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An empirical potential-energy surface for the He–I2„B
3�u… van der Waals

complex including three-body effects
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An empirical intermolecular potential surface is proposed for the He–I2�B 3�u� complex, modeled
as a sum of pairwise He–I Morse interactions plus a three-body interaction term. The potential
reproduces with very good agreement the spectral blueshifts and vibrational predissociation
lifetimes measured for He–I2�B ,��� in the range ��=10–67 of I2 vibrational excitations. In
particular, the accuracy achieved in the description of the experimental data for high �� levels is
attributed to the three-body interaction term included in the potential. The behavior of the potential
surface with the I–I separation is analyzed and correlated with the experimental findings. © 2005
American Institute of Physics. �DOI: 10.1063/1.2040367�
I. INTRODUCTION

The photodissociation dynamics of rare gas-halogen van
der Waals �vdW� complexes has been an increasingly active
subject of research over the last three decades. Even the sim-
plest triatomic Rg-BC complexes �Rg=rare gas atom, BC
=diatomic molecule� exhibit energy transfer processes and
intramolecular vibrational redistribution �IVR� mechanisms
which are fundamental in understanding the photophysics
and photochemistry of molecules in solvated environments.
Thus, the study of these simple clusters provides a detailed
knowledge about the weak interactions which play a central
role in the solvation effects present in larger, more compli-
cated systems.

Potential-energy surfaces calculated by ab initio meth-
ods for the ground electronic state of several Rg-BC systems
such as He–Cl2,1,2 Ne–Br2,3 He–Br2,4 and He–I2 �Ref. 5�
have been reported. The ab initio characterization of poten-
tial surfaces of excited electronic states is far more compli-
cated for these systems, and fewer studies are available,
among them those corresponding to He–Cl2 �Ref. 6� and
He–Br2 �Ref. 7� for the B electronic state. More tradition-
ally, the Rg-BC interaction in the B excited state has been
described by empirical potential surfaces adjusted in order to
reproduce the available spectroscopic and dynamical experi-
mental data obtained from excitation and the subsequent vi-
brational predissociation �VP� process undergone by these
complexes. In general, empirical intermolecular potentials
consisting of a sum of two pairwise rare gas-halogen atom
interactions �typically represented by Morse functions� have
been able to reproduce successfully the available
measurements.8–12 However, the representation of the poten-
tial by pairwise interactions appears to be less satisfactory
when the rare-gas atom weakly bound to the molecule is He.
The He–Cl2�B� and He–Br2�B� complexes provide two ex-
amples.
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Vibrational predissociation of He–Cl2�B ,��� has been
probed experimentally in the region of ��=6–12 initial vi-
brational states.6,13–15 The empirical potentials proposed14,15

reproduced well the observed spectral blueshifts and the vi-
brational and rotational Cl2 product fragment distributions.
The VP lifetime, however, was overestimated for the higher
levels ��=11,12, and underestimated for the lower levels
���10. In the case of He–Br2�B ,��� a wider range of ��
levels, ��=8–48, was investigated experimentally.16–18 A
He–Br2�B ,��� empirical potential built up as an addition of
pairwise interactions19 reproduced successfully the measured
spectral blueshifts and VP linewidths up to ���38. The blue-
shift observed experimentally increases up to ���35, and
then it decreases for higher ��, suggesting that the vdW bond
becomes stronger for high �� levels, which correspond to
large Br–Br separations ��4.0 Å�.17 The decreasing behav-
ior of the blueshift for high �� was not satisfactorily repro-
duced by the empirical pairwise potential proposed. In addi-
tion, the VP linewidths for ���38 were also poorly
described by the potential.

The above-mentioned results suggest that three-body ef-
fects may become important already for relatively low ��
=8–12 levels in He–Cl2�B� and for high �� levels in
He–Br2�B�. The appearance of significant three-body effects
would be related to the higher delocalization of the He atom
in the complex �due to the quantum nature of He�, as com-
pared, for instance, to the cases of Ne–Cl2�B� and
Ne–Br2�B�. Because of this higher delocalization, the He
atom would sample regions where the potential becomes
more strongly dependent on the interhalogen separation.

In a recent work,20 a He–Cl2�B� empirical potential was
proposed which incorporated a three-body character by in-
troducing an explicit dependence on the Cl–Cl separation in
the potential parameters. Such a potential led to a substantial
improvement in the description of the experimental VP life-
times, as compared to previous empirical pairwise surfaces.
The potential was also used in quantum-mechanical simula-

tions of the He2–Cl2�B� predissociation dynamics, providing
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good agreement with the available measurements of line-
widths and Cl2 product rotational distributions21�a� and Cl2
vibrational distributions.21�b� More recently, an empirical in-
termolecular potential for He–Br2�B� modeled as a sum of
two pairwise He–Br interactions plus a three-body interac-
tion term has been suggested.22 Such a potential was able to
reproduce the behavior of the blueshifts and linewidths ob-
served experimentally for high �� states, in very good agree-
ment with the measurements. The above two works show
that including explicitly three-body effects in the potential
surface is required in order to describe correctly the experi-
mental data in this type of systems.

In light of the above results for He–Cl2�B� and
He–Br2�B�, it becomes very interesting to investigate the
He–I2�B� complex. For this system, similarly as for
He–Br2�B�, there is an abundance of experimental data.
Spectral blueshifts have been measured by Levy and co-
workers up to ��=29 �Refs. 23 and 24� and by Sharfin et al.25

in the range ��=35–67. Predissociation linewidths were also
measured in the ranges ��=12–26 �Ref. 26� and ��=35–66
�Ref. 25� by means of frequency-resolved experiments.
Time-resolved experiments were carried out by Gutmann et
al.27 and they obtained VP lifetimes in the region ��
=17–23. These data cover most of the I2 vibrational excita-
tion spectrum in the B electronic state. Interestingly, the be-
havior of the spectral blueshift observed for He–I2�B� is
similar to that found for He–Br2�B�, namely, it increases up
to ���50, and then a fast decrease occurs for higher ��.25

Those results suggest a behavior of the He–I2�B� intermo-
lecular potential qualitatively similar to the He–Br2�B� case,
with a significant presence of three-body effects in the region
of high �� levels.

An empirical potential surface was proposed for
He–I2�B�, represented as a sum of He–I Morse
interactions.28 The Morse parameters were fitted in order to
reproduce the experimental linewidths available in the range
��=12–23.26,27 The data of spectral blueshifts were not used
in the fit. The aim of the present paper is to characterize a
new empirical intermolecular potential for He–I2�B�, which
covers all the range of vibrational excitations, ��=10–67,
probed experimentally. To this purpose, the potential surface
is represented using the same model which worked success-
fully in the He–Br2�B� case22 in order to take into account
possible three-body effects. The corresponding potential pa-
rameters have been fitted using the available data for predis-
sociation linewidths and spectral blueshifts in the above-
mentioned range ��=10–67.

The organization of the paper is as follows. Section II
describes the model used to represent the potential-energy
surface and the calculations carried out to fit the potential
parameters. In Sec. III the results are presented and the po-
tential surface is discussed. Some conclusions are given in
Sec. IV.

II. THE MODEL

A. Potential-energy surface

Jacobi coordinates �r ,R ,�� are used to represent the

He–I2 system, where r is the I–I bond length, R is the dis-
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tance between He and the I2 center of mass, and � is the
angle between the vectors r and R associated with the two
radial coordinates. As in the case of He–Br2�B�,22 the model
used to represent the surface of He–I2�B� consists of a sum
of three two-body interactions plus a three-body interaction
term,

V�r,R,�� = VI2
�r� + VHe-I�x1� + VHe-I�x2� + V3B�r,x1,x2� ,

�1�

xi being the He–I distances,

x1,2 = � r2

4
+ R2 ± rR cos����1/2

. �2�

The analytical form reported in Ref. 29 has been used for the
VI2

�r� interaction potential in the B electronic state.30 The
He–I interactions are represented by a Morse potential

VHe-I�xi� = �0	exp�− 2�0�xi − x0�� − 2 exp�− �0�xi − x0��
 .

�3�

The three-body interaction term is modeled as a sum of
two Morse functions of x1 and x2, respectively, where the
Morse parameters are explicit functions of r,

V3B�r,x1,x2� = W�r,x1� + W�r,x2�

= ��r��
i=1

2

	exp�− 2��r��xi − xm�r���

− 2 exp�− ��r��xi − xm�r���
 . �4�

The above simple form of V3B�r ,x1 ,x2� takes into account
the symmetry of the interaction between the He atom and the
two I atoms.

The decrease of the spectral blueshift found
experimentally25 for I2 vibrational excitations higher than
���50, which corresponds with I–I bond lengths r�5 Å,
suggests that three-body effects become important in this re-
gion of the potential. The decreasing shift indicates a
strengthening of the vdW bond, and therefore suggests that
the three-body interaction contributes to stabilize the poten-
tial with increasing r. Taking these features into account, the
following functional forms have been used to model the
three-body interaction term V3B�r ,x1 ,x2�,

��r� = �1 exp�− a1�r − r1�2� , �5�

��r� = �0 if r � r2, �6a�

��r� = �0 + �1 exp�− a2�r − r2��

		exp�− a2�r − r2�� − 2
 + �1 if r � r2, �6b�

and

xm�r� = x0 + x3 exp�− a3�r − r3�2� . �7�

All the relevant parameters of the intermolecular potential
are collected in Table I. The functions ��r�, ��r�, and xm�r�
are displayed in Fig. 1, along with the �squared� vibrational
eigenfunctions of I2 corresponding to ��=10 and ��=67, in
order to show the range of I–I bond lengths probed by the

experiment. It should be noted that the behavior of ��r� en-
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sures that the three-body term vanishes for very large I–I
separations, causing the intermolecular potential to approach
an isolated He–I interaction with increasing r, as expected.

B. Fit of the potential parameters

The parameters of the intermolecular potential of
He–I2�B� were adjusted in order to reproduce the data avail-
able for spectral shifts and VP linewidths in the range ��

TABLE I. Potential parameters and atomic masses used in this work.

�0=14.94 cm−1 a2=0.983 Å−1

�0=1.293 Å−1 a3=0.354 Å−2

x0=4.05 Å r1=6.66 Å
�1=9.1 cm−1 r2=3.7 Å
�1=0.37 Å−1 r3=6.85 Å
x3=0.76 Å mBr=126.904 a.m.u.

a1=0.857 Å−2 mHe=4.003 a.m.u.

FIG. 1. Behavior of the �, �, and xm functions of Eqs. �5�–�7� vs the I–I
distance r. The I2 vibrational wave functions �

��
�j=0��r�2 are also shown in
the lower panel for ��=10 �solid line� and ��=67 �dashed line�.
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=10–67 of I2 vibrational levels. All the spectroscopic and
dynamical calculations carried out to fit the parameters as-
sumed total angular momentum J=0 for the system.

The blueshift of the He–I2�B ,���← �X ,��=0� band ori-
gins can be obtained as the difference between the corre-
sponding dissociation energies, D0�X ,��=0�−D0�B ,���.
From the blueshift measurements for high �� levels,25 the
binding energy for the X state has been estimated as
D0�X ,��=0�=17.6±1.0 cm−1.17 Thus the value 17.6 cm−1

has been used here. The D0�B ,��� dissociation energy corre-
sponds to the energy of the ground resonance state of
He–I2�B ,���. The resonance wave function is expanded as


�r,R,�� = �
n,j

cn,j
����n

����R���
�j��r�Pj��� , �8�

where ��
�j��r� are the rovibrational eigenstates of I2, Pj��� are

normalized Legendre polynomials, and �n
����R� are radial ba-

sis functions. The �n
����R� functions are obtained by calculat-

ing the eigenfunctions of the reduced Hamiltonian

Ĥ���R ,��= ���
�j=0��r�Ĥ��

�j=0��r�� �where Ĥ is the full Hamil-
tonian of He–I2�B�� for several fixed angles �, and then or-
thogonalizing these eigenfunctions through the Gram-
Schmidt procedure. The resonance energy and wave function

are obtained by representing the Hamiltonian Ĥ in the basis
set of Eq. �8� and diagonalizing. Converged resonance ener-
gies were calculated by using a basis set of one vibrational
state �=��, 10�n

��� radial functions, and 15 Legendre polyno-
mials �with even j�.

The vibrational predissociation lifetimes are obtained
from simulations of the decay dynamics of the complex
ground resonance state, He–I2�B ,���→He+I2�B ,�����.
The simulations are carried out by solving the time-
dependent Schrödinger equation for the wave packet

�r ,R ,� , t�, which is expanded as


�r,R,�,t� = �
�,j

C�,j�R,t���
�j��r�Pj���e−iE�

�j�t/, �9�

being E�
�j� the energies associated to the ��

�j� states. The coef-
ficients C�,j�R , t� are propagated through a set of time-
dependent coupled equations and they are represented on a
uniform grid in the R coordinate consisting of 128 points
with R0=3.5 a.u. and �R=0.25 a.u. The number of rotational
states included in the expansion of Eq. �9� was 15 �with even
j�. In the vibrational basis, four vibrational states correspond-
ing to �=��, ��−1, ��−2, and ��−3 were included for the
initial excitations ���35, while five vibrational states �add-
ing �=��−4 to the above states� were used for ��=45, six
vibrational states �adding �=��–5 to the above states� were
used for ��=51–61, and seven vibrational states �adding �
=��−6 to the above states� were used for ���65. Absorption
of the wave packet was carried out after each propagation
time step by multiplying each C�,j�R , t� packet by the func-
tion exp�−A�R−Rabs�2�, for R�Rabs=28.0 a.u., with A
=0.5 a.u.−2.

The C�,j�R , t� coefficients were propagated using the
Chebychev polynomial-expansion method to express the
evolution operator, with a propagation time step �t

=0.04 ps. Propagation was carried out until a different final
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time tf depending on the initial level �� being excited: tf

=80 ps for ��=12, tf =70 ps for ��=13, tf =60 ps for ��=14
−45, tf =52 ps for ��=51, tf =30 ps for ��=54 and 57, tf

=24 ps for ��=61, tf =20 ps for ��=65, and tf =14 ps for ��
=66. The decay curve of the initial state population can be
calculated as the square of the wave-packet autocorrelation
function, P�t�= �
�0� 
�t��2. By fitting P�t� to an exponen-
tial function, P�t��e−t/�, the predissociation lifetime � of the
He–I2�B ,��� resonance state is obtained, which is related to
the resonance linewidth � through �= /�. Vibrational and
rotational state distributions of the I2 fragment were calcu-
lated as previously described,20,31 considering that the vdW
bond is effectively broken for R�Rc=16.6 a.u.

As already mentioned, the present spectroscopic and dy-
namical calculations assume zero total angular momentum
for the He–I2�B� complex. Although the measurements of
the magnitudes used to fit the potential parameters are car-
ried out at very low temperatures, transitions to J�0 states
will have a weight. In addition, state mixing induced by Co-
riolis coupling terms present for J�0 might have some in-
fluence on the calculated predissociation lifetimes. Unfortu-
nately, including such J�0 states in the fitting of the
parameters would be extremely costly and would render the
calculations impractical. However, it would be interesting to
have an indication of how the J=0 assumption may affect
the fit of the potential surface. This indication can be ob-
tained from the related and extensively studied He–Br2�B�
complex, for which different types of calculations have been
carried out. Spectral shifts were calculated for He–Br2�B ,���
in the ��=8–20 range, both assuming J=0 �Ref. 19� and
including states up to J�6.18 The two types of calculations
gave blueshifts with differences between them and with the
experimental ones typically smaller than 1%. Regarding dy-
namical quantities, rotational distributions of the Br2 product
fragment were computed by means of line-shape calculations
including transitions to J�5 states of He–Br2�B� �Ref. 32�
using a B state potential surface previously fitted through
line-shape calculations assuming J=0.19 Good agreement
was found between the calculated and measured Br2 rota-
tional distributions.32 The above results seem to indicate that
fitting the potential parameters under the assumption of J
=0 is a reasonably good approximation.

III. RESULTS AND DISCUSSION

A. Spectral shifts and predissociation lifetimes

Analysis of the calculated ground resonance wave func-
tions shows that they are localized around �=90°, in the
perpedicular configuration of the complex, for the whole
range ��=10–67. The corresponding ground resonance ener-
gies of He–I2�B ,���, Eres

calc, are listed in the third column of
Table II. Spectral shifts obtained from these energies are col-
lected in the fourth column of the table. The experimental
blueshifts are given in the last two columns with the reported
errors.23–25 In Fig. 2 the calculated and experimental blue-
shifts are plotted vs ��.

The blueshifts calculated with the present empirical po-
tential display an excellent, quantitative agreement with the

experimental ones, in the whole range of �� levels studied.
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The computed blueshifts are within the experimental error
bars or very close to their limits. In this sense, it is noted that
the maximum experimental error reported is about ±1.5%,
being typically smaller for most of the �� levels measured.

Dynamical quantities such as the predissociation life-
times are sensitive to more extensive regions of the potential
than the spectral shifts. The reason is that during the dynam-
ics the system decays to lower vibrational manifolds
���� ��=��−1, ��−2, ��−3, etc.�, and the short- and long-
range regions of the potential in those vibrational states are
sampled. Thus, a good description of the dynamical magni-
tudes measured is indicative of the quality of the potential
surface. The calculated lifetimes are collected in Table III,
along with the experimental ones with the reported errors.
Both the calculated and experimental lifetimes are also plot-
ted in Fig. 3.

As mentioned in Sec. II B, in order to extract the VP
lifetime the decay curve P�t� is fitted to an exponential func-
tion e−t/�. The underlying assumption in a single exponential
fit of P�t� is that the resonance state initially prepared is
isolated. In the case of He–I2�B ,��� such a regime is found
for ���45. For ���51 the He–I2�B ,��� resonance initially
excited appears to interact with other metastable states close
in energy, belonging to vibrational manifolds ����. This
interaction between resonances of different vibrational mani-
folds manifests itself in the P�t� curve which, after an initial
decay, shows one or more recurrences. In this multiexponen-
tial dynamics regime the decay curve P�t� can no longer be
fitted to a single exponential function. Actually, the same
behavior was found in the case of He–Br2�B ,��� for high
��,19,22 and it was attributed to possible intramolecular vibra-
tional relaxation mechanisms.19 With increasing �� the width
of the initial resonance state increases as well, and thus the
probability of overlapping and interaction between this reso-
nance and other ���� resonances energetically close is ex-
pected to increase.

In order to obtain the lifetime of the He–I2�B ,��� reso-
nance of interest for ���51, the same procedure applied
previously22 in the case of He–Br2�B ,��� was used here. It
consisted of neglecting the recurrences and fitting only the
initial decay of P�t� to a single exponential, in the assump-
tion that in the absence of interaction between resonances the
recurrences would not appear. In Fig. 4 two typical decay
curves corresponding to the multiexponential regime are
shown for the ��=54 and 61 I2 excitations, along with their
exponential fits. As seen from the figure, the intensity of the
recurrences is rather low and they appear after the population
curve has decayed almost completely. Thus, the time scale of
decay of the curve �within the first 8 ps�, associated with the
decay of the resonance initially excited, is well separated
from the time scale of appearance of the recurrences. This
allows one to extract a sufficiently accurate lifetime for the
resonance of interest by fitting the initial decay of the popu-
lation to a single exponential function.

In general, the vibrational dependence of the lifetimes
found experimentally is very well reproduced by the calcu-
lated lifetimes in the whole �� range probed. For the levels
��=17–23 there are some discrepancy between the lifetimes

26
measured in the frequency-resolved and in the
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time-resolved27 experiments. In this region the calculated
lifetimes are typically between the data of the two experi-
ments. Good agreement is also found for ���35, except for
the last two vibrational levels, ��=65 and 66, where the de-

TABLE II. Experimental and calculated spectral blues
resonance energies �relative to the initial I2 vibration
=0 corresponds to separated I atoms.

��

E��
j=0

�cm−1�
Eres

calc

�cm−1�

10 −3145.87 −13.976
12 −2931.80 −13.954
13 −2827.47 −13.942
14 −2724.97 −13.930
15 −2624.32 −13.917
16 −2525.53 −13.905
17 −2428.63 −13.891
18 −2333.64 −13.878
19 −2240.56 −13.864
20 −2149.41 −13.849
21 −2060.22 −13.834
22 −1972.99 −13.818
23 −1887.73 −13.802
24 −1804.46 −13.786
25 −1723.19 −13.769
26 −1643.94 −13.751
29 −1418.31 −13.695
35 −1022.14 −13.563
45 −523.92 −13.297
47 −447.75 −13.246
51 −317.44 −13.186
54 −237.94 −13.222
57 −172.87 −13.385
61 −106.38 −13.833
65 −59.95 −14.529
66 −51.05 −14.698
67 −43.12 −14.768

aReferences 23 and 24.
bReference 25.

FIG. 2. Experimental and calculated spectral blueshifts of He–I2�B ,��� vs
the I2 vibrational excitation ��. ��� This work; �	� data of Levy and co-
workers �Refs. 23 and 24�; ��� data of Sharfin et al. �Ref. 25�. See the text

for details.
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viation is larger. The experiment finds a gradual increase of
the lifetime between ��=57 and ��=66,25 and this behavior is
not well reproduced by the theoretical lifetimes. The present
potential surface appears to overestimate to some extent the
coupling between the I2 vibration and the vdW modes for
���61, leading to a faster predissociation dynamics.

It should be noted that the three-body interaction term
becomes effective for r�4 Å �see the top panel of Fig. 1�.
Thus, for smaller I–I bond lengths �corresponding to vibra-
tional excitations lower than ���45�, the potential surface of
Eq. �1� consists essentially of a sum of atom-atom interac-
tions. The good level of description achieved for the spectral
shifts and predissociation lifetimes for ���45 indicates that
a representation of the potential based on pairwise interac-
tions is good enough in this region of �� excitations.

B. Vibrational and rotational state distributions

The calculated vibrational distributions of the I2�B ,�
���� product fragment show that the ���=−1 dissociation
channel is dominant for vibrational excitations ���57 �with
a population �90% for ���26�. For ���61 the ���=−2

of He–I2�B ,���. The calculated He–I2�B ,��� ground
ergy level E��

j=0� are listed in the third column. E��
j=0

Blueshift �cm−1�

s work Expt.a Expt.b

3.62 3.58
3.65
3.66 3.60±0.04
3.67 3.68±0.02
3.68 3.66±0.02
3.70 3.70±0.04
3.71 3.73±0.02
3.72 3.73±0.05
3.74 3.75±0.02
3.75 3.76±0.04
3.77 3.80±0.02 3.79±0.05
3.78 3.81±0.02
3.80 3.86±0.03
3.81 3.87±0.04
3.83 3.90±0.02
3.85 3.91±0.04
3.91 3.97
4.04 4.06±0.05
4.30
4.35 4.37±0.05
4.41
4.38
4.21 4.25±0.05
3.77 3.77±0.05
3.07
2.90 2.88±0.05
2.83 2.8
hifts
al en

Thi
channel becomes dominant, and the ���=−1 vibrational
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channel is energetically closed for ���62. For ���61 the
dissociation channels ���=−4, −5, and −6 reach significant
populations.

Rotational state distributions of the I2�B ,���� , j� frag-
ment were calculated �for even j�. In Fig. 5 the rotational
distributions corresponding to the ���=−1 and −2 channels
are shown for several �� excitations along the range studied

TABLE III. Experimental and calculated vibrational predissociation life-
times of He–I2�B ,���.

��

Lifetime �ps�

This work Expt.a Expt.b Expt.c

12 223.0 221±20
13 209.0 171±3
14 185.3 153±9
15 151.0 153±9
16 123.0 121±4
17 110.0 104±2 128±2
18 109.0 94±1 115±9
19 102.0 85±3 101±4
20 83.4 76±2 94±4
21 66.3 69±1 82±4
22 61.1 60±2 75±6
23 63.5 51.9±0.7 65±5
24 58.5 47.7±0.9
25 44.7 42.7±0.5
26 36.7 37.9±1.3
35 17.5 17.8
45 6.7 8.6
51 3.9 4.8
54 3.1 3.6
57 2.5 2.4
61 2.5 3.2
65 1.7 3.8
66 1.4 4.1

aReference 26.
bReference 27.
cReference 25.

FIG. 3. Experimental and calculated predissociation lifetimes of
He–I2�B ,��� vs the I2 vibrational excitation ��. ��� This work; �	� data of
Johnson et al. �Ref. 26�; ��� data of Gutmann et al. �Ref. 27�; ��� data of

Sharfin et al. �Ref. 25�.
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�in the case of ��=65 the ���=−1 channel is closed, and the
distributions correspond to the ���=−2 and −3 channels�. In
general, for ���45 the ���=−1 and −2 distributions are
rather similar, the ���=−2 rotational distributions being
somewhat hotter. The rotational distributions for ���45
typically consist of a main peak at j=2 and one or two sec-
ondary peaks. These distributions are qualitatively similar to
the ���=−1 and −2 rotational distributions found for the
Cl2�B ,����� fragment after He–Cl2�B� predissociation.20

For ���51 the ���=−2 rotational distribution �and also
the ���=−3 distribution� of I2 develops a pronounced struc-
ture of peaks. The ���=−2 distributions for ���51 also ex-
hibit a higher rotational excitation as compared to the ���
=−2 distributions corresponding to ���51, despite the
smaller amount of energy available as �� increases. The
structure and the higher excitation might be related to the
interaction between the resonance initially prepared and
other resonances belonging to lower ���� vibrational mani-

FIG. 4. Calculated decay curves of the He–I2�B ,��� ground resonance state
��� and the corresponding exponential fits �solid lines� vs time for ��=54
and ��=61.
folds.
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C. Analysis of the potential surface

The agreement found between the calculated and the ex-
perimental spectral shifts and predissociation lifetimes indi-
cates that the He–I2�B� interaction is well described by the
present potential surface, at least in the range of I–I separa-
tions explored by the experiment �3 Å�r�7 Å�. In the fol-
lowing, the details of the potential and its dependence on the
internuclear I–I separation will be analyzed. Table IV pre-
sents the energy and position of the potential minima in the
linear ��=0° � and perpendicular ��=90° � configurations of
the complex for several I–I bond lengths.

FIG. 5. Calculated I2�B ,� , j� fragment rotational distributions after vibra-
tional predissociation of He–I2�B ,��� through the �=��−1 �solid line� and
�=��−2 �dashed line� channels. In the case of ��=65 the distributions cor-
respond to the �=��−2 �solid line� and �=��−3 �dashed line� dissociation
channels.

TABLE IV. Energies and positions of the potential
configurations of He–I2�B� for several I–I separations
the absolute potential minimum in the linear configu

r
�Å� 3.1 3.5 4.0

Vmin��=0° ��cm−1� −15.48 −15.27 −15.13
Vmin��=90° ��cm−1� −29.88 −29.88 −29.92
Rmin��=0° ��Å� 5.59 5.79 6.04
Rmin��=90° ��Å� 3.74 3.65 3.52
Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject t
Between r=3.1 and r=4.0 Å, the minimum energy de-
creases slightly in the linear configuration, while in the per-
pendicular configuration it remains rather constant around
−29.9 cm−1. For r�4.0 Å the attractive three-body interac-
tion is already effective and the energy minimum becomes
gradually deeper in both the linear and the perpendicular
configurations, the well depth reaching a maximum around
r=6.5 Å. For larger I–I separations the well depth decreases
in the two configurations, approaching the value correspond-
ing to the He–I pairwise interaction.

The position of the potential minimum in the linear con-
figuration, Rmin��=0° �, increases monotonically with r in the
whole range of I–I bond distances. On the contrary, in the
perpendicular configuration Rmin��=90° � decreases with in-
creasing r up to about r=6.5 Å, where a slight increase takes
place, and then it turns to decrease again for larger r, reach-
ing the value Rmin��=90° �=0 Å for distances r�8.5 Å.
This behavior indicates that in the T-shaped configuration, as
the I–I bond elongates, the He atom gradually approaches the
middle position between the two I atoms. The same result
was found in the case of the He–Br2�B� complex.22

Another similarity with He–Br2�B� is that for r�9.5 Å
the absolute minimum of the potential lies no longer in the
T-shaped configuration, but rather in the linear geometry at
short Rmin��=0° � distance. Table IV shows that for r
=10.0 Å the absolute minimum Vmin��=0° �=−17.50 cm−1

occurs at Rmin��=0° �=0.87 Å. For such a large I–I bond
length, an optimal interaction of He and the I atoms is
achieved when He is between the two I atoms, but somewhat
closer to one of them. The same behavior was exhibited by
the He–Br2�B� interaction potential22 for Br–Br separations
r�9.0 Å. It should be noted from Table IV that, in the linear
configuration, the absolute minimum of energy is deeper at a
large distance such as r=10.0 Å than at r=3.1 Å.

Contour plots of the He–I2�B� interaction potential are
shown in Figs. 6 and 7 for several I–I bond distances. The
contour shows the gradual deepening of the potential well
with increasing I–I bond length and how He approaches a
position between the two I atoms. This behavior is qualita-
tively the same as that presented by the He–Br2�B� intermo-
lecular potential, with the difference that in the He–Br2�B�
case He approaches more rapidly a position between the Br
atoms as the interhalogen separation increases.22 The deep-
ening of the He–I2�B� potential well with increasing r is
consistent with a strengthening of the vdW bond and with the
decrease of the spectral blueshift found experimentally25 for
high �� levels.

ma in the linear ��=0°� and perpendicular ��=90°�
numbers in parentheses for r=10.0 Å correspond to
. See the text for details.

5.0 6.5 7.5 10.0

5.72 −19.04 −16.21 −14.94�−17.50�
1.36 −38.07 −32.42 −14.94
6.57 7.88 8.25 9.05�0.87�
3.22 3.30 2.48 0.0
mini
. The
ration

−1
−3
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Figures 6 and 7 also show that the intermolecular poten-
tial exhibits a stronger dependence on the I–I separation in
the range 5.0 Å�r�7.5 Å �i.e., for ���50� than in the
3.1 Å�r�5.0 Å range. This result is related with the ap-
pearance of increasingly important three-body effects as r
increases, and it is consistent with the behavior observed
experimentally for the blueshift, which increases up to ��
�50, and then it reverses the trend, decreasing for higher ��.

IV. CONCLUSIONS

An empirical intermolecular potential surface for the

FIG. 6. Contour plots of the He–I2�B ,��� empirical potential surface for
three I–I separations, r=3.1 Å �a�, r=4.0 Å �b�, and r=5.0 Å �c�. The spac-
ing between the contours is 5 cm−1 starting from the outermost contour at
−5 cm−1, and the units are Å on both axis of the plot. For r=3.1, 4.0, and
5.0 Å, the I atoms are located at ±1.55, ±2.0, and ±2.5 Å, respectively, on
the horizontal axis of the plot.
He–I2�B� complex is proposed, which is represented by a

Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject t
sum of atom-atom Morse He–I interactions plus a three-body
interaction term. The potential reproduces with very good
agreement the spectral shifts and predissociation lifetimes
measured in a wide range of I2 vibrational excitations, ��
=10–67. This is the first He–I2�B� potential surface which
covers such a large range of �� excitations. In particular, the
behavior of the spectral blueshift observed experimentally,
consisting of an increase of up to ���50, and then a sharp
decrease for higher �� levels, is accurately described by the
potential surface. The accuracy achieved in the description of
the experimental data for high �� is attributed to the attrac-
tive three-body interaction term included in the potential sur-
face.

FIG. 7. Same as Fig. 6 but for the I–I separations r=6.5 Å �a�, r=7.5 Å �b�,
and r=10.0 Å �c�, for which the I atoms are located at ±3.25, ±3.75, and
±5.0 Å, respectively, on the horizontal axis of the plot.
The present interaction potential predicts the T-shaped
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configuration of He–I2�B� to be the equilibrium one in most
of the range of I–I separations. As the interhalogen separa-
tion increases, the He atom approaches a middle position
between the two I atoms, causing a strengthening of the vdW
bond consistent with the experimental findings. For large I–I
separations ��8.5 Å� the complex is predicted to become
linear, with He just in the middle of the I–I bond axis or
somewhat closer to one of the I atoms. The behavior of the
He–I2�B� interaction potential with the interhalogen separa-
tion is qualitatively similar to that exhibited by the
He–Br2�B� intermolecular potential. This is in agreement
with the qualitatively similar vibrational dependence of the
spectral blueshifts and predissociation lifetimes observed ex-
perimentally for the two complexes. Finally, the present
model used to represent the interaction potential has proven
to be successful in describing the spectroscopy and dynamics
of this type of systems in the region of large interhalogen
separations where three-body effects become important.
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