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He79Br2 B ,vÄ8]X,v 9Ä0 excitation spectrum: Ab initio prediction
and spectroscopic manifestation of a linear isomer

Alexei A. Buchachenko,a) Rita Prosmiti,b) Carlos Cunha, Gerardo Delgado-Barrio,
and Pablo Villarreal
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TheB←X rovibronic excitation spectrum of the HeBr2 van der Waals complex is calculated using
an ab initio potential energy surface for the ground electronic state. The coupled-cluster single
double triple calculations predict double-minimum topology~linear and T-shaped wells! for the
X-state potential with a low isomerization barrier. The two lowest vibrational levels, assigned to
T-shaped and linear isomers using the localization patterns of the corresponding wave functions, are
almost degenerated and lie slightly above the isomerization barrier. This indicates that T-shaped and
linear isomers can coexist even at low temperatures and give rise to two separated bands in the
excitation spectrum. The main band of theB←X excitation spectrum is assigned to transitions from
the T-shaped isomer, whereas the very good agreement between the observed and calculated
spectrum, using theab initio X-state potential, demonstrates that the unassigned secondary band
corresponds to excitation of the linear isomer of the HeBr2(X) complex. The complete assignment
of the spectrum in terms of individual rovibronic transitions is presented. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1502638#
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I. INTRODUCTION

Recent studies on the intermolecular interactions in
der Waals~vdW! complexes formed by a rare gas atom a
an halogen molecule have shown that these systems ar
so simple as might be expected.1 Ab initio electronic struc-
ture calculations~reviewed in Ref. 1! and some semiempir
ical models2–4 have predicted the existence of a linear isom
on the ground-state surface of such complexes; it is of g
interest to know how these linear isomers can be dete
experimentally. Klemperer and co-workers5,6 have presented
clear evidence for the existence of a linear ArI2(X) isomer
via continuous absorption and emission spectroscopy, find
which has been supported by theoretical calculations.7,8 Re-
cently, Heaven and co-workers have assigned some vi
tional features of the NeI2(X) excitation and action spectr
to the linear isomer.9 However, a detailed test of the theore
ical predictions about the linear isomer requires us to de
onstrate its manifestation in the spectra of lighter complex
where at least partial resolution of rotational structure is p
sible.

The B,v58←X,v950 excitation spectrum of the
HeBr2 complex~herev andv9 refer to the vibrational exci-
tation of the Br2 subunit! observed by Janda an
co-workers10 consists of two bands. The main one, shifted
3.72 cm21 to the blue from the corresponding band of t
bare Br2 molecule, has a structure typical for transitions fro
a T-shaped isomer. The secondary band, shifted by
cm21 further to the blue, has a complicated structure and
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intensity approximately five times lower than the main ban
In a previous paper,11 we have suggested that the second
band is related to the excitation of the linear isomer. Usin
family of model ground-state potentials with variable we
depths for the two isomers, we have analyzed the variatio
the excitation spectrum and confirmed that the measu
spectrum likely corresponds to a situation of two almost
generated~within half a wave number! ground vibrational
levels of T-shaped and linear isomers. However, the mo
potential of theX state has not allowed us to reproduce qua
titatively the partially resolved rotational structure of th
spectrum. Therefore, we present new simulations of
HeBr2 excitation spectrum, performed using an accurateab
initio ground-state potential energy surface~PES!.12 It has
been found that the coupled-cluster single double tri
~CCSD~T!! PES provides a quantitative agreement w
available experimental data on the structure and energetic
the HeBr2(X) complex. Therefore, it is expected that th
theoretical simulation of the excitation spectroscopy us
the CCSD~T! PES will prove the assignment of the expe
mental spectrum.10

II. THEORETICAL METHODS

A. Ab initio calculations

The ab initio data were calculated at the CCSD~T! level
of theory using for bromine atoms the Stuttgart group~SDD!
effective core potential incorporated in theGAUSSIAN 98

programs,13 augmented with (sp) diffusion and (3d f) polar-
ization functions, SDD1G~3df!.14 For the He atom we used
augmented correlation consistent aug-cc-pV5Z basis
supplemented with an additional set (3s3p2d2 f 1g) of bond
functions.15
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We used Jacobi coordinates (r ,R,u) to describe the tri-
atomic HeBr2 complex, whereR is the intermolecular dis-
tance of He atom from the center-of-mass of Br2 , r is the
bond length of Br2 , andu is the angle between theR andr
vectors. Several intermolecular distancesR from 2.5 to 10 Å
were examined and, for each of them, calculations were
formed at four anglesu equally spaced in the (0,p/2) inter-
val, with r fixed at the equilibrium value of 2.28 Å. For eac
u, analytical Morse–vdW-type forms have been used to
the CCSD~T! interaction energies with parameters given
Ref. 12. The angular dependence of the potential surface
represented using an expansion in Legendre polynomial

V~R,u!5(
l

Vl~R!Pl~cosu! ~1!

with l50,2,4,6. The accuracy of theV(R,u) potential is
tested by comparing with additionalab initio points calcu-
lated at a fifth angle (u545°). It is found that there is a
maximum deviation of 2 cm21 and a standard deviation o
0.8 cm21 between the modelV(R,u) @Eq. ~1!# potential and
the additional computedab initio points. Thus, the expansio
of Eq. ~1! up tol56 was considered enough for the purpo
of the present calculations.

B. Spectral simulations

The B state is described11 by a semiempirical analytica
PES obtained using the first-order intermolecular diatom
in-molecule perturbation theory approach~see Ref. 16 and
references therein!. This PES has global minimum for th
T-shaped configuration and a very shallow secondary m
mum at the linear configuration.

The procedure for spectral simulations is described
Ref. 11. The bound levels of the HeBr2(X) complex are cal-
culated by solving the two-dimensional variational proble
for each rotational symmetry blockJp

i9p
j9

9 defined by the

value of the total rotational angular momentumJ9, total par-
ity pi9 , and parity associated with inversion of Br nucleipj9 .
The levels of the excited HeBr2(B,v58) complex, meta-
stable with respect to vibrational predissociation, are
proximated by the bound levels within a diabatic decoupl
approximation.11 The corresponding eigenenergies a
eigenfunctions are obtained by solving the two-dimensio
variational problem for the total nuclear Hamiltonian ave
aged over Br2 internuclear distance using the Br2(B,v58)
vibrational wave function. Intensities of dipole allowe
Jpi pj

←Jp
i9p

j9
9 transitions @J5J9,J961 (0↔” 0); pi52pi9 ;

pj52pj9] are calculated, under the Franck–Condon a
proximation, as the squared transition dipole moment ma
elements. Transitions between up to seven lowest van
Waals bound levels of theX andB states (nX , nB) in each
symmetry block forJ9<6 are considered. The resulting stic
spectrum is dressed by Lorentzian functions of widths
flecting their vibrational predissociation of the HeBr2(B, v
58) complex, and summed up with Boltzmann weights c
responding to a given internal temperature. The total sp
Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject to A
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trum is composed of more than 3000 individual rovibron
transitions and the calculated transition frequencies are a
able in an EPAPS document.17

III. RESULTS

TheX-state CCSD~T! PES has two minima in linear an
T-shaped configurations with equilibrium distancesRe and
well depths (Re, De) of ~4.42 Å, 48.8 cm21) and ~3.58 Å,
40.3 cm21), respectively. Whileab initio calculations pre-
dict a deeper well in the linear configuration, the grou
vibrational vdW levelnX50 of the HeBr2(X) complex cor-
responds mainly to the T-shaped isomer. Huanget al. have
also found18 a higher zero-point vibrational energy for th
linear configuration than the T-shaped one in the HeCl2 case.
The second lowest vdW vibrational levelnX51 is localized
mainly in the linear well, and lies only;0.5 cm21 higher
that the ground one. This finding is in accord with the p
diction of theX-state model potential used before.11 For J9
50, the two lowest vdW levels, which correspond to t
T-shaped and linear isomers, are found at the energie
217.7 and217.2 cm21, respectively, with respect to th
He1Br2 dissociation limit. It is interesting to note that bot
vdW levels lie slightly above the isomerization barrier~at
energy;218 cm21), while the corresponding wave func
tions are localized mainly at the T-shaped and linear we
with tunneling though the barrier.

The HeBr2 B,v58←X,v950 excitation spectrum was
first simulated using the same conditions as in Ref.

FIG. 1. The HeBr2 B,v58←X,v950 excitation spectrum.~Top panel!
Experiment~see Ref. 10! ~bottom panel! best simulations obtained with the
model X-state PES~see Ref. 11! and ~middle panel! present simulations
obtained withab initio X-state PES. The blueshift with respect to the B2

3B,v58←X,v950 transition is taken as abscissa.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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namely, at the internal temperature of 1.6 K19 and using an
average half width of 0.023 cm21 for all the transitions. In
Fig. 1, three spectra are presented. The top one is the ex
mental, the bottom one represents the best result of the s
lations using the modelX-state potential,11 and the middle
one is obtained using theab initio X-state PES. Compared t
the experimental spectrum, the one obtained in the pre
work is slightly blueshifted~by ;0.3 cm21) and underesti-
mates the intensity of the secondary band. However,
structure agrees with the experimental data much better
the spectrum obtained with the modelX-state potential. The
present results allow us to analyze sensitivity and structur
the simulated spectra in more detail. We check the assu
tion of a single linewidth for all the transitions. In the ne
calculations the half widths of the transitions to the low
nB50 – 3 levels are taken from Fermi Golden rule calcu
tions on the vibrational predissociation atJ50 ~0.013,
0.032, 0.023, and 0.020 cm21, respectively!. For the upper
levelsnB.3 which appear at higherJ values, the half width
for the nB53 level is used. It is found that the spectrum
almost insensitive to the variation of the linewidths. The re
son is twofold:~i! the individual widths are not very differ
ent; and~ii ! the peaks are composed from a number of ro
tional transitions so the resulting profile is more sensitive
their spacing rather than to the broadening. Therefore, fur
refinement of the linewidth parameters was not accoun
for. Also, the dependence of the spectrum on the inte
temperature is analyzed. The overall intensity of the seco
ary band increases with temperature only slightly, while
red wing of the main band depends strongly on temperat
Using a rotational temperature of 2.2 K~instead of 1.6 K! a
better agreement with experimental data is achieved. T
the discussion below concentrates only on the results of
simulations at this temperature.

Measured and simulated profiles of the main band
shown in Fig. 2~the latter is corrected by a shift of 0.2
cm21 to the red!, showing a remarkable agreement. In Fig
the simulated profile is superimposed by sticks represen

FIG. 2. The main band of the HeBr2 B,v58←X,v950 excitation spec-
trum: ~solid line! experiment~see Ref. 10!, ~dashed line! simulations shifted
by 0.27 cm21 to the red.
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around 300 individual rovibronic transitions whose intens
exceeds 0.5% of the maximum. The assignment of the do
nant sticks is made in terms of vibrational and rotation
quantum numbersnX ,J9pi9pj9/nB ,Jpipj . It clearly shows
that the main band is composed by variousnX50→nB50
transitions between T-shaped isomers of the complex wi
small admixture ofnX50→nB51 and nX51→nB50,1
transitions, where the latter two correspond to the lin
ground state isomer. These secondary transitions perturb
structure of the main band which can be described using
asymmetric top model and may be detected in hig
resolution spectra.

The results for the secondary band are presented in
4 ~simulated spectrum is corrected by a shift of 0.32 cm21 to
the red and multiplied by 3.9!. Despite some minor~less than
0.1 cm21) deviations in the peak positions, mainly at the f
blue wing of the spectrum, and somewhat different intens
distribution among the peaks, the structures of the simula
spectrum lines are in almost one-to-one correspondence
the observed ones. This enables the assignment of the s
trum. Because many individual rovibronic transitions co
tribute to the spectrum with similar intensities, the assig
ment is made by simulating the spectrum profiles for ea
vibronic nX→nB transition as shown in Fig. 4 for the dom
nant peaks, instead of analyzing the stick spectrum. In ca
of strong mixing, the contributing transitions are listed
descending order. The main contribution to the second
band is due to transitions from the linear isomernX51 to the

FIG. 3. The main band of the simulated HeBr2 B,v58←X,v950 excita-
tion spectrum superimposed by the stick spectrum of the dominant r
bronic transitions. Assignment legends arenX ,Jp

i9p
j9

9 /nB ,Jpi pj
.
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excitedB-state levels whose wave functions are sufficien
delocalized to have favorable Franck–Condon factors w
the linear initial level. The most important transitions are t
nX51→nB53,4, while less intense ones are thenX51
→nB52,5. These transitions are often accompanied,
overlapped, with the transitions of the T-shaped isomernX

50 to the same excited-state levels, but the intensities of
latter are markedly lower.

Employing the CCSD~T! X-state surface, the simulate
spectrum is in better agreement with the experimental sp
trum than the theoretical simulation obtained using
model PES for theX state.11 Obviously, this is due to the
better characterization of equilibrium geometry and fo
constants of the two isomers and, in particular, of the lin
one. Figure 4 demonstrates thatab initio calculations repro-
duce quantitatively these parameters. The underestimatio
the intensity of the secondary band is likely due to the
sumption of thermal equilibrium between the two isome
The errors in the intensity distribution over the second
band reflect the inaccuracy of the Franck–Condon fac
between the wave functions of the ground-state linear iso
and B-state excited levels; these parameters are extrem
sensitive to variations of the PESs.

IV. CONCLUSIONS

The HeBr2 B,v58←X,v950 excitation spectrum is
simulated and assigned using high-levelab initio ground-
state PES and a sufficiently accurate semiempirical PES

FIG. 4. The secondary band of the HeBr2 B,v58←X,v950 excitation
spectrum:~solid line! experiment~see Ref. 10!, ~dashed line! simulations
shifted by 0.32 cm21 to the red and multiplied by 3.9. Assignment legen
arenX2nB . In cases of mixed transitions the main contributors are listed
descending order.
Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject to A
h
e

r

e

c-
e

e
r

of
-
.
y
rs
er
ly

or

the excitedB state. Very good agreement between theoret
and experimental spectra is achieved, proving that the
ondary spectral band is predominantly due to the absorp
of the linear isomer of the complex, which is lying very clo
in energy to the ground T-shaped isomer. Furthermore
demonstrates that high levelab initio calculations provide
reliable surfaces which can be used to predict the struc
and binding energies of similar complexes.
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