaccu
cies due to the lack of total basis set convergence. Basis
convergence was investigated for the final fitted potent
but since the results closely paralleled the findings repo
in Paper I for theab initio potential, we do not explicitly
report these properties. One-sided numerical derivat
were used in the least-squares procedure such that ea
eration requirednparameters11 calls to the energy subroutine
The radial basis set was precontracted using theVeff

cut(R) po-
tential method at each least-squares iteration~also described
in Paper I!. This was an important consideration—especia
for the initial fits—since the potential could shift substa
tially between iterations. Because some energy levels cro
during the course of the fitting process@in particular for
~HCl!2, u0 0 2 0& and u0 1 0 0&#, a simple eigenvalue numbe
assignment was not sufficient to identify the desired ene
differences. To distinguish between the bending and stre
ing states, the eigenvectors were used to sum up the
excited state radial contribution to the wave function, th
allowing identification of the stretching states. In a typical
of eight parameters requiring five iterations for least-squa
convergence, about 50 calls to the energy subroutine are
essary. The total CPU time~on our IBM RISC 6000 mode
560 computer! required for a typical fit was usually about 5
h. Based mainly on the basis set convergence properties
in some cases on experimental uncertainties, the follow
uncertainties were assigned to each type of experime
data: ~1! vibrational band origins—0.3 cm21, ~2! J50→1
Ka50→0 spacings—0.0002 cm21, ~3! J50→1 Ka

50→1—spacings—0.1 cm21, ~4! J51→1 Ka512→11

spacings—0.0001 cm21, and ~5! angular expectation value
~^P2~cosu!&!20.01. The uncertainty for the dissociation e
ergy was set at the experimental estimate61 of 22 cm21 and
the rotational term value uncertainties for theu0 0 0 1& andu0
0 1 1& states were doubled due to slower basis set con
gence for these levels.

In their analytical fit of theab initio potential, Bunker
et al.51 used 27 variable intermolecular parameters. Giv
the current experimental data set, it is not practical to atte
to vary all 27 of these parameters in a least-squares fit.
tially, we intended to use a simpler model for the poten
energy surface by fixing the electrostatic, induction, and d
persion forces according to their known asymptotic lon
range form and basically determining the sum of the rep
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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sive terms and errors in the long-range terms by direct fittin
to the experimental data. This approach has been succ
fully applied to the ArHF,9 ArHCl,8 ArH2O,

10 and ArNH3
~Ref. 11! systems. However, despite the fact that the electr
static forces are indeed the source of most of the anisotro
at the radial potential minimum, trial potentials containin
estimates~from SCFab initio calculations!46 for the aniso-
tropic repulsive terms did not lead to a convergent lea
squares fitting result. Because of the limited data set and
complexity of the IPS, it is crucial to possess a reasonab
accurate initial potential which can then be iteratively refine
by nonlinear least-squares regression. In particular, the rep
sive anisotropy simply cannot be determined completely
the available data and must be adequately constrained
other ~theoretical! means. The apparent difficulty in obtain
ing a good initial potential is the splicing of the short- an
long-range contributions together at an intermolecular d
tance where the two contributions nearly cancel. If the tw
contributions are not very closely distance consistent~i.e.,
the breakdown of the long-range expressions at the rad
minimum!, the resulting potential could be substantially i
error. Despite many trials, no potentials with a fixed long
range form and variable short-range terms led to converg
fitting results.

Of course, theab initio potential is not plagued by the
above problems which occur when the potential is par
tioned into short- and long-range terms, as is common in t
theory of intermolecular forces. On the other hand, it is di
ficult to performab initio calculations at high enough levels
of theory to reproduce the correct long-range behavior, p
ticularly for systems wherein dispersion is the domina
force. In their fitting of the analytical potential model to the
ab initio points, Bunkeret al. fixed the dipole, quadrupole,
and octupole moments at theirab initio values so the ana-
lytical function would approximately retain the correct long
range electrostatic behavior.51 The ab initio values for the
dipole and quadrupole moments are in very good agreem
with experiment, such that this constraint ensures an ‘‘e
perimentally’’ accurate long-range electrostatic form. How
ever, Bunkeret al.did not explicitly include induction terms,
nor did they assess the quantitative accuracy of the ter
attributed to dispersion. In order to explore the total long
range validity of theab initio potential, we used the canoni-
cal long-range expressions64 to estimate the electrostatic
~from the ab initio dipole, quadrupole, and octupole mo
ments!, induction ~from the ab initio moments and the ex-
perimental polarizabilities!,65 and dispersion~from estimates
for theC6 coefficient!

66 contributions at the potential mini-
mum. The partitioning of the long-range attractive force
was as follows: the electrostatic forces~of which 93% arise
from the dipole–quadrupole and quadrupole–quadrupole
teractions! accounted for 470 cm21, the induction forces ac-
counted for only 40 cm21, and the dispersion forces contrib
uted 250 cm21. Since this estimate predicts the dispersio
forces to be dominated by the electrostatic forces at the mi
mum, theab initio potential should provide a reasonable—
but not quantitative—model at both short- and long-rang
Although the induction effects are perhaps safely neglect
in light of the uncertainty in the larger and similarly aniso
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



th
n
rg
n
fi

o

o
n
o
e

t

-

e
ry

s

he
n

s,
d

to
.
re
-
n-

ce

r-
h

-
-

n,
w,
e
of
of
e-
ace
ri-
f
ere

1
ot
-

941M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
tropic electrostatic terms, it should be pointed out that
terms in theab initio potential which correlate to dispersio
predict a substantially larger contribution to the total ene
than are expected from a consideration of the long-ra
dispersion expansion. Therefore, we simply sought to re
the parameters from the analyticalab initio potential to fit
the spectroscopic data.

As stated earlier, it is not practical to fit all 27 interm
lecular parameters in the analyticalab initio potential to only
33 spectroscopic observables. Our initial approach was t
only the low-order terms and exponential reference dista
that are associated with the repulsive forces. However, cl
examination of theab initio surface revealed that the high
order electrostatic terms~determined empirically from the
fitting process and not necessarily related to the true elec

TABLE VI. Values of nonzero parameters in theab initio ~Ref. 51! and ES1
potential energy surfaces~atomic units!.

Parameter Ab initio value ES1 valuea

a 3.07 b
b 186 b
c1 2.412 008 b
c2 7.35 7.468~17!
c3 1.0 b
k1
sr 0.017 0 0.017 0~fixed!
k2
sr 0.009 79 0.009 79~fixed!
k0
000 241 008.832 48 b
k1
000 0.077 5 0.022 7~40!
k2
000 0.021 36 0.021 36~fixed!
k6
000 216 964 210 000~fixed!
k11
000 7.418 3 b
k1
00152k1

101 20.012 76 20.005 3~11!
k3
01152k3

101 20.000 498 20.000 498~fixed!
k7
01152k7

101 11 218 11 218~fixed!
k9
01152k10

101 20.013 2 b
k1
0225k1

202 0.003 72 20.002 21~fixed!
k6
0225k6

202 2543 2543 ~fixed!
k3
03352k3

303 20.000 3646 20.000 488~34!
k9
03352k9

303 0.007 98 b
k4
0445k4

404 0.000 0300 0.000 0300~fixed!
k7
05552k7

505 191 191~fixed!
k4
110 20.000 0499 20.000 0499~fixed!
k10
12152k9

211 0.005 06 b
k1
12352k1

213 20.000 241 20.000 241~fixed!
k9
12352k10

213 0.002 55 b
k5
222 0.000 0084 0.000 0084~fixed!
k9
224 0.004 57 b
k9
23152k10

321 0.004 00 b
k9
23352k10

323 0.008 81 b
k7
23552k7

325 286 286~fixed!
k10
23552k9

325 20.003 66 b
k1
2425k1

422 0.000 137 0.000 137~fixed!
k1
2445k1

424 0.000 122 0.000 122~fixed!
k7
2465k7

426 343 343~fixed!
k10
2465k9

426 0.001 53 b
k7
25752k7

527 2243 2243 ~fixed!
k8
336 1459 1459~fixed!
Q1 0.427 71 0.427 71~fixed!
Q2 2.776 35 2.594~23!
Q3 3.748 7 2.86~37!
Q4 8.527 1.79~35!
Q5 16.96 21.4~3.7!

aNumber in parentheses: one standard deviation uncertainty.
bIntramolecular parameters.
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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static moments! greatly influenced the nature of the tunnel
ing pathway. Eventually, all moments up to the 32-pole—
except for the dipole moment—were allowed to vary in th
fit, although the quadrupole moment actually changed ve
little from its initialized value. Because theab initio terms
that closely correlate to the long-range dispersion force
~k6

000, k6
022, andk7

011! were approximately twice as large as
expected from the long-range expressions, thek6

000 coeffi-
cient was fixed at roughly half theab initio value in order to
force a somewhat more realistic long-range character to t
fitted potential. Because of the observed high correlatio
with the k1

000 parameter, thek6
000 term could not be directly

determined in the fit. Based on the results of preliminary fit
the k1

022 was also fixed at a value other than that determine
in the ab initio analytical fit. Other than thek6

000 and k1
022

terms, however, all other parameters were either held fixed
theab initio values or directly varied in the least-squares fits

The values of the parameters in the fitted potential a
presented in Table VI, and the correlation matrix for the fit
ted terms is presented in Table VII. The dimensionless sta
dard error~DSE!63 was determined to be 1.14~a value of one
indicates the residuals from the fit are in perfect accordan
with estimated uncertainties!. The values for the 33 spectro-
scopic observables calculated from the fitted potential su
face are contained in Tables IV and V for comparison wit
experimental andab initio results.

VIII. RELIABILITY OF THE FITTED INTERMOLECULAR
POTENTIAL ENERGY SURFACE

The DSE of the fit indicates that the spectroscopic ob
servables were approximately fit within their estimated un
certainties, indicating that the fitted potential~which we
hereafter refer to as ES1! satisfactorily reproduces the large
set of high precision spectroscopic observables. In additio
the correlations between the fitted parameters are quite lo
with only one pair of parameters correlated at a level abov
0.77. Although it is not possible to assess the uniqueness
the ES1 potential, the fit satisfies the basic requirements
precisely reproducing all available observables with an ind
pendent set of parameters. Of course, since the ES1 surf
was forced to reproduce results from spectroscopy expe
ments alone, it may be reliable only in the bound region o
the potential. However, because the short-range terms w
held fixed at theirab initio values and an effort was made to
ensure a valid long-range form, it is hoped that the ES
potential may be reasonably reliable in regions that were n
probed directly by spectroscopy. A similarly determined po

TABLE VII. Correlation matrix.

c2 k1
000 k1

011 k3
033 Q2 Q3 Q4 Q5

c2 1.00
k1
000 20.75 1.00
k1
011 0.02 0.64 1.00
k3
033 0.53 20.01 0.58 1.00
Q2 20.31 0.15 20.22 20.33 1.00
Q3 0.19 20.77 20.93 20.45 20.11 1.00
Q4 0.06 0.25 0.44 0.32 20.17 20.38 1.00
Q5 0.31 20.64 20.55 20.46 20.45 0.75 20.14 1.00
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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942 M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
tential for ArNH3 has recently been shown to accurately
produce the results of state-selected scattering experim
which probe much higher energy regions of the poten
than were accessed by the spectroscopy experiments.67 Be-
cause of the lack of experimental information on the exci
van der Waals stretching states, the primary weakness in
ES1 potential is probably in the radial degree of freedom
should be noted, however, that the fitted potential produ
the J50→1 energy differences~proportional to^1/R2&! for
all states that are in much better agreement with experim
than does theab initio potential. These observables al
serve to constrain the degree of angular–radial coupling
important point which will discussed in a later section. T
in-plane coordinates, although extensively characterized
the minimum and the donor–acceptor interchange bar
are only constrained by experiment at relatively low en
gies, as discussed earlier. Measurements of both then3 anti-
geared in-plane bending fundamental and then4 intermolecu-
lar stretching fundamental will be necessary to extend
reliability of the ES1 surface to higher energies for the
coordinates.

As a further test of the reliability of the ES1 potenti
surface~with respect to the radial coordinate, in particula!,
the temperature dependence of the second virial coeffici
were calculated and compared to the experimental resu49

as well as with the results calculated from theab initio po-
tential ~the Votavaet al. potential was already adjusted to
these coefficients!. In order to calculate second virial coeffi
cients for~HCl!2, the following integral must be evaluated

B~T!5
Nav

4 E
0

2pE
0

pE
0

pE
0

`

~12exp@2V~R,u1 ,u2 ,f!/kT# !

3sin u1 sin u2 R2dfdu1du2dR, ~24!

whereNAv is Avogadro’s number andB(T) is expressed in
cm3/mol. At very short range, the exponential term is ze
and the integral can be evaluated analytically. For~HCl!2,
the integral is evaluated analytically forR50–2 Å and nu-
merically evaluated~by Simpson’s rule! for 2 Å ,R,30 Å.
Because no Gaussian quadratures are applicable to this
gral, the numerical evaluation requires 100 points inR and 6
points in each angular coordinate~to achieve accuracies o
;10 cm3/mol! and is therefore too expensive to include
the least-squares fitting process. In Fig. 3 we present a c
parison of the experimental and calculated second virial
efficients. It is clear that the ES1 potential satisfactorily
produces the experimental second virial coefficients wh
the ab initio potential does not. These results seem to in
cate that the radial dependence of the ES1 potential is at
as accurate as the Votavaet al. potential for the regions o
the potential probed by the second virial coefficients. T
ES1 potential is, of course, much more accurate than
Votavaet al. potential in the bound region of the potentia
particularly with respect to the angular coordinates.

Additional spectroscopic measurements will provide
precise test of the accuracy of the new potential descri
here, and will permit further details of the intermolecul
forces in this system to be elucidated. To aid in this e
deavor, the ES1 potential was used to calculate energy le
J. Chem. Phys., Vol. 10Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subjec
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for ~HCl!2 and~DCl!2 using ajmax58 andn54 basis and the
results are presented in Table VIII. In addition, calculation
for ~HCl!~DCl! were also performed~in a manner identical to
calculations using theab initio potential! using the ES1 sur-
face and are presented in Table IX. We find that th
~HCl!~DCl! isomer with the DCl monomer acting as the hy-
drogen bond donor is 22 cm21 more stable than the corre-
sponding isomer with HCl subunit as the donor, which is in
good agreement with the recent experimental estimate
1664 cm21 obtained by a consideration of near-infrared
band intensities.68 Although the energy levels are reported to
many digits, the reader should refer to the basis set conve
gence section in Paper I for an estimate of the actual numb
of significant figures. There are many VRT states of interes
that have not yet been measured. In Table X we list sever
frequencies and intensities for transitions which access stat
that would be of particular utility in a testing of the new ES1
potential. The intensities were calculated according to th
method outlined in the accompanying paper; however, th
Boltzmann factors were left out so that the intensities coul
be easily weighted either for the 5 K molecular beam or the
140 K cooled cell experiments.

Intensities for transitions already measured are present
for comparison. For example, the~HCl!2 u0 0 0 0& J50
Ka50→u0 0 1 0& J51 Ka50 transition~to which the other
transitions are normalized! was measured using the tunable
far-infrared laser technique with a signal-to-noise ratio in
excess of 1000:1.35 Then6 out-of-plane bending fundamental
has not yet been reported for~DCl!2, although such work is
in progress.69 The measurement of this state~in addition to
the combination stateu0 0 1 1&! would provide an indication
of the reliability of the out-of-plane dependence of the ES1
potential. Of course, measurements of excited van der Waa
stretching states would provide important information on th
radial dependence of the potential. Intensities calculated u
ing theab initio potential predicted that transitions involving
the van der Waals stretching states would be too weak
observe with current experimental techniques. However, th
results from the ES1 potential indicate that the~HCl!2 u0 0 1
0& J50 Ka50→u0 1 0 0& J51 Ka50 or 1 transitions may
indeed be detectable, although the Boltzmann factor for the
K molecular beam experiment is quite unfavorable. Th

FIG. 3. Calculated and experimental second virial coefficients for HCl.
3, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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Downloaded¬3
TABLE VIII. Calculated energy levels from the ES1 potential surface~in cm21!.

Assignment

~H35Cl!2 ~D35Cl!2

J50 J51 J50 J51

A1 symmetry B2 symmetry A1 symmetry B2 symmetry
u0 0 0 0&Ka50 2411.783 68 2411.654 04 2469.412 94 2469.284 76
u0 0 0 0&Ka512 2400.698 19 2463.852 90
u0 1 0 0&Ka50 2339.716 63 2339.591 86 2398.672 77 2398.549 71
u0 0 2 0&Ka50 2358.500 52 2358.371 93 2432.673 40 2432.544 44
u0 1 0 0&Ka512 2328.907 39 2393.268 73
u0 0 2 0&Ka512 2347.278 03 2427.399 68
u0 2 0 0&Ka50 2275.897 62 2275.774 89 2335.428 55 2335.309 78
u0 2 0 0&Ka512 2265.005 79 2330.094 67
u0 1 2 0&Ka50 2300.612 89 2300.487 89 2359.444 98 2359.321 02
u0 1 2 0&Ka512 2288.994 89 2353.787 16
u0 0 4 0&Ka50 2264.037 45 2263.910 83 2379.403 41 2379.277 02
u0 0 4 0&Ka512 2250.046 50 2373.402 99
u0 2 2 0&Ka50 2234.530 10 2234.402 43 2301.174 21 2301.050 41
u0 2 2 0&Ka512 2222.680 02 2296.076 62
u0 0 1 1&Ka511 2218.060 84 2330.898 46
u0 1 4 0&Ka50 2203.356 09 2203.233 64 2322.996 96 2322.874 11
u0 1 4 0&Ka512 2188.399 15 2317.048 13
u0 0 6 0&Ka50 2184.741 73 2184.614 27 2289.892 14 2289.770 31
u1 0 0 0&Ka50 2171.032 60 2170.909 30 2283.079 61 2282.954 91
u0 0 6 0&Ka511 2168.016 87 2284.377 18
u0 1 1 1&Ka511 2163.790 72 2278.863 81
u1 0 0 0&Ka512 2155.362 52 2275.765 75

A2 symmetry B1 symmetry A2 symmetry B1 symmetry
u0 0 1 0&Ka511 2385.053 29 2458.076 54
u0 1 1 0&Ka511 2320.948 64 2384.042 08
u0 0 3 0&Ka511 2295.914 87 2402.787 65
u0 2 1 0&Ka511 2258.721 93 2326.694 85
u0 0 0 1&Ka50 2251.182 21 2251.054 50 2347.155 05 2347.027 49
u0 0 0 1&Ka512 2240.256 83 2341.352 98
u0 1 3 0&Ka511 2231.814 40 2345.201 55
u0 1 0 1&Ka50 2199.862 07 2199.737 52 2308.891 40 2308.764 45
u0 1 0 1&Ka512 2189.873 83 2277.833 79
u0 0 5 0&Ka512 2207.017 16 2316.087 89
u0 2 3 0&Ka511 2176.274 64 2286.558 99
u0 0 2 1&Ka50 2179.911 07 2179.786 19 2283.180 37 2283.058 37

B1 symmetry A2 symmetry B1 symmetry A2 symmetry
u0 0 1 0&Ka50 2396.116 46 2395.988 61 2463.615 86 2463.489 02
u0 0 1 0&Ka512 2385.053 80 2458.077 44
u0 1 1 0&Ka50 2332.254 25 2332.130 81 2389.374 30 2389.251 87
u0 1 1 0&Ka512 2320.949 14 2384.042 93
u0 0 3 0&Ka50 2307.861 79 2307.735 01 2408.332 41 2408.206 08
u0 0 3 0&Ka512 2295.915 39 2402.788 60
u0 2 1 0&Ka50 2270.248 17 2270.123 70 2332.498 11 2332.375 63
u0 2 1 0&Ka512 2258.722 46 2326.695 63
u0 1 3 0&Ka50 2244.289 88 2244.167 45 2350.878 28 2350.754 87
u0 0 0 1&Ka511 2240.256 24 2341.351 95
u0 1 3 0&Ka512 2231.814 84 2345.202 38
u0 0 5 0&Ka50 2223.791 56 2223.664 39 2321.414 63 2321.294 51
u0 2 3 0&Ka50 2190.476 89 2190.350 69 2292.893 96 2292.771 34
u0 1 0 1&Ka511 2189.873 10 2277.832 92
u0 0 5 0&Ka512 2207.017 07 2316.088 61
u0 2 3 0&Ka512 2176.274 64 2286.559 75

B2 symmetry A1 symmetry B2 symmetry A1 symmetry
u0 0 0 0&Ka511 2400.697 55 2463.851 84
u0 1 0 0&Ka511 2328.906 78 2393.267 74
u0 0 2 0&Ka511 2347.277 27 2427.398 51
u0 2 0 0&Ka511 2265.005 13 2330.093 89
u0 1 2 0&Ka511 2288.994 12 2353.786 26
u0 0 4 0&Ka511 2250.046 17 2373.401 94
u0 0 1 1&Ka50 2226.723 78 2226.598 09 2335.920 02 2335.794 46
u0 2 2 0&Ka511 2222.679 38 2296.076 06
u0 0 1 1&Ka512 2218.061 19 2330.899 27
u0 1 4 0&Ka511 2188.399 06 2317.047 14
u0 1 1 1&Ka50 2171.514 40 2171.393 00 2283.259 72 2283.135 61
u0 0 6 0&Ka512 2168.017 73
u0 1 1 1&Ka512 2163.790 72 2278.864 79
u1 0 0 0&Ka511 2155.361 96
J. Chem. Phys., Vol. 103, No. 3, 15 July 19950¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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944 M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
~DCl!2 u0 0 0 0& J50 Ka50→u0 1 1 0& J51 Ka50 or 1
transitions appear to be better candidates for molecular b
experiments since they originate from the ground state.
dramatic differences in the transition intensities for these
cited van der Waals stretching states is another manifest
of the important effects of angular–radial coupling. Me
surements of then3 antigeared in-plane bending fundamen
and theu0 0 3 0& geared in-plane bending overtone for bo
~HCl!2 and ~DCl!2 would provide additional information o
the in-plane dependence of the potential. Frequencies
intensities for transitions involving these states are also
tained in Table X. If some or all of these states could
measured, it is likely that further improvements in the I
could be obtained.

IX. COMPARISON AND EVALUATION OF THE (HCl) 2
INTERMOLECULAR POTENTIAL ENERGY
SURFACES

In Table XI, the available high quality~HCl!2 potential
surfaces, including the ES1 surface, are described by s
fying their global minima andC2h barrier energies and ge
ometries. The ES1 potential, with a global energy minim
of 692 cm21 atR53.746 Å,u159°, u2589.8°, andf5180°,
is qualitatively similar to theab initio potentials44,50,51pre-
sented in Table XI and to the Votavaet al.48 surface. Theab
initio IPS of Karpfenet al.37 is actually very complicated
exhibiting four different saddle points below the dimer d
sociation energy. However, the lowestC2h saddle is fairly
well separated from the others~by at least 340 cm21! and is
expected to dominate thetransdonor–acceptor tunneling dy
namics. The donor–acceptor interchange tunneling path
in the ES1 surface is of particular interest here. In Fig.
contour plot~with R andf fixed at their potential minimum
values! is presented showing the in-plane dependence
the donor–acceptor interchange tunneling pathway of
ES1 potential surface. Corresponding plots for theab initio
and the Votavaet al. potentials would appear similar exce
for the difference in barrier heights. It is found that the E
and ab initio potentials possess similar tunneling barri

TABLE IX. Energy levels, expectation values, and relative absorption
tensities~J50→1 transitions originating from ground state! for ~HCl!~DCl!
calculations using the ES1 potential.

State Ka E ~cm21! ^P1&1
a ^P2&1 ^P1&2 ^P2&2 I i←1

b

1 0 2427.2 0.023 20.336 20.905 0.752 0.0003
1 2416.5 1.0000

2 0 2405.0 0.838 0.649 20.101 20.314 0.1276
1 2398.9 0.1523

3 0 2372.7 0.379 0.110 20.555 0.284 0.3207
1 2365.3 0.3334

4 0 2343.1 0.454 0.309 20.337 0.166 0.0773
1 2336.1 0.0120

5 0 2307.2 0.379 0.296 20.320 0.245 0.0017
1 2300.6 0.0026

6 0 2303.6 0.013 20.334 20.852 0.610 0.0000
1 2289.6 0.2921

a^Pj& i signifies the expectation value of thej th Legendre polynomial for the
i th subunit: 15HCl, 25DCl.
bTransition intensities normalized to largest value.
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~ranging from 45 to 71 cm21!, while the Votava potential has
a much higher barrier~188 cm21 in the single center spheri-
cal expanded form! to donor–acceptor interchange. How-
ever, theu1 vs u2 at fixedR contour plots do not reveal all of
the important details of the tunneling pathway~including the
actual minimum energy pathway!. In Figs. 5–7, contour
plots of R vs u1, with u2 and f determined by an energy
minimization algorithm, are presented for all three potentials.
These graphs are more revealing than theu1 vsu2 plots, since
u2 has a nearly linear dependence onu1 for the coordinate
range of interest. TheR vs u1 contour plots clearly show that
theab initio tunneling pathway does not posses a significant
radial dependence while the ES1 potential shows a clea
preference for a decrease in the center of mass separation
theC2h barrier geometry. In addition, it should be noted that
theab initio and ES1 potentials are plotted on the same scale
in order to emphasize the shorter average intermolecula
separation and the stiffer radial dependence of the ES1 po
tential.

Although the ES1 barrier is only 16 cm21 lower than the

in-

TABLE X. Selected predicted transition frequencies and relative intensities
from ES1 potential.

Initial state Final state n ~cm21! Intensity

~HCl!2
u0 0 0 0&J50 Ka50 u0 0 1 0&J51 Ka50 15.795 07 1.000 00
u0 0 1 0&J50 Ka50 u0 0 2 0&J51 Ka50 37.744 53 1.167 67a

u0 0 0 0&J50 Ka50 u0 0 0 1&J51 Ka51 171.527 44 0.741 22
u0 0 1 0&J50 Ka50 u0 0 1 1&J51 Ka51 178.055 27 0.791 70a

u0 0 0 0&J50 Ka50 u0 1 1 0&J51 Ka50 79.523 23 0.000 11
u0 0 0 0&J50 Ka50 u0 1 1 0&J51 Ka51 90.834 54 0.001 48
u0 0 1 0&J50 Ka50 u0 1 0 0&J51 Ka50 56.524 60 0.556 84a

u0 0 1 0&J50 Ka50 u0 1 0 0&J51 Ka51 67.209 07 0.279 54a

u0 0 0 0&J50 Ka50 u0 0 3 0&J51 Ka50 104.048 67 0.039 72
u0 0 0 0&J50 Ka50 u0 0 3 0&J51 Ka51 115.868 29 0.039 47
u0 0 0 0&J50 Ka50 u1 0 1 0&J51 Ka50 252.937 47 0.089 67
u0 0 0 0&J50 Ka50 u1 0 1 0&J51 Ka51 262.704 21 0.279 95
u0 0 1 0&J50 Ka50 u1 0 0 0&J51 Ka50 225.207 16 0.112 60a

u0 0 1 0&J50 Ka50 u1 0 0 0&J51 Ka51 240.753 94 0.272 04a

~DCl!2
u0 0 0 0&J50 Ka50 u0 0 1 0&J51 Ka50 5.795 74 1.000 00
u0 0 1 0&J50 Ka50 u0 0 2 0&J51 Ka50 31.071 42 1.985 43a

u0 0 0 0&J50 Ka50 u0 1 1 0&J51 Ka50 80.161 07 0.130 30
u0 0 0 0&J50 Ka50 u0 1 1 0&J51 Ka51 85.370 01 0.052 45
u0 0 1 0&J50 Ka50 u0 1 0 0&J51 Ka50 65.066 15 0.165 98a

u0 0 1 0&J50 Ka50 u0 1 0 0&J51 Ka51 70.347 16 0.062 28a

u0 0 0 0&J50 Ka50 u0 0 3 0&J51 Ka50 61.206 86 0.187 35
u0 0 0 0&J50 Ka50 u0 0 3 0&J51 Ka51 66.624 34 0.022 29
u0 0 0 0&J50 Ka50 u0 0 0 1&J51 Ka51 128.060 99 0.734 15
u0 0 1 0&J50 Ka50 u0 0 1 1&J51 Ka51 132.717 40 0.948 03a

u0 0 0 0&J50 Ka50 u1 0 1 0&J51 Ka50 193.705 52 0.206 18
u0 0 0 0&J50 Ka50 u1 0 1 0&J51 Ka51 201.235 18 0.740 75
u0 0 1 0&J50 Ka50 u1 0 0 0&J51 Ka50 180.660 95 0.177 63a

u0 0 1 0&J50 Ka50 u1 0 0 0&J51 Ka51 187.850 14 0.320 40a

aExcited initial state-intensity must be ratioed by Boltzmann weight. For a
temperature of 5 K~typical of molecular beam experiments! the intensities
for transitions originating fromu0 0 1 0&J50 Ka50 should be multiplied by
0.0103 and 0.1864 for~HCl!2 and ~DCl!2, respectively. For a temperature
of 140 K ~typical of HCl cooled cell experiments! the intensities for tran-
sitions originating fromu0 0 1 0&J50 Ka50 should be multiplied by 0.8492
and 0.9418 for~HCl!2 and ~DCl!2, respectively.
03, No. 3, 15 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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945M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
analyticalab initio barrier of Bunkeret al.51 and the center
of mass separation only contracts by about 0.1 Å as~HCl!2
moves from the global minimum to theC2h barrier geometry,
these features are crucial in order to accurately reproduce
measured spectroscopic observables. The Bunkeret al. ana-
lytical ab initio potential shows only a 0.013 Å radial con
traction along this coordinate, but it should be noted that
directly obtainedab initio points50 ~which were fitted to the
analytical form! at the minimum and theC2h barrier indicate
a larger contraction of 0.056 Å. This suggests that the ac
racy of the analytical model itself could be a limiting facto

TABLE XI. Comparison of potential surfaces~f fixed at 180°!.

E ~cm21!a R ~Å! u1 ~deg! u2 ~deg!

Latajkaet al.
ab initiob

minimum 2555 3.838 11.3 89.7
barrier 45 3.740 50.6 129.4
Karpfenet al.
ab initioc

minimum 2602 3.912 6.60 88.93
barrier 71 3.856 47.23 132.77
Bunkeret al.d

analytical fit to
Karpfenet al.
ab initio
minimum 2626 3.820 7.4 87.7
barrier 64 3.807 47.2 132.8
Votavaet al.
expanded semiempiricalc

minimum 2740 3.700 5 80.8
barrier 188 3.725 52 128.7
ES1
minimum 2692 3.746 9 89.8
barrier 48 3.650 47 133

aBarrier energies relative to minimum.
bReference 31.
cReference 37.
dReference 38.
eReference 35.

FIG. 4. Contour plot of ES1 potential. Contours from2690 to2590 cm21

at 10 cm21 intervals~other coordinates fixed at their equilibrium values!.
J. Chem. Phys., Vol. 103Downloaded¬30¬Jun¬2005¬to¬132.162.177.17.¬Redistribution¬subject¬
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in obtaining purely theoretical quantitatively correct poten
tial surfaces for systems such as~HCl!2, in addition to the
usual problems associated with the limited accuracy of t
ab initio methods. It is also interesting to note that theab
initio potential of Latajkaet al.44 precisely predicts a 0.1 Å
contraction inR along the donor–acceptor interchange coo
dinate. None of theab initio calculations, however, correctly
predict the absolute magnitude of these center of mass d
tances.

The large variations in the experimentalJ50→1 energy
differences for each vibrational state directly indicate the e
istence of strong angular–radial coupling. Indeed, th
angular–radial coupling is responsible for the breakdown
the semirigid bender model~described in Paper I!, which
predicted a barrier of 20 cm21 or less based on the experi-

FIG. 5. Contour plot of ES1 potential showing radial dependence of dono
acceptor interchange tunneling pathway~other coordinates determined by
energy minimization!.

FIG. 6. Contour plot ofab initio potential showing radial dependence o
donor–acceptor interchange tunneling pathway~other coordinates deter-
mined by energy minimization!.
, No. 3, 15 July 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



i-

-
le
d
an
b
ab

ex

o
c
l
en
lo
l

e
m-
m,
all

ra-
ws
g-
the
ts,
or-
n
,
cu-

ro-

g
uch

in

of
-

946 M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
mentaln5 energy levels. Moreover, this finding quite graph
cally illustrates the inaccuracy of approximate angular~fixed
R! calculations such as those utilized by Althorpeet al.53 and
Schuderet al.37,38 which totally neglect angular–radial cou
pling. These results further suggest that as systems with
spherical symmetry than HCl are investigated, the errors
to the neglect of angular–radial coupling in approximate
gular calculations are likely to render the information to
gained from such approximate approaches of question
validity.

The two remaining intermolecular coordinates to be
amined are the radial (R) and torsional~f, out-of-plane!
degrees of freedom. Because of the large amplitude don
acceptor interchange dynamics occurring in the in-plane
ordinates~u1 andu2!, it is difficult to find a suitable graphica
method to demonstrate the radial and torsional depend
of the potential. Therefore, we present one-dimensional p
for both R and f with u1 and u2 fixed at both the globa
minimum geometry and theC2h barrier geometry~Figs.

FIG. 8. Comparison of radial potentials with angles fixed at potential m
mum.

FIG. 7. Contour plot of Votavaet al.potential showing radial dependence
donor–acceptor interchange tunneling pathway~other coordinates deter
mined by energy minimization!.
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8–11! in order to provide a lower and upper limit for th
effects due to the ‘‘graphical’’ in-plane averaging. For geo
etries with the in-plane angles fixed at the global minimu
the fitted radial potential closely matches the repulsive w
of theab initio potential~as intended! while having a deeper
well and shorter equilibrium intermolecular distance. The
dial dependence of the ES1 potential more closely follo
the Votavaet al. potential at long range, which is encoura
ing since the latter potential was adjusted to reproduce
experimental low temperature second virial coefficien
which are sensitive to this region of the potential. The t
sional dependence~f! of the ES1 potential is steeper tha
the Bunkeret al. ab initiopotential, which is not surprising
considering that the out-of-plane bending frequency cal
lated from theab initio surface was almost 25 cm21 lower
than the experimental value. The ES1 potential also rep
duces the experimental combination frequency,u0 0 1 1&,
better than theab initio surface indicating that the couplin
between the in- and out-of-plane angular coordinates is m
better described by the new potential.

i-

FIG. 9. Comparison of radial potentials with angles fixed atC2h geometry.

FIG. 10. Comparison of out-of-plane torsional~f! potentials with angles
fixed at potential minimum.
, No. 3, 15 July 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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947M. J. Elrod and R. J. Saykally: Determination of the PES for (HCl)2
X. ON THE NATURE OF HYDROGEN BONDING IN
(HCl)2

In recent years, the terms ‘‘hydrogen bonding’’ an
‘‘electrostatic interactions’’ have become virtually synon
mous within the language of intermolecular forces. Beca
all of the classical hydrogen bonded systems—NH3, H2O,
HF, and HCl—possess large multipole moments, this
scription ostensibly seems appropriate. Indeed, previous
vestigations of the HCl–HCl interaction have generally co
cluded that electrostatic forces are primarily responsible
the anisotropy of the potential energy surface at the ra
minimum. However, the recently determined experimen
IPS for the ArH2O ~Ref. 10! and ArNH3 ~Ref. 11! systems
have provided reasons to question this simple view. At in
mediate range, both the ArH2O and ArNH3 systems posses
the linearly hydrogen bonded geometries dictated by
electrostatic induction~and dispersion! forces. However, as
the radial minimum in the potential is approached, both
H2O and NH3 subunits rotate out of this hydrogen bond
geometry in order to minimize the rapidly varying anis
tropic repulsiveforces. Similar studies of the NH3–NH3 in-
teraction also indicate that the repulsive forces can ca
major modifications to the angular anisotropy at the rad
minimum and that a linear hydrogen bonding geometry
obtained at slightly longer range.70 This effect is surmised to
lead to the near isoenergicity of the linear hydrogen bon
and cyclic conformations of~NH3!2 near the minimum in the
IPS. Clearly, a closer inspection of the HCl–HCl interacti
is warranted, given these precedents.

In agreement withab initio calculations,37 we find that
the attractive forces are responsible for the slightly~9°! non-
linear hydrogen bond at the equilibrium separation. Althou
it is clear that the electrostatic forces are likewise respons
for the deep donor–acceptor interchange pathway, it is m
leading to consider the electrostatic forces alone since
balancing repulsive forces are obviously required to achi
a stable equilibrium situation. Therefore, the magnitude
the electrostatic forces definitely depends at least param
cally on the repulsive forces. For example, the radial m
mum for ~HCl!2 from the ES1 potential is 3.75 Å, while th

FIG. 11. Comparison of out-of-plane torsional~f! potentials with angles
fixed atC2h geometry.
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radial minimum for~HF!2 is about 2.75 Å,30 indicating that
the electrostatic forces near the minimum in~HF!2 will be
substantially larger than in~HCl!2 due to the inverseRn de-
pendence in the electrostatic expressions, rather than sim
due to the magnitudes of the electrostatic moments.
course, the much longer equilibrium intermolecular sepa
tion for ~HCl!2 is due to the balance between the repulsi
resulting from the more extended molecular orbitals of t
HCl molecule and the sum of the attractive forces. In Fig. 1
we have plotted the donor–acceptor interchange tunne
barrier height as a function ofR for two pure electrostatic
surfaces characterized by the dipole and quadrupole m
ments of HF and HCl. An explanation for the much lowe
barrier height for~HCl!2 as relative to that for~HF!2 is based
on the relative magnitudes of the relevant multipole m
ments. Although the HF multipole moments do favor a larg
barrier, it is, however, actually theR dependence which en-
sures the much lower~HCl!2 tunneling barrier. It should also
be emphasized that for systems like~HCl!2 with very small
barriers that the higher electrostatic moments may play
important role.

Although electrostatic forces~as implicitly constrained
by the balancing repulsive forces! undoubtedly play the
dominant role in determining such topological features as
donor–acceptor interchange barrier in systems such as~HF!2
and~HCl!2, it is of interest to determine the degree to whic
the anisotropy of the repulsive forces themselves explici
impact this problem. It is tempting to simply subtract th
electrostatic contribution to the barrier height to determi
the contribution from repulsion~the other attractive forces
are very weakly anisotropic!, however, this is not practical
since the balance of forces is so precarious that relativ
minor effects such as the influence of higher order elect
static moments or the slight breakdown of the long-ran
electrostatic expressions themselves cannot be distinguis
from genuine anisotropic repulsive effects. Because~HF!2
possesses a much shorter equilibrium intermolecular sep
tion, it is more obvious that anisotropic repulsive force
should have a major impact on the donor–acceptor int
change tunneling barrier. In fact, theab initio71 barrier for

FIG. 12. Donor–acceptor interchange tunneling barrier height arising fr
dipole and quadrupole electrostatic forces for~HF!2 and ~HCl!2 vs R.
, No. 3, 15 July 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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~HF!2 is found to be 332 cm
21, while the simple electrostatic

model depicted in Fig. 12 predicts a barrier of only abo
200 cm21. However, it is also apparent that there is a fai
pronounced breakdown of the long-range electrostatic
pressions at these short intermolecular distances, which c
plicates the~HF!2 interpretation. Despite these difficultie
the new fitted~HCl!2 potential surfacedoesprovide convinc-
ing evidence for the importance of anisotropic repuls
forces. The angular–radial coupling evident in the dono
acceptor interchange tunneling pathway cannot be re
duced by the mathematical form of the electrostatic exp
sions alone. Indeed, intuition would suggest that the redu
repulsive forces present at theC2h geometry~where the hy-
drogen atom on one HCl molecule is as far as possible f
both the hydrogen and chlorine atoms on the other HCl m
ecule! are actually responsible for the observed contract
of the intermolecular bond. These effects will undoubte
be even more important in less spherical systems suc
NH3, H2O, and HF. Therefore, fully rigorous dynamic
treatments of these systems~with no assumptions involving
the separability of the radial and angular degrees of freed!
will also be necessary in the prediction and fitting of hi
precision VRT data for the associated dimers.

The dominant influence of the electrostatic forces a
ensures a stiff out-of-plane torsional barrier since both
dipole–quadrupole and quadrupole–quadrupole interact
demand planarity in order to maximize these attract
forces. The internal axis method~IAM ! promoted by
Hougen72 to describe the donor–acceptor interchange tun
ing problem in~HF!2 holds only for planar tunneling paths
For ~HCl!2 this description should be quite accurate since
torsional barrier is much greater than the donor–acce
interchange barrier. However, the increased effects of an
tropic repulsion expected for~HF!2 could compromise this
planar dynamical model.

XI. SUMMARY

We have described the first rigorous experimental de
mination of an intermolecular potential energy surface fo
hydrogen bonded system. The~HCl!2 surface was obtained
by a direct least-squares fit of 8 parameters in a deta
analytical model to 33 spectroscopic observables for~HCl!2
and ~DCl!2. We have employed a rigorous four-dimension
variational method to calculate the spectroscopic observa
from the surface. Although the fitted surface confirms
preeminent role of the electrostatic forces in determining
topology of the potential surface, we find that anisotro
repulsive forces are crucial in rationalizing the radial dep
dence of the donor–acceptor interchange tunneling path
This potential surface will serve as a benchmark for test
simplified potential forms appropriate for condensed ph
simulations, as well as for testingab initio calculations. This
work should provide useful insights for potential surface d
terminations for the other classical hydrogen bonded s
tems.
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