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ABSTRACT: Valence electronic excitation spectra are calculated for the
H2O 3 3 3Br2 complex using highly correlated ab initio potentials for both
the ground and the valence electronic excited states and a 2-D approxima-
tion for vibrational motion. Due to the strong interaction between the
O-Br and the Br-Br stretching motions, inclusion of these vibrations is
the minimum necessary for the spectrum calculation. A basis set calcula-
tion is performed to determine the vibrational wave functions for the
ground electronic state and a wave packet simulation is conducted for the
nuclear dynamics on the excited state surfaces. The effects of both the
spin-orbit interaction and temperature on the spectra are explored. The interaction of Br2 with a single water molecule induces
nearly as large a shift in the spectrum as is observed for an aqueous solution. In contrast, complex formation has a remarkably small
effect on the T = 0 K width of the valence bands due to the fast dissociation of the dihalogen bond upon excitation. We therefore
conclude that the widths of the spectra in aqueous solution are mostly due to inhomogeneous broadening.

I. INTRODUCTION

The large solvent shifts for the valence excitation spectra of
halogen molecules have been studied for over a century.1,2 For
a considerable portion of that time, it seemed that these
solvent shifts would soon be explained by fairly simple models,
but no self-consistent model was ever found. Recently both
the valence electronic excitation spectra and the Raman spectra
of bromine in several aqueous environments have been

reexamined.3-5 The maxima of both the B(3Π0uþ) r X(1Σg
þ)

and the C(1Π1u)r X(1Σg
þ) bands shift about 1750 cm-1 to the
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blue in going from the gas phase to liquid aqueous solutionwhile the
79Br-81Br stretching frequency shifts from323 to 306 cm-1 . These
large frequency shifts are indicative of a strong H2O 3 3 3Br2
interaction, yet bromine is only slightly soluble in water. In
contrast to liquid solution, bromine is quite soluble in solid
aqueous solution and forms a clathrate hydrate solid that is stable
up to 5.5 �C. In clathrate hydrate solids the water molecules form
cages, some of which are occupied by bromine molecules. The
existence of such solids has been known for two centuries,6,7 but
the most common bromine clathrate hydrate crystal structure
was only elucidated in 1997.8 A total of 80% of the bromine
molecules in this crystal are trapped in 24 water molecule cages
referred to as 51262 cages because they contain two hexagonal
faces on top and bottom and a ring of 12 pentagonal cages for-
ming the sides. The long diameter of these cages is 8.7 Å. Taking
the oxygen atom radius to be 1.52 Å, the bromine atom radius to
be 1.85 Å and the ground state bromine bond length to be 2.28 Å,
giving an O-Br-Br-O length of 9.02 Å, it might be expected
that the bromine fits quite tightly in these cages. The blue shift of
the bromine valence electronic spectrum from the gas phase to
the clathrate hydrate crystal is 880 cm-1, only half that of liquid
aqueous solution. The 79Br-81Br stretching frequency in the
cages is 321 cm-1, which is much closer to that of the gas phase
than that of liquid aqueous solution. So, in spite of the close
Br-O contact in the bromine hydrate crystals, the shift of the
valence spectrum is half that of aqueous solution and the vibrational
frequency is only slightly shifted from that of the gas phase.

The spectra of bromine can also be studied in crystals in which
the bromine is contained in slightly larger, more nearly spherical,
51264 cages, with 9.6 Å diameter. In these cages, the valence
electronic spectrum shift is down to 440 cm-1 and the Raman
frequency is 318 cm-1. So, the electronic spectrum shift is
smaller in the larger cages than in the smaller 51262 cages but
the vibrational frequency shift is somewhat larger. We speculate
that the larger cages perturb the bromine electronic excited states
less strongly than the smaller cages, and that in the ground state
the attractive forces to the cage walls dominate except for the
smaller 51262 cages where the attractive and repulsive forces on
the bromine bond approximately cancel. The 51262 cage was
found by Schofield and Jordan9 to have the smallest stability of
the three cage types in which Br2 can fit (5

1262, 51263, 51264), and
this difference will certainly increase if Br2 is in a vibrationally
excited state. A long-term goal of the types of calculations pres-
ented in this paper is to understand this data in more detail.

Modeling the spectra of bromine in either liquid or solid
aqueous solution is difficult because the interaction is both strong
and very anisotropic. In the halogen bond configuration,
H2O-Br-Br, the O-Br-Br configuration is linear and the
O-Br bond is unusually short, Re(O-Br) = 2.797 Å, and strong,
De = 1182 cm

-1,10 compared to usual van derWaals interactions.
In contrast, for the next lowest potential minimum, the Br-H
coordinated conformer, in which one hydrogen of the water
molecule interacts with the halogen π* HOMO, De = 600 cm-1.11

Also, the valence excited state potentials are quite different from
those of the ground state. The symmetry of the Br2 excitation is
σ* r π*, so upon excitation some electron density moves from
the cylinder around the Br-Br bond to the ends of the molecule.
Thus, Franck-Condon excitation results in a repulsive O-Br
interaction in the excited state. The strong O-Br bond in the
ground electronic state and the repulsive O-Br interaction in the
excited electronic states qualitatively explain the strong blue shift
in liquid aqueous solution.

Unfortunately, a full simulation of the spectra will be extre-
mely complicated. Even for the H2O 3 3 3Br2 dimer there are nine
vibrational modes that need to be included for a full calculation.
Thus, reduced dimensionality calculations are necessary to gain
initial insight into important effects on the spectra, while more
complete work is in progress. In this paper, we present a two-
dimensional calculation of the valence electronic excitation
spectrum of the H2O 3 3 3Br2 dimer as a first step along this path.
This is the minimum dimensionality that includes the essential
features of the spectra: both the Br-Br and the O-Br coordi-
nates become unbound in the Franck-Condon region of the
valence electronic excitation. The potential energy surfaces for
the spectrum calculations are obtained from high level ab initio
electronic structure calculations,10 to which we add spin-orbit
interaction. Two-dimensional vibrational wave functions are
then calculated for the electronic ground state surface of the
dimer. Excitation spectra are calculated using a wave packet
description of the nuclear motion in the valence excited states.

The importance of several effects and approximations are
tested. Calculations have been performed with and without
spin-orbit coupling and at three different temperatures. The
spectator model for the spectra is also investigated. Although the
water molecule shifts the spectrum of the bromine chromophore
quite substantially, it has little effect on the width of the spectrum
at 0 K. This means that treating the water molecule as a spectator
is a surprisingly good approximation. In turn, this gives us hope
that more complete simulations of the spectra for the condensed
phase systems may be feasible in the not-too-distant future.

II. METHOD

We have used a two-dimensional model to determine the
H2O 3 3 3Br2 absorption spectra. One dimension is the chromo-
phore intramolecular coordinate, the Br 3 3 3Br distance r, and
since the O-Br coordinate becomes dissociative in the excited
states, the intermolecular center of mass distance R is also essential
to obtain a reasonable approximation to the full spectrum. The
other coordinates are frozen at their value in the equilibrium
configuration of H2O 3 3 3Br2 determined in ref 10. At equilibri-
um, the O, Br, and Br atoms are aligned, and the hydrogen atoms
symmetrically bent off the O-Br-Br axis, the water C2v axis
being tilted by 49�.
A. Potential Energy Surfaces Including Spin-Orbit Ef-

fects. A detailed study of the spectroscopic properties of the
bromine molecule must include spin-orbit effects. From a qual-
itative point of view their inclusion is crucial to obtain the relevant
spin-orbit states (A3Π1u, B

3Π0uþ, C
1Π1u) from their purely

electronic main components and also to properly reproduce
their corresponding dissociation limits. The quantitative calcula-
tion of other system properties, such as electronic excitation
energies, also depends on their inclusion. Of particular interest to
us are the possible intermolecular effects on the spin-orbit
interactions. The methodology we have followed has been
described in detail in a related study of the Ne 3 3 3Cl2 system

12

where the spin-orbit effects also play a significant role. They
were also included in our previous study of the H2O 3 3 3Cl2
dimer, and their influence on the spectrum was found to
be moderate, due to the smaller spin-orbit splitting of Cl
(882.35 cm-1)13 and also to a weaker intermolecular interaction.
We expect more important influence on the H2O 3 3 3Br2 spectra
because of the larger spin-orbit splitting for Br (3685.23 cm-1)14

as well as a stronger bromine water interaction.
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Here we summarize the main ingredients. We use the relati-
vistic effective core potential (RECP) of bromine (ECP28MWB_
VQZ) developed by the Stuttgart group15,16 which provides
an efficient way for including spin-orbit effects. The original
valence basis set has been extended with polarization and diffuse
functions to yield the final set 5s5p4d3f2g. The extra basis func-
tions consist of diffuse d, f, and g functions with exponents
0.1230, 0.1822, and 0.3196, respectively. For the water molecule
we use the AVTZ (augmented correlation consistent triple-ζ)
basis set. The relevant spin-orbit states are obtained by diag-
onalizing the total Hamiltonian, which consists of the usual elec-
tronic term plus the spin-orbit interaction term. The basis set
for diagonalization is obtained by first optimizing the orbitals in
a complete active space (CAS) defined by the valence elec-
trons and orbitals of bromine together with a state-averaging of
nine electronic states close in energy to the states involved in the
spectroscopy. We then perform multireference configuration
interaction (MRCI) calculations to include dynamic electron
correlation including the valence electrons of the water molecule.
The total number of spin-orbit states obtained is 36. All calcula-
tions were performed with the MOLPRO2006.1 package.17

The final potential energy surfaces are constructed by adding
the spin-orbit correction obtained in the calculations described
above to the highly correlated but purely electronic energies
obtained in ref 10 (Note that the A0 symmetry of the B and C
electronic states in ref 10 loses its meaning when spin-orbit
correction is included).
B. Transition Dipole Moment. The transition dipole mo-

ment surface for the dipole-allowed transition between the
ground and singlet excited state was taken from ref 10. Although
its value varies with both r and R, the resulting effect of these
dependences on the spectra is not very important because the
variation is modest in the Franck-Condon region of the valence
excitation.
C. Principle of theAbsorption SpectrumCalculation (T=0,

120, and300K). The dynamical method has been described in a
previous publication.18 Briefly, the bound statesΦXn(r,R) in the
X electronic surface are determined by diagonalizing the Hamil-
tonian matrix in a direct product DVR basis set (15, 60 wave
functions obtained by diagonalizing the r,R operator in a har-
monic oscillator basis set with re = 2.325 Å, Re = 4.086 Å and
pωr = 314.4 cm-1, pωR = 96.9 cm-1, respectively). The atomic
masses for 79Br, H, and 16O were taken from NIST.19

The T = 0 K absorption spectrum is given by the Fourier
transform of the autocorrelation function of a wave packet
propagating on the excited state surface. This wave packet is
initially determined as the bound state wave function (deter-
mined in the previous step) multiplied by the transition dipole
moment. We used the split-operator propagation technique with
time steps of 0.1 au. The grid in r had 256 points from 2.10 to
2.90 Å, and the one in R had 256 points from 3.4 to 16 Å.
To study the effect of temperature on the absorption spectra, we

have summed the spectra from each individual excited vibrational
state of Br2 or H2O 3 3 3Br2 multiplied by its Boltzmann factor at the
chosen temperature (T = 120 and 300 K). As in ref 20, we have
simplified the sum over rotational levels. We have used one value of
the rotational angular momentum J

_
defined by

QR ¼ ð2J
_
þ 1Þe- BJ

_
ðJ
_
þ1Þ=kBT ð1Þ

where QR is the rotational partition function, B is the rotational
constant of the molecule assumed to be the same for all vibrational

levels, and kB is the Boltzmann constant. The resulting values are
J
_
(T = 120 K) = 29 for Br2 and 43 for H2O 3 3 3Br2, and J

_
(T =

300 K) = 45 for Br2 and 70 for H2O 3 3 3Br2.
D. Spectator Model. Finally, we have also tested the specta-

tor model introduced in ref 18. In this model the water molecule
does not have time to move during the halogen dissociation, but
its presence alters the Br-Br potential energy curves.

III. RESULTS

In Figure 1, we show the calculated Br2 curves for the X, B, and
C states, including spin-orbit coupling, along with the empirical
curves21-25 that were fitted to reproduce the experimental Br2
valence absorption spectra. The comparison shows that the
methods employed here are quite good for determining the
potential energy curves of the free Br2 molecule. The ab initio
curves are slightly more repulsive than the empirical ones in the
inner part of the Franck-Condon region for all three states. The
X state potential is slightly too attractive at long-range. Because
the region of repulsion is different for the ground and valence
excited states, these differences have important effects on the
calculated spectra, as will be discussed in more detail below.
A. Effect of Spin-Orbit Interaction on the Potential En-

ergy Surfaces. The spin-orbit correctionsΔESOC to the B and
C states of H2O 3 3 3Br2 are shown in Figure 2. As can be seen
from this figure, they depend on both the intra- (r) and inter- (R)
molecular coordinates. The most important point for the spec-
trum calculation is that in the Franck-Condon region (2.10 Åe
r e 2.44 Å, 3.8 Å e R e 4.4 Å), the B state is shifted to higher
energies by about one-third of the bromine atomic spin-orbit
splitting (3685.23 cm-1).14 As noted in section IIA, this is
essential for obtaining the correct relative energies of the B and
C states. The corresponding shift of the B state curve of the iso-
lated Br2 molecule varies from 1293 to 1329 cm-1 for r =
2.44-2.10 Å. For H2O-Br2 distances larger than R = 3.5 Å,
slightly shorter than the B state potential energy minimum distance,
the effect of spin-orbit coupling on the H2O-Br2 interaction
energy (variation ofΔESOC with R) is modest, less than 190 cm-1.
As the H2O-Br2 distance becomes smaller, in the region of the
inner turning point, there is a stronger quenching of the spin-
orbit interaction, but the slope along the r coordinate is only
slightly affected.
The C state curve is also shifted to higher energies in the

Franck-Condon region, although by a small amount. The corre-
sponding shift of the isolated Br2 molecule varies from -35
to 152 cm-1 for r = 2.44-2.10 Å, which is a more important

Figure 1. Computed Br2 curves including spin-orbit coupling (straight
lines with dots), compared to empirical curves from refs 21-25 (dashed
lines). The v = 0 wave function shows the Franck-Condon region.
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variation than for the B state. Interestingly the intermolecular
effects are also larger than for the B state and this has con-
sequences for the electronic shift in the spectra as will be
discussed in section IIID.
B. H2O 3 3 3Br2 Bound States. The six lowest energy

H2O 3 3 3Br2 2-D ground electronic state bound vibrational
state wave functions are shown in Figure 3, and some of their
properties are given and compared to those of Br2 in Tables 1
and 2. As might have been expected, the stretching amplitude
along the weak bond coordinate is about 4 times that of the
Br-Br stretch for the ground vibrational state. There are
three weak-bond excited stretching states lower in energy
than the first Br2 stretching excited state. For the weak bond
excited states closest in energy to the first Br2 stretching state,
the stretching amplitude has increased considerably, mainly
for large R. This will be important for understanding the effect
of temperature on the calculated spectra. That the two
coordinates are not very mixed in this energy range is evident
from the fact that the outer turning points for each coordinate
change only slightly as the other coordinate is excited, and the
node pattern is clearly assignable.
The data in Table 2 is useful for understanding the effect of

dimer formation on the Br2 bond. The E0 values are relative to
the bottom of the Br-Br potential in the absence of H2O. pω
and pωχ values are obtained by fitting the energies in Table 1 to

Eυr , υR ¼ -De þ pωrðυr þ 1=2Þþ pωRðυR þ 1=2Þ
- pωrχrðυrþ1=2Þ2 - pωRχRðυRþ1=2Þ2

- pðωχÞrRðυr þ 1=2ÞðυR þ 1=2Þ ð2Þ

The De value obtained in this calculation, 1184.3 cm-1, is
within 0.2 cm-1 of that calculated directly from the potential
energy surface. r0 and R0 are calculated from Æ1/r2æ and Æ1/R2æ,
respectively, for the average over the ground state wave function.
The r0 value increases slightly, from 2.315 to 2.324 Å, and the pωr

value decreases slightly, from 317 to 311 cm-1, upon dimer
formation. These changes are due to halogen bond formation in
which the water lone pair orbitals contribute some electron
density to the bromine σ* orbital. Since theX state is calculated to
be slightly too attractive at long-range and too repulsive at short-
range, the resulting r0 value is 0.03 Å too long. The long-range

Figure 2. Spin-orbit correction for state B (top) and C (bottom):
ΔESOC(r,R) = VSOC(r,R)-V(r,R), where VSOC represents the potential
including spin-orbit coupling and V without.

Figure 3. Six lowest energyH2O 3 3 3Br2 bound state wave functions: r is
the Br-Br interatomic distance and R is the H2O to Br2 center of mass
distance. Note that there are three weak bond excited states lower in
energy than that of the first Br2 stretching excited state. Also, note that
there is little mixing between the coordinates evident in the shapes of the
contours.

Table 1. Ab Initio Bound State Energies for the X Electronic
State of 79Br2 and of the H2O 3 3 3

79Br2 Complex

υr 0 1 2

υR

0 -966.2632(4) -656.8300(4) -349.3825(4)

1 -866.11124(7) -556.39869(6) -248.67493(5)

2 -771.2706(6) -461.3263(6) -153.365(1)

3 -681.7218(8) -371.15(4)

4 -597.4326(2) -286.88(4)

5 -518.335(2) -206.7(2)

6 -444.36(2)

7 -375.9(4)

8 -312.(3)

9 -253.(15)

10 -196.(36)
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effects are more important for the calculated vibrational fre-
quency, which is 8 cm-1 smaller than the gas phase value, but the
calculated change in pωr upon dimer formation is within
experimental error of the measured change in an Ar matrix.
The calculated weak bond stretching frequency pωR is 105 cm

-1.
This is in satisfactory agreement with the experimental estimate
that is obtained from the measured centrifugal distortion con-
stant using the assumption of rigid monomers.
C. H2O 3 3 3Br2 Absorption Spectra. Figure 4 shows the T =

0 K Br2 and H2O 3 3 3Br2 absorption spectra using wave packet
propagation. Both the B and the C states contribute to the
absorption. Because both states are repulsive in the Franck-
Condon region (even though the B state has a well, vertical
absorption accesses its repulsive wall), both spectra are broad and
structureless, with the B spectrum being at lower energy. Upon
complexation with water, the spectrum is strongly shifted to the
blue. Somewhat surprisingly, adding the H2O to the Br2 chro-
mophore has a minimal effect on the shape of the spectra. This
will be discussed below.
In Figure 5, we compare the free Br2 spectra calculated with

and without spin-orbit coupling to those calculated with the
empirical potentials. The long-range effects have the more
important influence on the calculated spectra. Each band calcu-
lated from ab initio potential curves occur about 400 cm-1 to the
red of those calculated from the empirical curves. This may be

because the r0 value is slightly too long, so that Franck-Condon
excitation accesses lower energies in the excited states. The effect
of spin-orbit on the sepctra is discussed in more details in
section IIID.
1. Spectral Shifts. Values for the blue shifts upon interaction

with water calculated for the dimer at several levels of approx-
imation and measured for several experimental conditions are
given in Table 3. The calculated shift due to complex formation
withH2O for the Br2 BrX andCrX bands are about 1600 and
1500 cm-1, respectively. The effect of spin-orbit is greatest for
the C r X band, reducing its shift by almost 200 cm-1.
The most important contribution to the shifts is due to bond

formation in the ground electronic state. The calculated dimer
zero-point energy is E0 = -966.2632 cm-1, and the calculated
zero-point energy for Br2 is 158.4209 cm

-1. Hence, the Br2 v =
0 level is lowered by 1 125 cm-1 under complexation with water,
which represents a contribution of ∼3/4 to the overall shift for
T = 0 K, as was the case for H2O 3 3 3Cl2.

18 The rest of the shift
comes from dimer repulsion in the excited states. Increasing the
temperature decreases the shift because some of the intensity
originates in vibrationally excited ground electronic levels.
Ground electronic state vibrational excitation does not substan-
tially change the net repulsion in the excited states after photo-
absorption.
As can be seen from Table 3, the spectator model approxima-

tion gives a very good estimation of the spectral shifts. This is very

Figure 4. T = 0 K Br2 (top) and H2O 3 3 3Br2 (bottom) B(3Π0uþ) r
X(1Σg

þ) andC(1Π1u)rX(1Σg
þ) absorption spectra determined by wave

packet propagation using ab initio potentials with spin-orbit correction
for the B and C states. The thin curves represent the individual B r X
and C r X components and the broad curves the overall absorption
spectra.

Figure 5. T = 0 K Br2 (top) and H2O 3 3 3Br2 (bottom) B(3Π0uþ) r
X(1Σg

þ) and C(1Π1u)r X(1Σg
þ) components of the absorption spectra

calculated with the wave packet propagation method using the ab initio
potentials including (straight lines) or not (dotted lines) spin-orbit
correction, and empirical potentials from refs 21-25 (dashed lines).

Table 2. Ab Initio Bound State Results for the X Electronic State of 79Br2 and of the H2O 3 3 3
79Br2 Complex, Compared to

Experimental Spectroscopic Data

Br2 calcd H2O 3 3 3Br2 calcd Br2 expt H2O 3 3 3Br2 expt Br2 in Ar matrix

E0 (cm
-1) 158.4209 -966.263

r0 (Å) 2.3149 2.324 2.283 26a (2.283 26)b

R0 (Å) 4.097 4.4163c

pωr (cm
-1) 317.374 311.279 325.314d 309.1-314.3e 318.65f

pωrχr (cm
-1) 1.024 0.993 1.0787 0.820f

pωR (cm
-1) 105.323 101.4(10)g

pωRχR (cm
-1) 2.656

p(ωχ)rR (cm
-1) -0.279

aRef 21. b Fixed to the monomer value to deduce R0, ref 31.
c From ÆROBræ = 2:8506 Å in ref 31. dRef 22. e For H2O 3 3 3Br2 in an argon matrix, ref 32.

fRef 33. g From kσ = 9.8(2) Nm-1 in ref 31.
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promising for predicting Br2 spectra in more complex water
environments. The vertical shift approximation (where the spectral
shift is calculated as the difference between the H2O 3 3 3Br2 and
Br2 potential energy differences) overestimated the shift,10 but
the essential features are the same: most of the shift is due to the
strong binding in the ground electronic state, 1182 cm-1, the
remaining (∼ 700 cm-1) being due to repulsion in the excited
states.
2. Spectral Widths. The calculated widths for the two bands

for each approximation, along with experimental widths for

several environments, are collected in Table 4. Again, it is very
satisfying that the ab initio results for free Br2 agree so well with
those calculated from empirical curves. For the T = 0 K spectra,
the widths are narrow enough that the B-state shoulder on the
red side of the band is clearly distinguishable and its position
could be accurately determined from T = 0 K absorption spectra
for both the free bromine molecule and the dimer formed with a
water molecule.
As previously reported for H2O 3 3 3Cl2, dimer formation

makes a surprisingly small contribution to the bandwidths for

Table 3. Maxima for Br2 andMaxima and Shifts (cm-1) forH2O 3 3 3Br2 in theCrX andBrXAbsorption Spectra, Compared to
Experimental Measurements for Br2 in Different Water Environments

C r X B r X

Br2 H2O 3 3 3Br2 Br2 H2O 3 3 3Br2

environment abs. max. abs. max. shift abs. max. abs. max. shift

Br2 gas, experiment, T = 293 Ka 24270 20830

wave packet calcd, T = 0 K, empiricalb 24113 20667

full wave packet calcd, T = 0 Kc 23740 25221 1481 20214 21823 1611

full wave packet calcd, T = 120 Kc 23728 25217 1489 20247 21795 1548

full wave packet calcd, T = 300 Kc 23768 25140 1372 20267 21691 1424

wave packet calcd without S.O. correctiond 23684 25325 1641 18952 20574 1622

spectatore model without S.O. correctiond 25340 1660 20530 1580

vertical ab initiof 1916 1877

bromine hydrate clathrate, T = 250 Ka,g 25150 880 21720 890

THF clathrate, T = 250 K a,h 24630 360 21190 360

CS-II bromine hydrate clathrate, T = 268 Ki 24710 440 21270 440

aqueous solution (T = 293 K)a 26000 1730 22590 1760

amorphous ice (T = 120 K)a 25980 1710 22670 1640
aRef 3. bCalculated using the empirically determined Br2 potential energy curves.

21-25 cCalculated using the ab initio potential energy curves including
the spin-orbit interactions in the B and C states. dCalculated using the ab initio curves without the spin-orbit correction. e See spectator model in ref
18. fRef 18. gValues determined for the pure bromine hydrate-clathrate, TS-I structure, for which 80% of the bromine is trapped into 51262 cages. h In
this case, bromine was doped into the 51264 cages of THF hydrate-clathrate. iThese values, from ref 5, are for a newly observed bromine hydrate crystal in
which the bromine is trapped in 51264 cages.

Table 4. Calculated Full Widths at Half Maximum (FWHM, in cm-1) for the H2O 3 3 3Br2 Complex Cr X and Br X Absorption
Spectra, Compared to the Br2 Spectral Widths in the Gas Phase and in Different Water Environments

C r X B r X

Br2 H2O 3 3 3Br2 Br2 H2O 3 3 3Br2

gas phase, experimentala 3900 3650

wave packet calcd, empirical, T = 0 Kb 3209 2911

full wave packet calcd, T = 0 Kc 3293 3318 2922 2966

full wave packet calcd, T = 120 Kc 3365 3451 3005 3132

Full wave packet calcd, T = 300Kc 4106 4138 3672 3788

wave packet calcd without S.O. correctiond 3241 3287 2932 2956

spectatore model without S.O. correctiond 3172 2819

bromine hydrate clathrate, T = 250 K a, f 4000 3700

THF clathrate, T = 250 K a,g 4000 3700

aqueous solution (T = 293 K)a 5000 5000

amorphous ice (T = 120 K)a 4600 4300
aRef 3. bCalculated using the empirically determined Br2 potential energy curves.

21-25 cCalculated using the ab initio potential energy curves including
the spin-orbit interactions in the B and C states. dCalculated using the ab initio curves without the spin-orbit correction. e See spectator model in ref
18. fValues determined for the pure bromine hydrate-clathrate, TS-I structure, for which 80% of the bromine is trapped. g In this case, bromine was
doped into the 51264 cages of THF hydrate-clathrate.
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H2O 3 3 3Br2. Normally, one would expect the band widths to be a
convolution of the Franck-Condon envelopes along the two
active coordinates. That this in not the case here is duemainly to two
effects. First, for most of the Franck-Condon excitation region the
slope of the potential along R is quite small so that the reflection of
the Franck-Condon envelope in energy for this coordinate would
be narrow. Second, the effect of the dimer formation is to lower the
slope of the repulsive wall along the Br-Br coordinate in the
Franck-Condon region. So, the energy reflection of the
Franck-Condon envelope for the r coordinate is narrower for
the dimer than for the free molecule. This is why the spectator
model gives a slightly smaller width than the free Br2 width. The
narrowing of the broadening in the r coordinate cancels the extra
broadening due to the R coordinate upon complex formation.
D. Effect of the Spin-Orbit Coupling on the Br2 and

H2O 3 3 3Br2 Absorption Spectra. Figure 5 shows the effect of
including spin-orbit terms on the absorption spectra of Br2 and
H2O 3 3 3Br2.
The inclusion of spin-orbit strongly shifts the position of the

absorption maximum of the B state, as expected from the shift of
the B potential energy. The resulting spectrum for Br2 is in much
better agreement with the T = 0 K spectrum obtained from
empirical curves21-25

fitted to the Br2 spectrum atT = 296 to 713 K.
However, this displacement is about the same (∼1250 cm-1) for
Br2 and H2O 3 3 3Br2, so there is no net change in the spectral
shift. Surprisingly, the Cr X band shift is more strongly affected
by spin-orbit coupling. Although the C potential energy is
displaced by only about 200 cm-1 for Br2 in the Franck-
Condon region, the spin-orbit correction calculated for the
C r X H2O 3 3 3Br2 bandshift is 160 cm-1. This is because the
spin-orbit correction ismore dependent on theH2O-Br2 inter-
action in the Franck-Condon region for the C state than for the
B state, as was noted in section IIIA.
The width of the B state is not affected by spin-orbit coupling.

This is another consequence of the fact that most of the width is
governed by the r coordinate. Because the shift of the B state
curve is almost constant with r in the Franck-Condon region,
the width is unchanged by inclusion of spin-orbit effect. On the
other hand, the slope of the C state is slightly steeper when
spin-orbit coupling is included, which gives a slightly larger
width (Table 4).

E. Effect of Temperature on the Spectra. Figure 6 shows
the comparison of the spectra obtained at 0, 120, and 300 K. As
expected, the spectra at 300 K are broader and red-shifted. The
red shift is due to the superposition of spectra originating from
higher vibrational levels and reaching more or less the same
energy region in the excited states (the Franck-Condon region
for an excited vibrational level is broader but not significantly
displaced). The larger width for 300 K makes it more difficult to
resolve the B from the C part of the spectrum, the B state now
appearing only as a shoulder to the red. At T = 120 K, the spectra
are already close to the ones at 0 K.
Even though the wave functions of the first excited vibrational

levels have a larger amplitude in R, this does not affect their
individual widths since they are controlled by the r coordinate.
The overall broadening comes from the superposition of the υr =
1 contribution, which has a larger amplitude in r and a larger
width with an intensity node at the center (reflection prin-
ciple).26 This is superimposed with the contribution of all the
populated excited vibrational levels in R, which originate from
higher energy in the ground electronic state with no significant
change in the energy accessed in the excited states.
Because the effect of the first, most strongly bonded solvent

water molecule is already well described by a spectator model and
makes a modest contribution to the bandwidths, we expect that
homogeneous broadening will not be significant upon solvation
of bromine in water. The simplest source of inhomogeneous
broadening is vibrational excitation in the electronic ground state
as the temperature increases. From the calculations presented
here,∼800 cm-1 of each Br2 gas phase bandwidth at 300 K is due
to thermal broadening. For the H2O 3 3 3Br2 dimer, this value is
about the same. The bands in hydrate clathrate solid solutions
are hardly broader than those of the gas phase, while those in
aqueous solution exhibit an extra 1000 cm-1 of broadening. We
suggest that this extra broadening is largely due to the fact that in
aqueous solution the Br2 molecules have a diverse range of suc-
cess in competing with the surrounding water molecules to form
halogen bonds. Hence the spectrum of each Br2 molecule is
shifted by a different amount (depending on its water environment)
resulting in inhomogeneous spectral broadening.
For future experiments it is interesting to note that the distinct

band separation for T = 0 K mostly survives to 120 K. If the
spectra can be recorded for the clathrate hydrates at reduced
temperatures it may be possible to observe the separate solvent
effects on the two bands more effectively. This result also sug-
gests that the broader widths observed for Br2 in amorphous ice
at 120 K27 are due to inhomogeneous site effects rather than
simple thermal broadening.
F. Comparison of Br2 Spectra in Different Water Environ-

ments. It is quite remarkable that the calculated H2O 3 3 3Br2
shift is very comparable to the observed shift of Br2 in water
solution. In a previous publication,18 we found that the calculated
H2O 3 3 3Cl2 shift was much larger than the one observed for Cl2
in liquid water. Indeed, the H2O 3 3 3Br2 shift is only 200 cm-1

smaller than that of Br2 in aqueous solution, and much larger
than in clathrate cages. The H2O 3 3 3Cl2 shift was 1 250 cm-1,
much larger than the 550 cm-1 shift measured in aqueous solu-
tion. A H2O 3 3 3X2 shift close to the one observed in water
environment could reveal the presence of these binary com-
plexes. This suggests that for bromine in aqueous solution, the
bromine solvation shell contains water-halogen configurations
with strong, linear halogen bonds while for chlorine the analo-
gous bonding is not as effective. Indeed, a recent study28 on

Figure 6. Comparison of theT = 0 K (straight lines),T = 120 K (dotted
lines), and T = 300 K (dashed lines) Br2 (top) and H2O 3 3 3Br2
(bottom) overall valence band absorption spectra, obtained with the
wave packet propagation using ab initio potentials including the spin-orbit
correction.
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bromine aqueous solutions shows that bromine produces a
strong perturbation on the liquid water structure. This difference
could be due to the to the greater similarity of the Br-O bond
energy to the water-water hydrogen bond energy. In this
work we find that D0(H2O 3 3 3Br2) = 1124.684 cm-1 and
D0(H2O 3 3 3Cl2) = 874.798 cm-1, where D0(H2O 3 3 3X2) is
the energy required to dissociate H2O 3 3 3X2 (υr = 0, υR = 0)
to H2Oþ X2(υ = 0). For comparison, the water-water binding
energy isD0(H2O 3 3 3H2O) = 1165( 54 cm-1 (refs 29 and 30).
Hence, the H2O 3 3 3Br2 formation could compete with the
H2O 3 3 3H2O bonds around 300 K (200 cm-1), but not
H2O 3 3 3Cl2.

IV. CONCLUSIONS

We have presented spin-orbit corrected ab initio calculations
of the valence electronic spectra of the H2O 3 3 3Br2 dimer using a
2-D model for the reduced dimensionality nuclear motion. The
Br-Br and O-Br stretching motions are the minimum neces-
sary to include the essential aspects of dimer formation on the
spectra. Spin-orbit coupling is essential for obtaining the
relative positions of the B and C state potential surfaces. Some-
what surprisingly, although spin-orbit coupling is most impor-
tant for the B state, the spin-orbit influence on the band shift
upon dimer formation is larger for the Cr X band than for the
B r X band. Another surprising result of this calculation is that
the homogeneous broadening due to complex formation is
minimal for the two valence excitation bands. This is attrib-
uted to the fact that the repulsive wall in the Br-Br stretching
coordinate is somewhat less steep for the H2O 3 3 3Br2 dimer than
for free Br2. This effect cancels out most of the contribution to
the broadening due to the repulsive wall along the O-Br
stretching coordinate.

Themagnitude of the calculated band shift upondimer formation
is 1610 cm-1 for the B r X band and 1481 cm-1 for the C r X
band. These values are quite similar to the 1750 cm-1 band shift of
the bromine valence spectrum upon aqueous solvation. This sug-
gests thatmuch of the aqueous solvation band shift can be attributed
to the first nearest neighbor water molecule and that the effects of
the other water molecules cancel out. It will be interesting to inves-
tigate whether this hypothesis survives higher dimensionality calcu-
lations and those that include more water molecules in the model.
That the spectatormodel works sowell to approximate the effects of
the first nearest neighbor water molecule in the 2-D approximation
suggests that it will provide a reasonable result for calculations inclu-
dingmorewatermolecules anddynamical simulations of the nuclear
motions. It also appears likely that the spectatormodel will be useful
for exploring the hydrate-clathrate environment for which full
dimensional calculations will be impossible for the foresee-
able future.

The results presented here for H2O 3 3 3Br2 are similar to those
presented previously for H2O 3 3 3Cl2. The calculated shift of the
H2O 3 3 3Cl2 valence electronic spectra from that of free Cl2
is also very important, 1250 cm-1. In contrast, the observed
valence spectrum band shift upon aqueous solvation is much
smaller for Cl2 than for Br2.We hypothesize that this is due to the
fact that theO-Br bond energy ismore comparable to that of the
water dimer bond energy, so that Br2 competes more effectively
for bonding with water than does Cl2. Thus, the solvation shell of
bromine in liquid water might contain water-halogen config-
urations with strong (linear) halogen bonds whereas chlorine
does not.

Although the 2-D model presented here was the result of
considerable effort due to the fact that including spin-orbit
effects in the calculations is not trivial, we recognize that it will be
important to investigate less approximate models in the future.
Clearly, the effects of the wide amplitude bending motions will
also be significant. One hopes that the spectator model will be
useful for including these motions as well as adding more water
molecules to the model.
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