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Stabilization and rovibronic spectra of the T-shaped and linear
ground-state conformers of a weakly bound rare-gas–homonuclear
dihalogen complex: He¯Br2
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Laser-induced fluorescence spectra of Br2 entrained in a He supersonic expansion have been
recorded in the Br2 B-X, 8-0, 12-0, and 21-0 spectral regions at varying downstream distances, and
thus different temperature regimes. Features associated with transitions of the T-shaped and linear
He¯Br2�X ,��=0� complexes are identified. The changes in the relative intensities of the T-shaped
and linear features with cooling in the expansion indicate that the linear conformer is energetically
more stable than the T-shaped conformer. A He+Br2�X ,��=0� ab initio potential-energy surface,
computed at the coupled cluster level of theory with a large, flexible basis set, is used to calculate
the binding energies of the two conformers, 15.8 and 16.5 cm−1 for the T-shaped and linear
complexes, respectively. This potential and an excited-state potential �M. P. de Lara-Castells, A. A.
Buchachenko, G. Delgado-Barrio, and P. Villareal, J. Chem. Phys. 120, 2182 �2004�� are used to
calculate the excitation spectra of He¯ 79Br2�X ,��=0� in the Br2 B-X, 12-0 region. The calculated
spectra are used to make spectral assignments and to determine the energies of the excited-state
intermolecular vibrational levels accessed in the observed transitions. Temperature-dependent
laser-induced fluorescence spectra and a simple thermodynamic model �D. S. Boucher, J. P. Darr, M.
D. Bradke, R. A. Loomis, and A. B. McCoy, Phys. Chem. Chem. Phys. 6, 5275 �2004�� are used
to estimate that the linear conformer is 0.4�2� cm−1 more strongly bound than the T-shaped
conformer. Two-laser action spectroscopy experiments reveal that the binding energy of the linear
He¯ 79Br2�X ,��=0� conformer is 17.0�8� cm−1, and that of the T-shaped He¯ 79Br2�X ,��=0�
conformer is then 16.6�8� cm−1, in good agreement with the calculated values. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2006675�
I. INTRODUCTION

The rare-gas–dihalogen van der Waals complexes have
proven to be ideal systems for studying the nature of long-
range intermolecular forces, photodissociation dynamics, and
energy redistribution mechanisms.1,2 Members of this class
of weakly bound complexes exhibit dynamics and spectra
that are complicated enough to make them interesting, yet
their structural simplicity makes them amenable to detailed
theoretical investigation. The confluence of theory and ex-
periment has been successful and has enabled advancing the-
oretical methods to be tested. High-level ab initio treatments
of the rare-gas–dihalogen ground-state intermolecular
potential-energy surfaces �PESs� indicate the existence of
minima in the T-shaped and linear configurations, with the
global minimum being in the linear configuration.3 The rovi-
bronic spectra of these complexes, recorded using mostly
laser-induced fluorescence �LIF� and two-color action spec-
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troscopy in the B 3�0+←X 1�+ electronic region of the dih-
alogen, however, most often contain discrete features associ-
ated with transitions of a rigid T-shaped geometry in both the
ground and excited states.2 Spectroscopic evidence support-
ing the existence of linear isomers has been rather limited;
restricted predominantly to microwave studies.4–7 As a con-
sequence, the interactions and dynamics in the T-shaped re-
gions of ground- and excited-state potentials have been com-
prehensively interrogated, often as a function of dihalogen
vibrational excitation in the excited state. In contrast, little
experimental information associated with the other regions
of the multidimensional intermolecular ground- and excited-
state PESs have been revealed.

Recently, we reported that discrete features associated
with transitions of He¯ ICl�X ,��=0� complexes with rigid
T-shaped and linear geometries are observable in LIF and
action spectra recorded in the ICl B-X ,�� -0 spectral
region.8,9 High-level ab initio calculations revealed that the
ground-state He+ICl�X ,��=0� intermolecular PES possesses

minima in the linear He–I–Cl, near T-shaped, and antilinear
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I–Cl–He orientations with the global minimum being in the
linear configuration.10 The lowest-energy intermolecular vi-
brational level is localized in the linear well, and the next
lowest intermolecular vibrational level is in the T-shaped
well. Subsequent calculations found that there is an effective
barrier of �11 cm−1 between the T-shaped and linear levels,
and the corresponding probability amplitudes have �99.99%
of their amplitude in a single well.9 Consequently, complexes
stabilized in these two different intermolecular vibrational
levels can be considered to be distinct linear and T-shaped
conformers of the He¯ ICl�X ,��=0� complex.

We also undertook investigations focusing on how these
He¯ I35Cl�X ,��=0� conformers are preferentially stabilized
within a free-jet expansion.11 Using a simple thermodynamic
model, the rotational temperature dependence of the ratios of
the peak intensities of the T-shaped and linear LIF features
was used to estimate the difference in the binding energies of
the linear and T-shaped intermolecular vibrational levels.12 It
was found that the linear He¯ I35Cl�X ,��=0� conformer is
�2.5 cm−1 more strongly bound than the T-shaped complex.
Furthermore, action spectroscopy was used to directly obtain
a binding energy of 22.0�2� cm−1 for the linear
He¯ I35Cl�X ,��=0� conformer.12 The binding energy of the
T-shaped conformer was then estimated to be 19.5�6� cm−1.
The difference in the binding energies is similar to that cal-
culated, �3 cm−1, with the linear and T-shaped
He¯ I35Cl�X ,��=0� conformers predicted to be bound by
18.26 and 15.14 cm−1, respectively.10 Using the experimental
binding energy of the ground-state T-shaped conformer and
the wave-number shift of the T-shaped band origin from the
monomer band origin in the ICl B-X, 2-0 and 3-0 regions,
excited-state binding energies of 16.3�6� and 16.2�6� cm−1

were determined for the He+I35Cl�B ,��=2� and He
+I35Cl�B ,��=3� intermolecular potentials, respectively.12 A
detailed comparison of the experimental and theoretical
spectra permitted spectral assignments to be made and al-
lowed the energies of the n�=0–6 bound He¯ I35Cl�B ,��
=3� intermolecular levels to be determined. A particularly
significant result from these studies is that the He
+ICl�B 3�0u+ ,��� intermolecular potential is not purely re-
pulsive along the He–ICl dissociation coordinate when the
complex is in the collinear He–I–Cl geometry. Instead,
bound intermolecular levels sample this angular region of the
potential.

The He¯ICl experiments revealed unprecedented infor-
mation regarding the ground- and excited-state potentials of
a rare-gas–dihalogen complex. In order to further investigate
the intermolecular interactions within such systems, we
sought to carry out similar investigations on a complex con-
taining a rare-gas atom and a homonuclear diatomic mol-
ecule, Br2, to determine what role, if any, the symmetry of
the molecule has on the intermolecular interactions. The
rovibronic spectrum of He¯ 79Br2 has been recorded in the
Br2 B-X, 8-0 region using action spectroscopy,13 and has
proved to be a valuable guide in the efforts presented here.
The spectrum contains two distinct features at transition en-
ergies to just higher wave-numbers than the monomer
band.13 One feature, shifted by �4 cm−1 from the Br2 band

origin, is attributed to transitions from a rigid T-shaped
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He¯ 79Br2�X ,��=0� complex to a He¯ 79Br2�B ,��=8�
excited-state intermolecular vibrational level that also has a
rigid T-shaped geometry. A weaker band was observed
�9 cm−1 to higher energy than the monomer band origin.
Initial simulations of this feature were not successful, and it
was speculated that this feature could be associated with
transitions of the ground-state T-shaped complex to an
excited-state level with intermolecular bending excitation.13

Theoretical efforts aimed at accurately predicting the rovi-
bronic spectrum of the He¯ 79Br2 complex indicate that
there are two distinct conformers in the ground state, one
with a T-shaped geometry and another with a linear struc-
ture. Subsequent calculations have predicted the binding en-
ergies of the conformers to be 17.7 and 17.2 cm−1 for the
T-shaped and linear complexes, respectively.14 Even more
recently, calculations have predicted the linear complex to be
slightly more strongly bound than the T-shaped species with
binding energies of 14.90 and 16.02 cm−1 for the T-shaped
and linear complexes.15 The results of both of these calcula-
tions indicate that the two conformers are nearly isoenergetic
and may be stabilized in the experiments performed in su-
personic expansions. Furthermore, the calculations suggest
that the higher-energy excitation feature in the He¯ 79Br2
spectrum is mostly comprised of rovibrational lines associ-
ated with transitions of the linear He¯ 79Br2�X ,��=0� com-
plex to levels with bending excitation in the electronically
excited-state potential.14,16 A small admixture of weaker lines
in this feature that are associated with transitions of the
T-shaped conformer is also observed in the calculated spec-
trum.

The previous He¯ 79Br2 results13,14,16 suggest that simi-
lar experiments to those performed on the He¯ICl
system9,11,12 could provide quantitative information concern-
ing the energetics of the T-shaped and linear
He¯ 79Br2�X ,��=0� conformers. Furthermore, detailed
comparisons of the experimental data with high-level theo-
retical results should reveal many of the properties of the
multidimensional intermolecular potentials in the ground and
excited states. For this reason, we have chosen to record
He¯Br2 spectra under varying expansion conditions, to
measure the binding energies of the ground- and excited-
state complexes, and to perform additional calculations to
gain insights into intermolecular interactions and the role
that the symmetry of the molecules has on these rare-gas–
dihalogen interactions. Preliminary calculations of the
bound-state energies of He¯Br2�X ,��=0�, using the poten-
tial surface calculated by Prosmiti et al.,17 indicated that the
sampling of the angular dependence was not sufficient to
obtain quantitative results. Therefore, we elected to recalcu-
late this surface at the CCSD�T� level of theory �i.e.,
coupled-cluster singles, doubles, and noniterative triples� at
increments of 10°. For the excited-electronic state we find
that a diatomics in molecule �DIM� potential based on the
He¯Br potentials reported in Ref. 18 provides an accurate
representation of the potential. Using these potentials and the
assumption that the transition moment lies along the Br–Br
bond, we are able to obtain temperature-dependent spectra
for He¯Br2 that are in quantitative agreement with what is

seen experimentally.

o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



104312-3 Rare-gas–homonuclear dihalogen complex: He¯Br2 J. Chem. Phys. 123, 104312 �2005�
II. EXPERIMENT

Ground-state He¯Br2�X ,��=0� complexes were stabi-
lized in a pulsed supersonic expansion. A He carrier gas with
a backing pressure P0 of 28.6 bar was passed through a
sample cell containing liquid bromine. The vessel was main-
tained at a temperature of −15 °C, at which the bromine
vapor pressure is �0.03 bar. The resulting He/Br2 mixture,
with a bromine concentration of �1000 ppm, was expanded
at 10 Hz from a pulsed valve with a nozzle diameter d of
1.0 mm into a chamber maintained at a pressure below
20 mTorr by a root blower pumping system with a speed of
1900 l / s.

LIF spectra were recorded in the Br2 B-X, 8-0, 12-0, and
21-0 spectral regions using a commercial Nd:YAG �yttrium
aluminum garnet� pumped dye laser with a resolution of
0.06 cm−1. The laser beam was spatially filtered to a diam-
eter of �3 mm at varying downstream distances x within the
supersonic expansion. Neutral density filters were used to
attenuate the laser pulse energies to �75 �J and 1.1 mJ
when scanning over the monomer and complex features, re-
spectively. Resultant Br2 B→X ,��→�� fluorescence was
collected and imaged onto a visible wavelength photomulti-
plier tube using an F/1 mirror and telescope assembly. A
10�4-mm2 mask was positioned within the assembly with
the long axis oriented parallel to the axis of the expansion so
that only fluorescence from the centermost region of the ex-
pansion was collected. A boxcar integrator was used to
record the intensity of the LIF as a function of wavelength.

Since there are intense 81,81Br2, 79,81Br2, and 79,79Br2
monomer features as well as multiple weaker He¯ 81,81Br2,
He¯ 79,81Br2, and He¯ 79,79Br2 features throughout the
Br2 B-X region that may to some extent overlap neighboring
transitions, action spectra of the He¯ 79,81Br2 and
He¯ 79,79Br2 complexes were recorded in the Br2 B-X, 12-0
spectral region at multiple downstream distances. These ac-
tion spectra were acquired by scanning an excitation laser
through the 12-0 region and monitoring the fluorescence in-
duced by a second laser fixed in wavelength on the band
heads of either the 79,81Br2 or 79,79Br2 E-B, 1-11 transitions.
By probing the vibrational predissociation product channel
for a specific isotopomer, excitation spectra comprised only
of that He¯Br2 isotopomer are acquired.13,19 The excitation
laser was the same as that used in the LIF experiments, and
the doubled output of a second dye laser with a resolution of
0.06 cm−1 was used as the probe laser. The pump and probe
laser beams were spatially overlapped using a dichroic mir-
ror with the pump pulse preceeding the probe pulse by 15 ns.
Neutral density filters were used to reduce the pump energies
to �1 mJ, and it was empirically determined that pulse en-
ergies �30 �J /pulse were required to avoid saturating the
probe transitions. A 15-nm narrow bandpass filter centered at
267 nm was placed in front of an ultraviolet-enhanced pho-
tomultiplier tube to detect Br2 E→X, 1→�� emission and
block laser scatter and Br2 B→X fluorescence.

Action spectroscopy was also used in a similar manner
as reported previously9,20–22 to investigate the bound-free
transitions of the He¯ 79,79Br2�X ,��=0� complexes to the

79
continuum of states lying above the He+ Br2�B ,��=11� in-
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termolecular asymptote. For these experiments, the probe la-
ser was fixed on the R-band head of the 79Br2 E-B, 1-11
transition and the excitation laser was scanned through the
79Br2 B-X, 11-0 spectral region.

III. THEORY

A. He+Br2 potential-energy surfaces

Counterpoise-corrected intermolecular potential energies
for He¯Br2�X ,��=0� were calculated at the CCSD�T� level
for a fixed Br–Br distance at the equilibrium value, 2.28 Å,
using GAUSSIAN 98.23 Core electrons for Br �including the 3d
shell� were replaced by the Stuttgart/Dresden �SDD�
pseudopotential,24 and valence electrons were represented
using the complementary SDD basis of s and p functions
augmented with Pople’s sp diffuse functions and 3df polar-
ization functions, for an overall valence Br basis of SDD
+G�3df�. Dunning’s aug-cc-pVQZ basis was used for He. To
this atom-centered He¯Br2 basis was added a
�3s 3p 2d 2f 1g� set of uncontracted bond functions cen-
tered at the midpoint between He and the Br2 center of mass,
with exponents taken from Ref. 25. Six Cartesian d functions
and ten f functions were used in all cases, for a total of 200
basis functions.

The He+Br2�X ,��=0� intermolecular potential is evalu-
ated in terms of the two Jacobi coordinates for an atom-
diatom system; the distance between the helium atom and the
center of mass of the Br–Br bond is represented by R, while
� is the angle between R and the Br–Br bond axis, and the
Br–Br internuclear distance is r. A two-dimensional potential
function V�R ,�� was constructed as an expansion in direct-
product basis functions

fkl�R,�� = Fk�R�Pl�cos �� , �1�

where Pl denotes a Legendre polynomial. Radial basis func-
tions Fk�R�, i� �1,2 , . . . ,N�� were constructed by one-
dimensional least-squares fits of the potential energies at
each incremental value of �. For the radial basis functions
Fk�R�, a Morse function plus dispersion terms was utilized,

Fk�R� = V�R,�k� = Dke
−	k�R−Rp,k��e−	k�R−Rp,k� − 2�

− �
n=2

6
C2n,k

R2n . �2�

The dispersion terms in addition to the R−6 and R−12 depen-
dences were necessary in order to achieve sub-cm−1accuracy
in the fit. It should be noted that due to the addition of these
dispersion terms, one cannot equate Dk to the dissociation
energy or Rp,k to the value of R where the potential is mini-
mized.

For the present study, we use two representations of the
He+Br2�B ,��� electronically excited-state potential de-
scribed in Ref. 18. Specifically, we fit the reported ab initio
points in the same manner as described above for the X-state
surface. A DIM surface that is based on spline interpolations
of the two radial cuts, reported in Table III of Ref. 18, was
also utilized. In order to obtain an intermolecular potential
from the DIM surface, the energies of a specific vibrational

level of Br2 are calculated as a function of R and �. These
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points are used to provide an adiabatic potential from which
we can investigate the intermolecular interactions.

B. He¯Br2 rovibronic spectra

The methods used to obtain the rovibrational spectra,
transition frequencies and intensities, are described in detail
elsewhere.9 Briefly, the intermolecular vibrational Hamil-
tonian is given by

Ĥ =
bv


2 	J − l	2 +
l2

2�RR2 −

2

2�R

�2

�R2 + V�R,�� . �3�

The Schrödinger equation is solved for each value of K using
a discrete variable representation �DVR� for R and �. A grid
of 60 evenly spaced points in R, ranging from 2 to 10 Å, is
used for these calculations while the angular grid is obtained
pV5Z to aug-cc-pVQZ, which reduces the total number of
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using 30 DVR points based on the associated Legendre poly-
nomials. Once the wave functions and energies have been
obtained for each value of K, the lowest 20 states are re-
tained and used to set up the full Hamiltonian matrix, includ-
ing the Coriolis coupling terms. As the rotational tempera-
tures probed in the experiment are less than 1 K, only the
states with J�9 are evaluated. As in our previous work,9 we
embed our body-fixed z axis along the Br–Br bond, r.

Once the energies and wave functions have been evalu-
ated, we obtain the intensities in the same manner as de-
scribed previously.9 The only change is that we introduce the
nuclear spin weightings for Br2, three for states with even
parity, five for states with odd parity. It should be noted that
there was a typographical error in Eq. �12� of Ref. 9. As
such, the expression for the intensities is given by
InX,JX,�X;nB,JB,�B

 gnX,JX,�X

e−EnX

JX,�x/kBTG�JX,JB − JX� � 
�
i,j,K

�di,j,K
nB,�B,JB,MB�*ci,j,K

nX,�X,JX,MXO�JX,JB − JX,K���X+�B,0
2
, �4�
where c and d represent the coefficients in the expansion of
the wave functions on the X and B electronic states, respec-
tively. The nuclear spin weighting, gn, is dependent on n, the
state number for a given value of the total angular momen-
tum J and parity �. Following standard notation

G�J,− 1� =
1

J
,

G�J,0� =
2J + 1

J�J + 1�
,

G�J, + 1� =
1

J + 1
, �5�

and

O�J,− 1,K� = − �J2 − K2,

O�J,0,K� = K ,

O�J, + 1,K� = − ��J + 1�2 − K2, �6�

The calculated stick spectra are convoluted with a Lorentzian
line-shape function to facilitate comparison with the experi-
mental spectra.

IV. RESULTS

A. Theoretical He+ 79Br2„X ,��=0… properties

Calculated He¯Br2 intermolecular potential energies
are listed in Tables I and II. Compared to the
He¯Br2�X ,��=0� basis used by Valdés et al.15 and Prosmiti
et al.,17 we have reduced the He-centered basis from aug-cc-
basis functions by 50 with only a minor effect on the calcu-
lated interaction energies. The differences between our cal-
culated intermolecular potential energies and those of
Prosmiti et al.17 are not more than 0.7 cm−1 for �=0°, and
not more than 2.5 cm−1 for �=90°. Comparisons of our val-
ues with those of Valdés et al.15 indicate a slightly smaller
discrepancy for the linear orientation, 0.6 cm−1, and the same
2.5-cm−1 difference in the T-shaped orientation. The larger
discrepancies at the T-shaped geometries reflect the some-
what greater angular flexibility afforded by He-centered g
functions in the aug-cc-pV5Z basis.

The best-fit parameters from Eq. �2� that define the radial
basis functions, Dk, 	k, Rp,k, and Cn,k, are listed in Table III.
Agreement to better than 0.02 cm−1 versus the ab initio data
points was achieved for each angle except at �=60°, where
the root-mean-square deviation in the radial fit was 0.1 cm−1.
Given the high quality of the radial fit, we utilized the func-
tions Fk�R�=V�R ,�k� to generate a large set of data points
�V�Rj ,�k�� along these fixed-� slices through the potential
��100 points per angle�. The unknown expansion coeffi-
cients for V in the fkl basis can then be expressed in terms of
these points, and linear combination coefficients determined
by singular value decomposition. Partial waves l
=0,2 ,4 , . . . ,18 afforded a two-dimensional potential V�R ,��
that is essentially exact along the radial slices Fk�R�.

The fitted potential function V�R ,�� is plotted in Fig.
1�a�. The well depth for the linear complex is De�
=49.45 cm−1 at an internuclear distance of Re�=4.412 Å. For
the T-shaped complex the corresponding values are De�
=40.64 cm−1 and Re�=3.599 Å. These values differ by
�0.7 cm−1 and �0.02 Å from those reported in Ref. 17 for
both orientations. The agreement with the orientations at the
minima reported in Ref. 15 is not as good with differences of

−1
�0.8 cm and �0.02 Å for the linear orientation, but nearly
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9.3 cm−1 and �0.05 Å for the T-shaped orientation. We used
our ground-state potential to obtain the rotation-vibration en-
ergies and wave functions for He¯ 79Br2�X ,��=0�, as de-
scribed above. While for the present study we are only going
to be concerned with the three lowest intermolecular vibra-
tional energy levels, we report the energies of all of the J�
=0 states that are bound by at least 1 cm−1 in Table IV. To
illustrate the extent of localization and delocalization of the
wave functions that correspond to the energies reported in
Table IV, we have performed an adiabatic calculation and
plotted the results in Fig. 2�a�. Specifically, for each value of
�, we solve the Schrödinger equation:

�−

2

2�R

�2

�R2 + V�R,��
��R;�� = Vn�����R;�� . �7�

The lowest-energy �-dependent energy eigenvalues V0���
provide a one-dimensional adiabatic potential. Using this
surface, along with the kinetic energy in �, we obtain the
corresponding adiabatic energies and wave functions. The
corresponding probability amplitudes are plotted on the same
graph, shifted so that zero-probability amplitude corresponds
to the adiabatic energy of the state. Because an adiabatic
approximation was used to obtain the energies and wave
functions, these energies will differ slightly from those re-

TABLE I. Counterpoise-corrected intermolecular pot
numbers in parentheses indicate differences between
Ref. 17.

R /Åa �=0° �=30°

2.875 6.3
3.000 −29.3 �0.3/0.3�
3.125 −44.9
3.250 −49.4 �0.6b/0.6�
3.375 −48.1
3.500 −44.0 �0.6/0.6�
3.625 −38.9
3.750 −33.6 �0.5/0.7�
3.875 −28.7
4.000 −24.4 �0.5/0.4� 66.7
4.125
4.250 −17.4 �0.4/0.4� −4.4 �0
4.375 −17.6
4.500 −12.4 �0.3/0.3� −23.5 �0
4.625 −25.1
4.750 −9.0 −24.5 �0
4.875 −22.7
5.000 −6.6 �0.2/0.2� −20.4 �0
5.250 −15.7
5.500 −3.7 −11.7 �0
5.875 −7.5
6.250 −1.7 −4.9
7.000 −0.86 �0.0/0.0� −2.2 �0
9.000 −0.2 �0.0/0.0� −0.4 �0

aTo conform with Refs. 15 and 17, R indicates the
complexes R is the distance from He to the Br2 cent
bWe believe that the value of −48.11 cm−1 for r=2.2
contains a typographical error and should have been
on this value.
ported in Table IV.
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The plot indicates that the two lowest-energy intermo-
lecular levels represent the symmetric and antisymmetric lin-
ear combinations of the two states that have the helium atom
localized near one of the Br atoms along the Br–Br axis. The
next lowest-energy level corresponds to the helium atom be-
ing localized in a T-shaped configuration, relative to the
Br–Br bond. Although the energy difference between these
levels is only 0.65 cm−1, the three levels are well-localized in
either the T-shaped or linear minima of the potential. As
such, we refer to the two lowest-energy levels, n�=0 and 1,
which are both bound by 16.46 cm−1, as the linear conformer
of the He¯Br2�X ,��=0� complex and the n�=2 level that is
bound by 15.81 cm−1 as the T-shaped conformer. The re-
maining bound levels with J�=0 are close to or above the
barrier for free rotation of the helium around the Br2 and, as
such, have amplitudes in both the linear and T-shaped wells
of the intermolecular PES. It is important to note that while
the potential supports seven levels that are bound by at least
1.0 cm−1, none of these levels contain vibrational excitation
in the He–Br2 stretching coordinate. This can be seen by
small changes in �R� and ��R2�− �R�2 in the third and fourth
columns of Table IV as n� increases from zero to five. As the
n�=6 state is near the dissociation threshold this state begins

energies for He¯Br2�X� at r�Br–Br�=2.28 Å. The
alues of this work and those calculated in Ref. 15/

/cm−1

�=60° �=90°

52.2 �2.5/2.5�
3.7

−23.0 �2.1/2.1�
−36.3

131.2 −41.3 �1.8/1.8�
−41.6

25.6 −39.3 �1.3/1.7�
1.4 −35.9

−11.2 �1.0/1.0� −31.9 �1.0/1.0�
−17.9

� −20.5 �0.7/0.7� −24.3 �0.8/0.7�
−20.9

� −20.0 �0.6/0.6� −18.0 �0.6/0.6�
18.3

� −16.5 −13.3

� −12.8 �0.3/0.3� −9.8 �0.4/0.3�
−9.7

� −7.3 �0.2/0.2� −5.4

−3.2 −2.5
� −1.5 �0.0/0.2� −1.2 �0.0/0.0�
� −0.3 �0.0/0.0� −0.3 �0.0/0.0�

er He–Br distance when �=0°, while for nonlinear
mass.
nd R=3.25 Å, which is listed in Table I of Ref. 15,
as −48.81 cm−1 and the reported difference is based
ential
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to sample the long-range part of the potential, leading to an
increase in the values of �R� and ��R2�− �R�2 in spite of the
fact that there is no node in R.

B. Theoretical He+ 79Br2„B ,��… properties

We use two representations of the He+Br2�B ,���
excited-state intermolecular PES, described in Ref. 18: a
PES obtained by fitting the ab initio points reported in that
paper and a DIM PES based on a spline interpolation of the
two radial cuts reported in Table III of Ref. 18, and plotted in
Fig. 1�b�. In order to obtain an intermolecular potential from
the DIM surface, we calculate the energies of the ��=8, 12,
or 21 levels of Br2�B ,��� as a function of R and �. These
provide adiabatic potentials from which we can investigate

TABLE II. Counterpoise-corrected intermolecular po
angles not considered in Refs. 15 and 17.

R /Åa �=10° �=20°

3.125
3.250
3.375
3.500
3.625
3.750
3.875
4.000 30.7 60.8
4.125 −12.6 11.6
4.250 −33.6 −14.6
4.375 −41.8 −27.1
4.500 −43.0 −31.8
4.625 −40.6 −32.2
4.750 −36.6 −30.3
4.875 −32.2 −27.4
5.000 −27.8 −24.2
5.250 −20.2 −18.1
5.500 −14.5 −13.3
5.875 −8.9 −8.3
6.250 −5.7 −5.3
7.000 −2.5 −2.3
9.000 −0.4 −0.4

aTo conform with Refs. 15 and 17, R indicates the
complexes R is the distance from He to the Br2 cent

TABLE III. Best-fit parameters that define the radial

� / ° D / cm−1 	 /Å−1 Rp /Å
C4 /1

cm−1 Å

0 2.9760 1.9325 5.2323 −1.514
10 8.6387 1.9035 4.9548 −3.235
20 9.9501 1.8594 4.9129 −2.961
30 10.5736 1.8069 4.8539 −1.242
40 4.5695 1.7963 5.0584 −1.218
50 6.2186 1.7608 4.8354 −1.460
60 12.2165 1.8456 4.3601 −1.104
70 6.2213 1.7502 4.4121 −0.123
80 10.2655 1.7549 4.0053 0.197
90 12.3285 1.7788 3.8349 0.360
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the intermolecular interactions. The calculated energies of all
of the bound intermolecular vibrational levels obtained from
the DIM surface are reported in Table V. For comparison, the
energies of the levels calculated using the He+Br2�B ,��
=12� ab initio PES are included, as are the experimental
energies of the bound levels, determined as described in the
following section. The probability amplitudes of the bound
He¯ 79Br2 intermolecular levels, obtained from the DIM
surface, are superimposed on the angular adiabatic potential
in Fig. 2�b�. Here, only the n�=0 and 1 levels are localized in
the T-shaped minimum of the potential. All other states have
sufficient energy to sample all angles, and, as a result will be
referred to as hindered rotor levels in the discussion that
follows. The probability amplitudes obtained form the ab
initio surface are quantitatively similar to those obtained

l energies for He¯Br2�X� at r�Br–Br�=2.28 Å, for

�E / cm−1

40° �=50° �=70° �=80°

58.0
12.4

−13.5
23.7 −27.0
−1.5 −32.8

−15.3 −34.2
44.2 −22.2 −32.9

4.2 12.9 −24.7 −30.4
1.5 −4.9 −24.8 −27.4
6.8 −14.4 −23.4 −24.2
6.3 −18.8 −21.4
0.4 −20.1 −19.2 −18.4
1.4 −19.7
0.7 −18.4 −14.8 −13.7
9.2 −16.7
7.3 −14.9 −11.2 −10.1
3.4 −11.4 −8.4
0.1 −8.6 −6.3 −5.6
6.5 −4.1
4.3 −3.7 −2.8 −2.5
2.0 −1.7 −1.4 −1.3
0.4 −0.3 −0.3 −0.2

er He–Br distance when �=0°, while for nonlinear
mass.

functions Fk�R�=V�R ,�k�.

C6 /106

cm−1 Å6
C8 /107

cm−1 Å8
C10/108

cm−1 Å10
C12/109

cm−1 Å12

0.3117 0.5597 −3.4016 7.3867
0.5924 0.8318 −1.3563 5.2783
0.5607 −0.8681 −1.0078 3.8657
0.3985 0.6007 −0.6038 2.0570
0.2893 0.1337 −2.2009 3.7413
0.3394 −0.4389 −0.5193 1.5109
0.2348 0.1352 −1.5942 1.4833
0.1819 −0.1332 −0.1657 0.2959
0.1448 −0.0874 −0.0844 0.0909
0.1325 −0.0692 −0.0663 0.0589
tentia

�=

4
1
−

−1
−2
−2
−2
−1
−1
−1
−1
−
−
−
−
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from the DIM surface. While both surfaces provide energies
that are in good agreement with experiment, we find that the
agreement between the experimental binding energies is
slightly better for the DIM surface. Other properties that are
more sensitive to details of the potential will be needed to
distinguish between these two surfaces.

For the remainder of the paper we will use the DIM
surface. This choice is made based on the slightly better
agreement between the calculated and experimental binding
energies obtained when we use this surface. The fact that the
DIM surface provides slightly better agreement with the ex-
perimental binding energies may at first seem surprising.

Having calculated the energies and wave functions for
all of the bound He¯ 79Br2 intermolecular vibrational levels
within the X and B states, we evaluate the positions and
intensities of all of the lines in the rovibronic spectrum for

TABLE IV. Energies, average values of internuclear distances, and uncer-
tainty of the bound intermolecular levels within the He+Br2�X ,��=0� po-
tential.

n� En� / cm−1a �R� /Å ��R2�− �R�2 /Å

0 −16.46 4.86 0.43
1 −16.46 4.86 0.43
2 −15.81 4.12 0.47
3 −8.41 4.80 0.60
4 −7.34 5.03 0.61
5 −5.39 4.88 0.68
6 −3.12 9.57 1.56

aAll energies are reported relative to He+Br2�X ,��=0� dissociation asymp-

FIG. 1. The �a� He+Br2�X ,��=0� and �b� He+Br2�B ,��=12� potential-
energy surfaces calculated as described in the text. The contours begin at
−5 cm−1 and incrementally decrease by 5 cm−1 in each panel.
tote.
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temperatures ranging from 0.25 to 0.91 K, the temperature
range over which the experimental LIF spectra were re-
corded. In order to investigate the dependence of the spectra
on the intramolecular vibrational excitation of the Br2�B�
moiety, He¯ 79Br2 spectra are calculated for the Br2 B-X,
8-0, 12-0, and 21-0 regions, Figs. 3�a�–3�c�, respectively.
Temperatures of T=0.57, 0.58, and 0.51 K and Lorentzian
line profiles with widths of 0.08, 0.10, and 0.30 cm−1, re-
spectively, were used to best simulate the experimental data.
The structures in these spectra are all qualitatively similar to
each other and to the He¯ICl spectra.9 There is a well-
resolved feature at �2.5 cm−1 and a series of transitions in
the broader feature that is peaked at �10 cm−1 from the
monomer band origin. As was observed for He¯ICl, the
lower-energy feature is associated with transitions from the
ground-state level that is localized in the well on the X-state
potential at 90° to the lowest-energy state on the B-state
potential. The broader feature at higher energy reflects tran-
sitions from all three of the lowest-energy levels on the X
state, n�=0–2, to excited intermolecular vibrational levels
on the B surface, n��1. The lines attributed to transitions
from the linear n�=0 and 1 levels that appear within the
higher-energy features tend to be more intense than those

FIG. 2. The �a� He+ 79Br2�X ,��=0� and �b� He+ 79Br2�B ,��=12� adiabatic
potentials, plotted as a function of angle about the Br2 molecule, �, with �
=0° corresponding to the linear orientation. Superimposed on the potentials
are the probability amplitudes of the lowest-energy intermolecular vibra-
tional eigenstates. Each state is plotted so that zero amplitude corresponds to
the energy of that level. To differentiate the three types of states, we plot
those localized in the linear wells with solid lines, those localized in the
T-shaped minimum with dashed lines, and the free rotor states are plotted
with dotted lines. The calculations used to obtain these curves are described
in the text.
from the T-shaped, n�=2 level, within the same feature, and
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we accordingly will refer to this feature as the linear feature.
This observation is in accord with previously reported results
of Buchachenko et al.14

C. Experimental He¯Br2 excitation spectra

The experimental LIF spectra of He¯ 79Br2 were re-
corded in the Br2 B-X, 8-0, 12-0 and 21-0 regions, and are
shown in Figs. 3�d�–3�f�, respectively. The spectra were re-
corded using identical expansion conditions, such that the
monomer rotational temperature was measured to be �0.5 K
in each. The spectra are plotted as a function of transition
energy relative to the corresponding 79Br2 B-X, 8-0, 12-0,
and 21-0 band origins at 17 040.78, 17 561.14, and
18 497.66 cm−1, respectively.26

The feature observed at �4 cm−1 to higher energy than
each of the 79Br2 B-X, ��-0 band origins is attributed to
rovibronic transitions of the He¯ 79Br2�X ,��=0� T-shaped
conformer.13 The broad feature centered at �10 cm−1 from
the band origin has been previously attributed to overlapping
transitions of the T-shaped and linear He¯ 79Br2�X ,��=0�
complexes.14,16 There is a slight shift of the T-shaped and

TABLE V. Theoretical and experimental and energie
He+Br2�B ,��� potentials. All energies are reported r

n�

��=8

DIM Expt.a DIM

0 −13.52 −12.9 −13.
1 −8.08 −8.3 −7.
2 −7.05 −7.5 −6.
3 −6.10 −6.6 −5.
4 −4.73 −5.8 −4.
5 −2.60 ¯ −2.
6 −0.89 ¯ −0.

aThe uncertainty of the experimental energies is ±0.8
of the linear He¯Br2�X ,��=0� complex.
bThe ab initio potential was evaluated with r fixed at
the energies were obtained using the rotational const
Downloaded 05 Nov 2006 to 128.146.173.210. Redistribution subject t
linear He¯ 79,79Br2 features to higher transition energies
with increasing ��, which is indicative of a slight decrease in
the excited-state binding energy with ��. Based on the energy
shift rule,27 the small feature at �8 cm−1, which is most
easily observed in the 12-0 spectrum, is attributed to transi-
tions of the higher-order He2¯

79Br2�X ,��=0� complex with
the two He atoms localized near the plane that bisects the
Br–Br bond. There is also a structureless continuum fluores-
cence signal observed throughout all of the Br2 B-X, ��-0
regions investigated that has not been reported previously.
The intensity of the background signal relative to the inten-
sity of the He¯ 79Br2 features is significantly larger in the
21-0 region compared to that observed in the 12-0 and 8-0
regions. It is important to note that in all cases, the intensity
of the continuum signals track with the intensities of the
higher-energy linear features as the expansion conditions are
varied.

A number of weaker lines observed in the lower-energy
regions of the spectra are presumably due to transitions of
the He¯ 79,81Br2�X ,��=0� mixed isotopomers. Multiple ac-
tion spectra were recorded in the Br2 B-X, 12-0 region to

cm−1, of the bound intermolecular levels within the
e to the He+Br2�B ,��� dissociation asymptote.

��=12 ��=21

Ab initiob Expt.a DIM

−13.24 −12.7 −13.38
−9.15 −8.1 −7.79
−8.48 −7.3 −6.76
−7.36 −6.4 −5.85
−5.80 −5.6 −4.68
−1.57 −2.9 −2.71
−0.33 ¯ −1.20

as dictated by the uncertainty of the binding energy

r2�B� equilibrium value, r=2.6776 Å �Ref. 20�, and
r 79Br2�B ,��=12�.

FIG. 3. The calculated, �a�, �b�, �c�,
and experimental, �d�, �e�, �f�, spectra
for He¯ 79Br2 in the Br2 B-X, 8-0,
12-0 and 21-0 regions plotted as func-
tions of energy relative to the corre-
sponding band origins at 17 040.78,
17 561.14, and 18 497.66 cm−1, re-
spectively. The spectra were recorded
at Z=x /d=21.2 and with P0

=28.6 bar, and the Br2�X ,��=0� rota-
tional temperatures were measured to
be 0.57, 0.58, and 0.51 K for the three
spectra. To facilitate comparison, these
temperatures were also used in the cal-
culated spectra.
s, in
elativ

42
94
90
95
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89
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definitively identify those features observed in the LIF spec-
tra that can be associated with transitions of the He¯ 79,79Br2
and He¯ 79,81Br2 complexes. These spectra were recorded at
several downstream distances by scanning the excitation la-
ser through the Br2 B-X, 12-0 spectral region with the probe
laser fixed on the R-band head of either the 79,79Br2 or
79,81Br2 E-B, 1-11 transitions. The LIF, and 79,79Br2 and
79,81Br2 action spectra recorded at Z=x /d=21.2 are shown in
Fig. 4 offset from each other from top to bottom, respec-
tively. The action spectrum obtained with the probe fixed on
the 79,79Br2 E-B, 1-11 transition is dominated by the
He¯ 79,79Br2 T-shaped band and the broad He¯ 79,79Br2 fea-
ture at 17 571 cm−1. Comparison of this action spectrum
with the LIF spectrum indicates that the same peaks within
the higher-energy feature are observed in both spectra,
thereby ruling out the possibility of contributions to this fea-
ture from rovibronic transitions of higher-order
Hen¯

79Br2�X ,��=0� clusters or from other isotopomers.
Furthermore, the intensity of the higher-energy feature rela-
tive to that of the T-shaped feature observed in the action
spectra track with those in the LIF spectra as the experimen-
tal conditions is varied. The action spectrum obtained by
monitoring the 79,81Br2 E-B, 1-11 R-band head contains fea-
tures at �17 556.5 and 17 562.5 cm−1, and appear very simi-
lar to the features associated with the transitions of the
He¯ 79,79Br2�X ,��=0� complex.

More careful scrutiny of the LIF and action spectra re-
corded in the different spectral regions �Fig. 3� indicates that
despite modest spectral congestion, there is a qualitative
agreement between the number of lines, as well as their rela-
tive intensities, that are observed in the linear He¯ 79Br2

FIG. 4. Laser-induced fluorescence �LIF� and action spectra recorded in the
Br2 B-X, 12-0 spectral region using P0=28.6 bar and T0=294.2 K, and at a
downstream distance Z=x /d=21.2. The intensity scale across the 79,79Br2
monomer band near 17 561 cm−1 is decreased by 100 times. The 79,79Br2 and
79,81Br2 action spectra were acquired with the probe laser fixed on the
R-band heads of the 79,79Br2 and 79,81Br2 E-B, 1–11 transitions. All He¯Br2

features are labeled with the ground-state conformer associated with transi-
tions within that feature.
features present in the 8-0 and 12-0 spectra. The linewidths
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in the 12-0 region are only slightly broader than in the 8-0
region, �0.10 and �0.08 cm−1, respectively. Considering
the 0.06-cm−1 bandwidth of our excitation laser, these values
are in fair agreement with the previously reported linewidths
of the T-shaped features observed in each of the regions.13 In
contrast, the He¯ 79Br2 features in the Br2 B-X, 21-0 spec-
trum are significantly broadened and, as a result, do not ex-
hibit the resolvable rotational structure observed in the other
two regions. A trend of increased linewidths with increasing
Br2�B ,��� vibrational excitation was noted in previous spec-
troscopic studies of He¯Br2 �Refs. 13 and 28� and
Ne¯Br2 �Ref. 29� complexes and was interpreted to be a
result of rapid vibrational predissociation in the higher vibra-
tional levels ����18�.

The LIF spectra of the T-shaped and linear
He¯ 79Br2�X ,��=0� complexes were recorded in the Br2

B-X, 8-0, 12-0, and 21-0 spectral regions using the same
source conditions, P0=28.6 bar and T0=294.2 K, and at
eight different distances downstream from the nozzle orifice,
Z=16.0, 18.7, 21.2, 23.8, 27.7, 32.4, 36.6, and 40.7. The
distance-dependent spectra recorded in the 12-0 region are
shown in Fig. 5 with each spectrum normalized so that the
total integrated intensity is unity. The rotational contour of
the 79Br2 B-X, ��-0 monomer feature recorded at each dis-
tance was fit to a Boltzmann distribution using the published
79Br2 X- and B-state spectroscopic constants.26 For the 12-0
data, the monomer rotational temperature decreases mono-
tonically from 0.91�2� K at Z=16.0 down to 0.25�3� K at
Z=40.7, as indicated in Fig. 5. In all of the spectral regions,
the peak intensity of the T-shaped feature decreases and that
of the linear feature increases monotonically with increasing
Z, and thus decreasing T. It is particularly noteworthy that
the ratios of the experimental intensities of the T-shaped to
linear features, Int�T-shaped� / Int�linear�, observed in the 8-0
and 12-0 regions are nearly identical at each Z with values

FIG. 5. Laser-induced fluorescence spectra recorded in the Br2 B-X, 12-0
spectral region using the same source conditions, P0=28.6 bar and T0

=294.2 K, and at eight different distances downstream from the nozzle ori-
fice, x /d, where the diameter of the nozzle, d, is 1.0 mm. The 79Br2�X ,��
=0� rotational temperature associated with each spectrum is listed. Each
spectrum has been normalized so that the total integrated intensity is unity.
The arrows indicate the energy position that was used to track the intensity
of the linear feature.
greater than 1 under all expansion conditions and down-
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stream distances. For instance, this ratio is �10 in both spec-
tra recorded at Z�22 and with a backing pressure of P0

=28.6 bar. In contrast, this ratio decreases significantly for
the spectra recorded in the 21-0 region, down to �1 under
the same conditions. Despite the differences in the values of
Int�T-shaped� / Int�linear�, the ratios decrease with approxi-
mately the same rate with increasing distance downstream in
the expansion in all three spectral regions.

V. COMPARISON OF EXPERIMENT AND THEORY

A. Intensities

1. Discrepancies between experimental and
calculated intensities

The most notable difference between the experimental
and calculated spectra for He¯ 79Br2 is in the relative inten-
sities of the two bands. For example, at 0.58 K, the T-shaped
feature in the 12-0 experimental LIF spectrum is much more
intense than the higher-energy, linear feature, Fig. 3. In con-
trast, the maxima in the intensities of the two features differ
by less than a factor of 2 in the calculated spectrum. While
small discrepancies between the experimental and theoretical
spectra were reported for the He¯ICl system,9 they were not
as dramatic as found here. Since these two features are pri-
marily attributed to transitions from the n�=2 level for the
lower energy, T-shaped feature, and the n�=0 and 1 levels
for the higher-energy, linear feature, changes in the binding
energies of these states could have a large effect on the rela-
tive intensities of these bands. In fact, this spectrum is par-
ticularly sensitive to this energy difference because the three
lowest-lying J�=0 intermolecular vibrational states within
the He+ 79Br2�X ,��=0� calculated PES differ in energy by
only 0.65 cm−1. To investigate the sensitivity of the relative
intensities of the features, Int�T-shaped� / Int�linear�, on
the relative binding energies, we shifted all of the states
on the X-state potential that are localized in the T-shaped
potential minimum by a constant wave-number shift �E
and recalculated the excitation spectrum. A plot of
Int�T-shaped� / Int�linear� as a function of �E is given in Fig.
6 for T=0.25, 0.58, and 0.91 K. As expected, there is a high
sensitivity of the relative intensities to the relative binding
energies of the three lowest intermolecular vibrational levels
of the complex, and a shift of only −0.45 cm−1 is sufficient to
increase the intensity ratio by more than an order of magni-
tude at 0.25 K. Thus, the difference in the intensities of the
experimental and theoretical features is partially attributable
to a slight discrepancy in the relative binding energies of the
two ground-state conformers.

What is also evident is that the relative peak intensities
of the T-shaped and linear features in the Br2 B-X, 21-0
region are nearly the same, whereas the peak intensity of the
T-shaped feature is significantly larger than that of the linear
feature in the 8-0 and 12-0 spectra. This difference is not
attributed to varying Franck-Condon factors for the different
Br2 B-X, ��-0 spectral regions, since the integrated intensi-
ties of the three bands are nearly the same in all three spec-
tra. Calculations of spectra in these regions support this con-
clusion. Spectra with Lorentzian linewidths matching those

−1
measured experimentally, 0.08, 0.10, and 0.30 cm , were
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used in calculating the 8-0, 12-0, and 21-0 spectra, respec-
tively. The relative peak intensities of the T-shaped and lin-
ear features in the calculated spectra do become comparable
in the 21-0 region, following the experimental trend. Experi-
ments performed in the time domain that can monitor the
kinetics of the dissociation of these different intermolecular
levels, similar to those performed on Ne¯Br2�B,���
complexes,30 could reveal insights into the fate of the
excited-state molecules and perhaps the dynamics in the dif-
ferent intermolecular levels accessed by transitions of the
T-shaped and linear conformers.

2. The relative binding energies of the T-shaped and
linear He¯ 79Br2„X ,��=0… conformers

Having demonstrated the sensitivity of the temperature
dependence of the relative peak intensities to the relative
binding energies of the two complexes, we turn our focus to
analyzing the relative binding energies of the T-shaped and
linear He¯ 79Br2�X ,��=0� conformers. The distance-
dependent LIF spectra, Fig. 5, reveal that the intensities of
nearly all of the lines within the broad feature at
�17 571 cm−1 increase with increasing Z, while the peak
intensity of the T-shaped feature decreases monotonically
with increasing distance. Using the ratio of the peak intensity
of the T-shaped feature to that of the linear feature in the
12-0 LIF spectra and the monomer rotational temperatures
measured at each of the eight distances, a thermodynamic
model12 was implemented to estimate the relative binding
energies of the ground-state conformers. The model incorpo-
rates two major assumptions: the populations of the T-shaped
and linear complexes, �T-shaped� and �linear�, are in a ther-
modynamic equilibrium characterized by the 79Br2�X ,��
=0� rotational temperature T and the peak intensities of the
T-shaped and linear features observed in the LIF spectra are
proportional to the ground-state populations of the conform-
ers. A plot of the T-shaped to linear intensity ratios,

FIG. 6. The ratio of the calculated peak intensities of the T-shaped to linear
features in the Br2 B-X, 12-0 region, plotted as a function of the shift of the
energies of the T-shaped levels relative to that of the linear levels, �E, and
using different temperatures; T=0.25 K �black circles�, T=0.58 K �white
squares�, and T=0.91 K �black triangles�.
Int�T-shaped� / Int�linear�, as a function of inverse tempera-
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ture T−1 was fit to the ratio of the T-shaped to linear quantum
mechanical partition functions in the high-temperature limit

Int�T-shaped��T�
Int�Linear��T�

= aT1/2 exp�− �E

kBT
� �8�

to estimate the relative ground-state binding energies of the
conformers, �E. Since only one intermolecular vibrational
level is associated with the T-shaped conformer and that the
two linear levels are nearly degenerate and we can thus treat
it as a single level, the �E value obtained from the fit is
taken to represent the difference in the ground-state binding
energies of the T-shaped and linear He¯ 79Br2�X ,��=0�
conformers.

The presence of the background continuum signal and
the partial overlap of the linear He¯ 79,81Br2 feature with the
He¯ 79,79Br2 features in each Br2 B-X ,��-0 region precludes
a direct measurement of the peak intensities of the T-shaped
and linear features. Therefore, the maximum intensity at the
band head, at 17 565.2 cm−1, less a contribution from the
background signal, was selected to monitor the change in the
intensity of the T-shaped He¯ 79,79Br2 feature. The contri-
bution from the background was estimated using the average
intensity over a small wave-number region around
�17 565.6 cm−1, slightly to the blue of the T-shaped band
head. The intensity in this region was approximately constant
in all of the normalized LIF spectra, and the intensity of the
band head decreased monotonically with respect to this in-
tensity.

Determining the intensity of the linear feature was a bit
more involved since rovibrational lines attributable to transi-
tions of both the T-shaped and linear conformers are believed
to contribute to this feature. The theoretical calculations sug-
gest that the lines at 17 571.1 and 17 571.5 cm−1 are pre-
dominantly due to the transitions of the linear conformer.
Given that the rate of change of the intensity of the line at
17 571.1 cm−1, indicated by the arrow in Fig. 5, with increas-
ing distance relative to the intensity of the T-shaped band
head was larger than the rate of change of the 17 571.5-
cm−1 line, the lower-energy line is presumed to have more
linear contribution. Consequently, the intensity of the
17 571.1-cm−1 feature was chosen to monitor the changes in
the population of the linear He¯ 79Br2�X ,��=0� conformer
with changing distance and temperature. An estimate of the
background signal intensity was subtracted off of the line
intensity, with this estimate giving rise to the major error in
the line intensities.

To partially verify the manner in which the peak inten-
sities were obtained, action spectra were recorded at Z
=21.2 and 27.7 to quantitatively compare the values of
Int�T-shaped��T� / Int�Linear��T� for He¯ 79,79Br2 observed
without overlapping spectral features associated with the
other isotopomers and without the presence of the continuum
signal. The peak intensities of the T-shaped feature were ob-
tained directly from the values at the band head maximum.
Because of the overlapping T-shaped and linear lines in the
linear feature, the linear peak height was determined follow-
ing the same procedure used for the LIF spectra. The inten-

sity ratios of 12.6�6� and 7.6�4� determined from the action
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spectra at Z=21.2 and 26.8, respectively, are in excellent
agreement with those obtained from the LIF spectra,
12.4�1.0� and 7.6�7�.

The He¯ 79Br2 intensity ratios, Int�T-shaped��T� /
Int�Linear��T�, obtained from the 12-0 LIF spectra in Fig. 5,
are shown in Fig. 7, plotted as a function of the inverse of the
Br2�X ,��=0� rotational temperature T−1. An order of magni-
tude change in the relative populations is observed over these
distances, indicating a significant shift in population to the
linear conformer with cooling and that the linear conformer
is more thermodynamically stable than the T-shaped con-
former. A preliminary fit of the data using Eq. �8� indicated
that an offset had to be included to get a quality fit, and this
offset may be an indication of deficiencies in assuming that
the populations are in thermodynamic equilibrium and in this
model. Nevertheless, we used Eq. �8� plus an offset to fit the
experimental data, dashed line in Fig. 7, and to obtain an
estimate of �E=0.4�2� cm−1. As a confirmation of this ap-
proach, we repeated the above analysis on the calculated
spectra for the Br2 B-X, 12-0 region and determined that the
linear conformer is 0.5 cm−1 more strongly bound than the
T-shaped conformer, which is in fair agreement with a dif-
ference of 0.65 cm−1 between the J�=0 levels of each con-
former, Table IV.

B. Absolute binding energies of the T-shaped and
linear He¯ 79Br2„X ,��=0… conformers

Having estimated the relative binding energies of the
two conformers, we turn our attention to determining the
absolute binding energies of the T-shaped and linear ground-
state conformers. High-resolution �0.06 cm−1� He¯ 79Br2
action spectra were recorded in the Br2 B-X, 11-0 region by
monitoring the formation of the ���=0,Br2�B ,��=11� dis-
sociation product channel via the 79Br2 E-B, 1-11 transition.
The spectrum is shown in Fig. 8, plotted as a function of

79 −1

FIG. 7. The He¯ 79Br2 intensity ratios, Int�T-shaped��T� / Int�linear��T�, ob-
tained from the 12-0 LIF spectra recorded at different distances, Fig. 4,
plotted as a function of the inverse of the Br2�X ,��=0� rotational tempera-
ture T−1 measured at each distance. The dashed line represents a fit of the
experimental data to Eq. �8� plus an offset, with best-fit values indicated in
the included equation.
energy from the Br2 B-X, 11-0 band origin, 17 436.9 cm .
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Although not shown in Fig. 8, the region immediately to
higher energy than the 79Br2 B-X, 11-0 monomer band was
featureless until the onset of the continuum signal �17 cm−1

to higher energy from the monomer band origin, as shown.
The broad continuum fluorescence was found to extend at
least 40 cm−1 to even higher energy. The signals for this
experiment were quite weak, and the somewhat acceptable
signal-to-noise levels over the region shown in Fig. 8 re-
quired �27 h of total acquisition time. The intensity of the
continuum signal was observed to track with the intensity of
the linear feature and not the T-shaped feature as the expan-
sion conditions and downstream distances at which the spec-
tra were recorded were varied. Thus, as was observed for
He¯ICl,12,20 Ne¯ICl,31 and Ar¯ I2,22 the continuum signal
observed here is attributed to bound-free transitions of the
linear He¯ 79Br2�X ,��=0� complex to the continuum of
states lying just above the He+ 79Br2�B ,��=11� dissociation
limit.

By fixing the probe laser on the R-band head of the
79Br2 E-B, 1-11 transition, the energy difference between the
79Br2 B-X, 11-0 band origin and the continuum turn-on di-
rectly reveals the ground-state binding energy of the linear
He¯ 79Br2�X ,��=0� conformer.12,20 Similar action spectra
for the He¯ I35Cl complex using the same 0.06-cm−1 reso-
lution revealed a highly structured continuum resulting from
rotational predissociation of the He¯ I35Cl�X ,��=2� com-
plex prepared in an intermolecular vibrational level that is
energetically at the dissociation limit.12 Subsequent two-laser
pump-probe experiments performed by exciting at different
regions and on the discrete lines along the turn-on region of
the continuum signal identified the precise excitation energy
that formed I35Cl�B ,��=2, j�� products with the least amount
of rotational excitation, j�. This excitation energy was then
taken to be the transition energy of the ground-state linear

35

FIG. 8. A portion of the action spectrum recorded in the Br2 B-X, 11-0
region and with the probe laser fixed on the R-band head of the 79Br2 B-X,
1–11 transition. The spectrum is plotted as a function of energy from the
79Br2 B-X, 11-0 band origin, 17 436.9 cm−1. The turn-on is estimated to be
17.0 cm−1 from the monomer band origin, indicating that the linear
He¯ 79Br2�X ,��=0� complex is bound by that amount. The error in the
turnon energy is bracketed between the regions indicated with the arrows,
±0.8 cm−1.
complex that just accesses the He+I Cl�B ,��=2, j�=0�
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asymptote.21 There is no discernable structure in the
He¯ 79Br2 turn-on region of the continuum signal suggest-
ing that there is not an accidental resonance of a
He¯ 79Br2�B ,��=11� intermolecular vibrational level with
the asymptotic region of the He+ 79Br2�B ,��=11� potential.
Furthermore, the 79Br2�B ,��=11, j�� product state distribu-
tion is extremely cold, with approximately the same distribu-
tion observed when exciting between 17.0 and 17.8 cm−1 in
the turn-on region. Therefore, the turn-on of the continuum
and thus the ground-state binding energy was approximated
with errors that included the breadth in energy associated
with the rotational Boltzmann distribution of the linear
He¯ 79Br2�X ,��=0�.

Referring to Fig. 8, the continuum signal begins to “turn
on” �16.2 cm−1 to higher energy from the monomer band
origin, which is indicated by the arrow on the left of figure.
The intensity of the continuum gradually increases until
�17.7 cm−1 at which point there is a discrete rise within a
0.1-cm−1 increment, marked by the arrow to the right. We
take the midpoint of this energy region to be the excitation
energy that accesses the dissociation limit, indicating a
ground-state binding energy of 17.0 cm−1 for the linear con-
former and the breadth of this region ±0.8 cm−1, to be the
error. The ground-state binding energy of the linear
He¯ 79Br2�X ,��=0� conformer, 17.0�8� cm−1, and our ex-
perimentally determined binding energy difference,
0.4�2� cm−1, reveal a He¯ 79,79Br2�X ,��=0� T-shaped bind-
ing energy of 16.6�8� cm−1. These binding energies are
slightly larger than the values reported in Table IV, 16.46
and 15.81 cm−1, calculated using our ab initio surface. A
value of 16.6�8� cm−1 for the binding energy of the ground-
state T-shaped conformer, however, does agree extremely
well with the value reported previously by Jahn et al.,33

17.0�1.5� cm−1.

C. Determination of the binding energies on the
B-state surface

Having determined the binding energies of the two con-
formers on the X-state potential, we turn our attention to
ascertaining the relative binding energies of the intermolecu-
lar vibrational levels on the B-state potential. The n�=0 state
is the easiest of these to obtain from the experimental spec-
trum since the low-energy feature results from transitions of
the T-shaped complex to this level. The �3.9-cm−1 spectral
shift of the T-shaped band origin from the monomer band
origin in the 12-0 region and the 16.6�8�-cm−1 binding en-
ergy for the He¯ 79,79Br2�X ,��=0� T-shaped conformer in-
dicate an excited-state binding energy of �12.7 cm−1 for the
lowest intermolecular vibrational level in the He
+ 79Br2�B ,��=12� potential with an equilibrium T-shaped ge-
ometry. In a similar manner, a binding energy of �12.9 cm−1

was estimated for the n�=0 level within the He
+ 79Br2�B ,��=8� potential. These binding energies also agree
quite well with those reported previously, a value of
13.5�1.0� cm−1 was reported for the binding energy of the
n�=0 level within the He+ 79Br2�B ,��=44� PES.33

To obtain experimental energies of higher-lying intermo-

lecular vibrational levels within the B-state potentials, we
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first utilized the theoretical spectra obtained using the DIM
potential to assist in making assignments of the lines ob-
served within the linear features observed in the Br2 B-X,
8-0, and 12-0 spectral regions. Since the experimental spec-
tra are quite cold, only those transitions from the J�=0, 1,
and 2 rotational levels of the ground-state linear conformer
were included in the calculated spectra, and the experimental
rotational temperature of 0.28 K was used. Rotational line-
widths of 0.08 and 0.10 cm−1 were used to best represent the
experimentally observed linewidths for the spectra in the 8-0
and 12-0 regions, respectively. The calculated and experi-
mental spectra for the 12-0 region are shown as the top two
traces in Fig. 9. While there is qualitative agreement in the
breadth and overall shape of this feature in the two spectra,
assignments on a line-by-line basis cannot be made. We
therefore chose to use the calculations as a guide and adjust
the band origins of the different calculated intermolecular
vibrational bands to try and optimize the agreement. In this
way, the rotational structure associated with each band is
maintained, but the overall contour of the linear feature can
change significantly as the overlap in the rotational structure
of the different vibrational bands is changed. Significantly
better agreement between the experimental spectrum and the
shifted calculated spectrum, second and third plots in Fig. 9,

FIG. 9. Expanded views of the theoretical and experimental spectra in the
Br2 B-X, 12-0 region spanning the linear feature and plotted as a function of
energy from the monomer band origin, 17 561.14 cm−1. The top plot is the
theoretical spectrum obtained by including all rotational lines from ground-
state levels with J��2 and relative populations associated with a rotational
temperature of 0.28 K. A Lorentzian linewidth of 0.10 cm−1 was also uti-
lized to best simulate the experimental spectra. The second plot is the ex-
perimental spectrum recorded using a backing pressure of P0=28.6 bar and
recorded at a downstream distance of Z=x /d=41, for which a rotational
temperature of 0.28 K was measured. The third plot is the calculated spec-
trum obtained by shifting around the band origins of the transitions access-
ing the different n� intermolecular vibrational levels to achieve the best
agreement with the experimental spectrum. The stick spectra for the shifted
spectrum have symbols to indicate those lines that access common excited
state intermolecular vibrational levels: n�=1 �black circles�; n�=2 �open
circles�; n�=3 black squares; n�=4 �open squares�.
was obtained with only slight shifts in the vibrational band
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origins. As an indicator of the composition of the structure
observed within the band, we have included the stick spec-
trum associated with the optimized calculated spectrum, with
those rotational lines accessing the same excited-state inter-
molecular vibrational level labeled with a common symbol.
The shifted band origins were then used with the binding
energy of the ground-state linear conformer, 17.0�8� cm−1, to
obtain the experimental binding energies of the intermolecu-
lar levels with n��1.

The experimental excited-state binding energies and
those calculated using the DIM PES are reported in Table V.
Since there was significant line broadening in the experimen-
tal spectrum recorded in the Br2 B-X, 21-0 region, binding
energy assignments could not be made for the He
+Br2�B ,��=21� PES, but the calculated values are still in-
cluded for comparison. As expected, with increasing
Br2�B ,��� vibrational excitation, the intermolecular levels
become slightly less strongly bound. The energies obtained
using the ab initio He+Br2�B� PES are included for compari-
son. In this case, we used a slice through the ab initio surface
that was computed for a fixed Br–Br distance of 2.6776 Å,18

and we used the rotational constant for Br2�B ,��=12�. The
agreement with the experimental values appears to be
slightly better for the DIM model, rather than the PES ob-
tained using the ab initio points.

At first, this result may seem surprising, that a semi-
empirical DIM surface obtained by adiabatically averaging
the full three-dimensional potential over a specific vibra-
tional state of the system should provide a better description
of the intermolecular vibrational structure than a purely ab
initio surface. We attribute this to a number of factors. First,
the reported two-dimensional ab initio surface was obtained
at a single Br–Br distance and for a relatively small number
of angles. Work on the analogous ground-state potential, de-
scribed above, showed that the angular cuts reported in Ref.
18 were not sufficient to fully sample the anisotropy of the
potential especially near the linear configuration. In addition,
as in previous work on He¯ICl �Ref. 21� and Ne¯OH �Ref.
32� excited-state potentials, we find that by scaling the He
+Br2�B ,��=12� ab initio surface by an overall scaling factor
of 0.9, we can bring the mean absolute difference between
the experimental and calculated energies to 2.58 cm−1, com-
parable agreement to what is achieved for the DIM surface
�1.51 cm−1�. Furthermore, recent work by us on He¯ICl
�Ref. 12� showed that even a relatively simple model for the
excited-state potential surface can accurately reproduce the
experimental binding energies. This is because most of the
states that are probed experimentally lie above the barrier to
free rotation on this surface, as shown in Fig. 2�b�. As such,
if the energy difference between the T-shaped minimum and
the linear saddle point as well as the curvature of the
T-shaped minimum are correct the experimental binding en-
ergies can be reproduced quite accurately even with a fairly
simplistic model of the potential surface. The above com-
ments indicate a rather low sensitivity of the vibrational
structure on the B state of these He-dihalogen complexes on
the potential surface rather than specific problems with the

previously reported potential surfaces for these complexes.
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VI. CONCLUSIONS

A combined experimental and theoretical approach has
been used to present evidence of the existence of a linear
He¯Br2�X ,��=0� conformer. Our theoretical calculations
reveal an appreciable effective barrier of �10 cm−1 separat-
ing the two lowest intermolecular levels of the
He¯ 79Br2�X ,��=0� complex, n�=0 and n�=1, correspond-
ing to the linear conformer, and the next higher level, n�=2,
which has a rigid T-shaped geometry. The probability ampli-
tudes of the T-shaped and linear conformers are highly local-
ized within each well; only �1% of the T-shaped �linear�
probability amplitude is found in the linear �T-shaped� well.
These theoretical results suggest that the T-shaped and linear
He¯ 79Br2�X ,��=0� complexes can be regarded as distinct
stereoisomers.

The changing intensities of the two features observed in
the He¯ 79Br2 rovibronic spectra with decreasing tempera-
ture in a supersonic expansion indicate that these features are
indeed associated with two distinct conformers, T-shaped
and linear, and this is corroborated by comparisons with the
calculated spectrum. These intensity variations show that it is
possible to stabilize different conformers of a Rg–
homonuclear complex, and that the linear He¯Br2�X ,��
=0� conformer is more thermodynamically stable than the
T-shaped conformer. The linear and T-shaped binding ener-
gies determined experimentally, 17.0�8� and 16.6�8� cm−1,
agree fairly well with our calculated values, 16.5 and
15.8 cm−1, respectively. These results are significant because
both the theory and experiment were able to resolve the
small energy difference between the conformers, and both
got the correct ordering, i.e., the linear He¯ 79Br2�X ,��
=0� conformer is more strongly bound than the T-shaped
conformer. From an experimental point of view, the results
are quite remarkable given the simplicity of the approach.
The capacity of the thermodynamic model to resolve the
binding energy difference between the nearly isoenergetic
He¯ 79Br2�X ,��=0� conformers and achieve such good
agreement with the theoretical results is quite promising. The
experimental methodology presented in this manuscript may
prove to be a valuable tool in the characterization of the
ground-state intermolecular potentials of other weakly bound
complexes.
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