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Quenched by ice: Transient grating measurements of vibronic dynamics
in bromine-doped ice
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In both water and in ice, the absorption spectra of bromine are dramatically broadened and
blueshifted, and all fluorescence is quenched. Time resolved, electronically resonant transient
grating measurements are carried out to characterize the vibronic dynamics of the trapped molecule
in its electronic B�3�0u� state in ice. Independent of the initial excitation energy, after the first
half-period of motion, a vibrational packet is observed to oscillate near the bottom of the potential,
near �=1. The oscillations undergo a chirped decay to a terminal frequency of 169 cm−1 on a time
scale of ��=1240 fs, to form the stationary �=0 level. The electronic population in the B state
decays in �e=1500 fs. Adiabatic following to the cage-compression coordinate is a plausible origin
of the chirp. Analysis of the absorption spectrum is provided to recognize that solvent coordinates
are directly excited in the process. The observed blueshift of the absorption is modeled by
considering the Br2–OH2 complex. Two-dimensional simulations, that explicitly include the solvent
coordinate, reproduce both the time data and the absorption spectrum. The observed sharp
vibrational recursions can be explained by overdamped motion along the solvent coordinate, and
wave packet focusing by fast dissipation during the first half-period of motion of the molecular
coordinate. © 2006 American Institute of Physics. �DOI: 10.1063/1.2201749�
I. INTRODUCTION

We report on photodynamical studies of molecular bro-
mine isolated in ice, as part of a program aimed at investi-
gations of clathrate hydrates,1,2 bromine hydrate being one of
the earliest discovered.3 The concept is to use the guest chro-
mophore as a reporter of the structure and dynamics of the
crystalline clathrate host, which consists of a highly ordered
lattice of water molecules. As a background to such studies,
it is useful to establish the vibronic dynamics of the same
chromophore in ice, since bromine-ice domains can be ex-
pected as inclusions in clathrates prepared for spectroscopic
purposes. More generally, the vibronic dynamics of molecu-
lar impurities in ice are of interest. Trapped molecules in ice
matrices are abundant in nature, and the understanding of the
photodynamics of such trapped species is of broad relevance
to atmospheric chemistry,4,5 interstellar photophysics, and
planetary compositions.6,7

As the title suggests, radiative transitions of bromine are
strongly quenched in ice. It can be expected that the local
fluctuating electric fields created by the dipolar molecular
lattice points, which retain orientational disorder even at
cryogenic temperatures,8 can mix electronic states. Indeed, in
the case of molecular bromine we verify that all of the com-
monly observed fluorescence bands are effectively quenched.
As such, the ubiquitous spectroscopic tool of laser-induced
fluorescence is not a viable option. We resort to electroni-
cally resonant transient grating �TG� measurements instead,
to directly monitor vibronic dynamics in the excited elec-
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tronic B state of bromine in ice. The all-resonant four-wave
mixing scheme, which is illustrated in Fig. 1, can be imple-
mented with selectivity and sensitivity to yield information
about the excited population dynamics similar to that of
pump-probe �PP� measurements using laser-induced fluores-
cence. While PP yields the imaginary component of the
third-order polarization, Im�P�3��, homodyne detected TG
measures the squared sum of real and imaginary parts,
�P�3��2.9–11 The measurements allow the characterization of
vibronic dissipation dynamics and energetics, which is in
stark contrast with the recent pump-probe measurements of
bromine in the atomic host of solid Ar.12,13 We consider the
elements that distinguish the dynamics in the molecular solid
host from the model systems of molecular impurities isolated
in the atomic rare gas matrices.14

II. EXPERIMENT

The samples are prepared by vapor deposition of the
premixed gas, in the ratio of 1:500 of Br2 :H2O, on a 500 �m
sapphire substrate held at 120 K. A second bulb containing
pure water vapor is used to cover the sample, to ensure that
Br2 does not segregate or diffuse under vacuum. Sample
thicknesses were varied, in the estimated range between 10
and 150 �m, in an effort to maximize signal and minimize
optical scattering. The time resolved measurements were
conducted at the deposition temperature of 120 K.

The laser system used in these experiments consists of a
Ti:sapphire oscillator tunable between 780 and 830 nm. The
output is amplified regeneratively, to deliver 0.6 mJ energy
per pulse at 1 KHz. The output is split in 90/10 ratio, with

the stronger arm used to pump an optical parametric ampli-

© 2006 American Institute of Physics07-1

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

http://dx.doi.org/10.1063/1.2201749
http://dx.doi.org/10.1063/1.2201749
http://dx.doi.org/10.1063/1.2201749


204507-2 Goldschleger et al. J. Chem. Phys. 124, 204507 �2006�
fier �Light Conversion “TOPAS”� to generate tunable visible
pulses. The leftover is used for second harmonic generation
�SHG� in the 500 �m beta barium borate �BBO� crystal. By
tuning the Ti:sapphire output SHG radiation centered at 400
or 405 nm is generated for the measurement. The optical
parametric amplifier �OPA� output is compressed down to
40 fs using a pair of SF10 prisms. The spectral width of the
pulses was 7 nm full width at half maximum �FWHM�. The
experimental time resolution is 120 fs, as measured by four-
wave mixing in a 500 �m sapphire substrate in the same
geometry used in the experiments. The limitation in time
resolution is due to the group velocity mismatch in the BBO
crystal and the group velocity dispersion in the thick achro-
matic lens.

The transient grating measurements are carried out using
three noncollinear beams in the boxcars geometry, using a
single �fl=15 cm� achromatic lens to focus onto the sample
�see Fig. 1�. Two coincident visible beams are used to write
the optical grating, and the second harmonic of the Ti:sap-
phire laser is used to read the grating along k4=k1−k2+k3.
Since �1=�2, energy conservation dictates that the detected
radiation is at �4=�3, i.e., at the same color as the probe
laser. Scattering of the probe laser by the ice films is the
principle source of noise in the measurements. Several steps
are taken to increase the signal-to-noise ratio �SNR� to a
tolerable level. First, the signal is spatially filtered through an
iris pinhole placed at a distance of 10 cm from the sample.
Subsequently, at a distance of 3 m, the signal is tightly fo-
cused using a 5 cm lens and passed through a 25 �m pinhole
prior to detection. A 1/4 monochromator, which is effective
in rejecting the scattered pump light, is coupled to a photo-
multiplier tube �PMT� for detection. Spatial filtering alone is
not sufficient. Further improvement of the SNR is obtained
by synchronously chopping one of the visible beams at
500 Hz, using a phase-locked loop referenced to the pockels
cell of the regenerative amplifier. The signal is then collected
with a boxcar integrator operating in toggle mode �alternat-
ing polarity of the input amplifier�, and averaged typically
for 300 pulses. A figure of merit for the dynamic range of the

FIG. 1. Transient grating measurements, �a� the experimental geometry; �b�
along the molecular coordinate, a wave packet is launched on the B state and
probed via the ion-pair resonances. Solid and dashed arrows up define the
action on ket and bra.
measurement is the SNR obtained for the nonresonant four-
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wave signal, at t-zero, when all three input beams coincide in
time. The combination of spatial filtering and common mode
rejection by the chopping scheme yields a ratio of 104 :1.

Measurements were carried out with gratings prepared at
three different colors, �1=�2=550, 536, and 524 nm, and
probed at two different colors, �3=400 and 405 nm. In all
the reported data, all three input beams have the same polar-
ization. When the probe beam is cross polarized relative to
the grating, the signal drops below the detection limit, indi-
cating that the resonant probe transition is parallel to the
excitation ���=0�.

III. RESULTS AND ANALYSIS

The absorption spectra of gaseous bromine, aqueous bro-
mine, and bromine isolated in ice are shown in Fig. 2. The
visible absorption bands peaking near 400 nm consist of the
valence excitations, dominated by the C�1�1u�←X��g

+� and
B�3�0u�←X, and a weaker contribution from A�3�1u�←X.15

The close proximity of the excited valence potentials and
their steep slope in the Franck-Condon region of absorption
are responsible for the extensive overlap of these transitions
in the spectra. Upon hydration, the peak of the absorption
band blueshifts by �1500 cm−1 and broadens. The contribu-
tions to the B and C states, which are clearly visible in Fig.
2�a�, coalesce in Figs. 2�b� and 2�c�, indicating differential
solvation �see Appendix�. The hydrated spectra are nearly
identical in the solid and liquid phases, suggesting that the
spectral perturbations are controlled by the same local struc-
ture. In addition, in the hydrated samples, a strong absorption
edge appears at �	300 nm �see inset to Fig. 2�, which is
absent in the free molecule. This transition may safely be
assigned to the charge transfer states between guest and host.

Attempts at observing fluorescence from hydrated bro-
mine failed. In the case of Br2 isolated in rare gas matrices,
fluorescence over a variety of transitions can be observed:

FIG. 2. UV-Vis absorption spectra of �a� the gaseous Br2, �b� aqueous mol-
ecule, and �c� Br2 doped ice at 1:500 doping ratio. The spectrum of the Br2

in ice is recorded at 120 K. The strong absorption edge of the charge trans-
fer states of guest and host in the hydrated samples is shown in the inset.
from the ion-pair states at 320 and 345 nm, and vibrationally
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resolved progressions over B→X and the overlapping
A→X and A�→X transitions that cover the region from
800 to 1600 nm.16–19 None of these could be observed in
water or ice under a variety of excitation conditions, and for
excitation wavelengths ranging from 600 to 350 nm. All
fluorescence is strongly quenched in hydrated bromine. In
the transient grating experiments, the probe laser at 400 or
405 nm is intended to resonantly probe the B-state popula-
tion through the molecular ion-pair states. The main ion-pair
transitions that are optically coupled to the B state are the
E→B transition near 310 nm,20 and the f →B transition near
280 nm,21 in the gas phase. Solvation of the ion-pair states
by an estimated 1–1.5 eV of energy would bring these tran-
sitions into resonance near 400 nm.22 The resonance with the
ion-pair states is sought for two purposes: �i� sensitivity, due
to the large transition dipole of the covalent-to-ionic transi-
tions and �ii� selectivity, to ensure that a well-defined inter-
rogation window along the molecular coordinate projects the
ongoing wave packet dynamics.

The transient grating signal obtained for a population
prepared at 550 nm and probed at �=405 nm is shown in
Fig. 3�a�. At t=0, a response limited nonresonant peak satu-
rates the signal. The noise level due to light scattering is
established at negative time, when the probe laser precedes
the writing of the grating. The absence of a detectable signal
at negative time establishes the limit on electronic dephasing
time as t	120 fs. At positive time, we observe an exponen-
tially decaying signal that oscillates with a period of
�200 fs. The close correspondence of this period with the
harmonic period of 79Br2�B� in the gas phase, t=199 fs,23

allows the inference that a vibrational packet near the bottom
of the B potential is being observed. While the depth of
modulation of the signal is limited by the time resolution of
the measurement, the observation of sharp resonances in
time implies a well-defined probe window along the molecu-
lar coordinate. Consistent with the absorption spectrum, the

FIG. 3. �a� The transient grating signal showing the evolution of a popula-
tion prepared at �P=550 nm, along with the single exponential fit to the
zero-frequency component. �b� The oscillatory part of the signal obtained
after subtraction of the zero-frequency component.
upper state of the probe transition may be identified as the
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solvated molecular ion-pair state. When the probe beam is
cross polarized relative to the grating, the signal drops below
the detection limit. This polarization dependence indicates a
parallel probe transition ���=0�, which would be consistent
with either E�3�0g�←B�3�0u� or f�3�0g�←B�3�0u� transi-
tions.

Inspection of the time profile in Fig. 3�a� reveals that the
oscillations die out before the completion of the decay of the
signal. Accordingly, the signal is fit empirically to

S�t� = Ae−t/�1 + B cos�
�t − ���e−t/�2, �1�

where �1 and �2 represent the decay times of the zero-
frequency component and the modulation �with respective
amplitudes, A and B�, 
 is the vibrational frequency of
Br2�B�, which can be expected to be time dependent for a
damped anharmonic oscillator, and � marks the appearance
time of the first oscillation peak.

The exponential fit to the zero-frequency component,
which is shown in Fig. 3�a�, yields �1=750 fs. The oscilla-
tory part of the signal, after subtracting the zero-frequency
component, is shown in Fig. 3�b�. The modulation can be
adequately fit to a single-frequency damped wave. Since the
time origin is established by the nonresonant peak, the fit
yields an accurate determination of the time shift: �=134 fs.
Indeed, inspection of the t-zero peak shows a shoulder at t
=134 fs, confirming the first appearance time. Note, � longer
than the half-period of oscillations necessarily implies that
the probe window is located on the right turning point of the
potential, and identifies � as the first half-period of oscilla-
tion. Remarkably, the first half-period is �30% longer than
all subsequent oscillations, which show a regular period of
�200 fs. A more detailed description of the modulation is
contained in the power spectrum in Fourier domain, which is
presented in Fig. 4�a�. The spectrum consists of the single
peak at 169 cm−1, with noticeable asymmetry. The damping
time of oscillations may be characterized by the first moment
of the peak. Assuming Lorentzian, the FWHM=17 cm−1

= ��c�2�−1 implies a damping time of �2=620 fs, which is
meaningfully shorter than the decay of the zero-frequency
component, �1=750 fs. Though slight, the asymmetry of the
spectrum is curious. Bromine has three naturally occurring
isotopes, 81Br2, 79,81Br2, and 79Br2, with an abundance of
1:2:1, and harmonic frequencies in the B state of 165.52,
166.57, and 167.61 cm−1, respectively.23 Given the symmet-
ric abundance, the asymmetry of the spectrum cannot be ac-
counted by the isotopic composition. We are left to believe
that the oscillations undergo a frequency sweep �chirp�. To
obtain the time dependence of the periods of motion, we
extract the zero crossings of the wave from its logarithmic
plot �see Fig. 4�b��. The crossings oscillate, indicating that
the peaks are broader than valleys, an effect that can be
expected from the convolution of the experimental response
function �120 fs�. The trend of period reduction with time is
clearly observed in the plot of the separations between zero
crossings �see Fig. 4�c��, the linear fit to which yields a slope
of 3 fs/ps �a chirp rate of 2 cm−1/ps�. Using this chirp rate,
the asymmetry of the spectrum can be adequately reproduced
as shown in Fig. 4�a�, and contrasted with the best-fit Lorent-

zian. In the time domain, over the course of the observation,
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the oscillation starts with a frequency of 165 cm−1 and
reaches a terminal value of 169 cm−1, slightly higher than the
harmonic frequency of the lightest Br2 isotope. Given the gas
phase anharmonicity of 1.6 cm−1, the observed frequency
sweep corresponds to a decay of one vibrational level, from
�=1 to �=0.

The measurements were repeated at two additional exci-
tation wavelengths, at �=536 and 524 nm. The results are
compared in Fig. 5. The transients are nearly identical, ex-
cept for the first appearance time �, which monotonically
increases as the excitation energy increases �see inset to Fig.
5�. This is illustrated in the figure by shifting the time origins
of the different transients and noting that the oscillations re-
main in registry. Between 550 and 524 nm, � stretches from
134 to 168 fs. Otherwise, the power spectra are superimpos-
able, and the Fourier analysis shows the same frequency
sweep in the 536 nm data as in the 550 nm data �the 524 nm
data is too noisy for a meaningful analysis�. Despite the
1000 cm−1 range in initial excitation energies, the vibrational
wave packet can only be observed to oscillate near the bot-
tom of the potential, and the oscillations are damped within
�600 fs.

To ascertain that the observations are not controlled by
the location of the probe window, the full set of measure-
ments was repeated with the probe laser shifted to
400 nm—a shift of 300 cm−1. Since the bond length in ion-
pair states is significantly larger ��3.2 Å� than in covalent
states ��2.7 Å�, blueshifting the probe can be expected to

FIG. 4. �a� The power spectrum of the oscillatory component of the signal
�solid line�, and of simulated signals: S�t�=B cos�
�t�t�e−t/�2. The dashed
line represents the chirped damped oscillator, where 
�t�=
0+�
t �
0

=165 cm−1, �
=2 cm−1/ps, and �2=650 fs�. The dotted line represents the
damped oscillator, where 
�t�=
0 �
0=168.5 cm−1, and ��=650 fs�. �b�
Semilogarithmic plot of the oscillatory component of the signal allows the
determination of zero crossings �negative spikes�. �c� The separations be-
tween zero crossings vs the index of the crossing show the reduction of
period �chirp�; the indicated best-fit line has a slope of 3 fs/ps �2 cm−1/ps�.
move the window to a shorter internuclear distance, allowing
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to probe deeper in the B potential. Despite shifting the ob-
servation window by 300 cm−1, there is not a discernable
effect on the transients within the errors of measurement.
Evidently, the damping of oscillations is not due to the
packet sliding out of the probe window, but rather due to
completion of vibrational relaxation to �=0. Moreover, since
the bottom of the potential is directly observed, the decay of
the zero-frequency component of the signal must be attrib-
uted to decay of the electronic population out of the B state.
Given the radiative lifetime of the B state of 8 �s, we may
deduce a fluorescence quantum yield of 10−7—effectively
quenched by ice.

In summary, independent of the initial excitation energy
and the choice of the probe wavelength, after the first half-
period of motion, the vibrational packet appears near �=1 of
the Br2�B� state in ice. The packet undergoes a frequency
sweep while it decays, and reaches a terminal frequency of
169±0.5 cm−1. The oscillatory part of the signal damps out
in 620 fs, while the nonoscillatory part decays in 750 fs. The
damping of oscillations is to be attributed to relaxation from
�=1 to �=0, followed by electronic population decay from
the stationary �=0 state. Taking into account the squared
dependence of the TG signal on population, we may infer a
vibrational relaxation time constant of ��=1240±60 fs and
an electronic lifetime of �e=1500±100 fs.

IV. DISCUSSION

A. Dissipative wave packet motion

In addition to the effective quenching of fluorescence of
molecular bromine in ice, efficient vibrational dissipation is
revealed. Completion of dissipation, by formation of the sta-

FIG. 5. The transient grating signal probed at �Pr=405 nm, and prepared at
�a� �P=550 nm, �b� �P=536 nm, and �c� �P=524 nm. The inset shows the
first appearance time of the signal as a function of the pump energy.
tionary �=0 state, is directly observed. The Fourier analysis
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shows a terminal frequency of 169 cm−1, which is �2
exe

higher than the harmonic frequency of the free molecule
�
e=166.57 cm−1, 
exe=1.6159 cm−1, for 79,81Br2� suggest-
ing that the B state is more deeply bound by one vibrational
level. The observed chirp of the packet of �3 cm−1 corre-
sponds to one vibrational interval. If indeed the chirp is due
to vibrational relaxation, then the evolution from �=1 to
�=0 behaves as an underdamped classical anharmonic oscil-
lator. This is unusual. The formation of a wave packet in a
quantum oscillator requires the superposition of at least two
eigenstates. The superposition of �=1 and �=0 would oscil-
late at the highest possible beat frequency 
e−2
exe

�=164.3 cm−1 for the lightest isotope, 79Br2, in the gas
phase�, and its amplitude would decay without change of
frequency. Alternatively, the molecular frequency may
evolve by adiabatically following a slow coordinate—
presumably the cage compression coordinate. In this case,
the fact that the observed up chirp corresponds to �2
exe,
would be a pure coincidence. More accurate measurements,
along with T dependence, are required to elucidate this un-
usual observation. In either case, the evolution must be in a
vibrational continuum, presumably, due to the soft modes of
the ice host that remain effectively coupled to the molecule
even near the bottom of its potential.

To contrast the efficacy of the ice bath in accommodat-
ing the vibrational energy of the guest, consider the recent
pump-probe studies of the same states of bromine isolated in
rare gas matrices. In solid Ar, near the bottom of the poten-
tial, the Br2�B� state vibrations retain their discrete nature.
This is directly observed in frequency domain spectra, in the
form of sharp zero-phonon lines. Also, this is observed in the
time domain measurements where beats among the members
of a prepared superposition can be observed along with nodal
structure and revival times that can be manipulated with
chirped pulses. An important difference in the present is that
the measurements are carried out at T=120 K, where the
thermally populated phonons bridge the vibrational spacing
in the molecule.

B. The solvated molecular potential and dissipation
during the first half-period

The above considerations concern the directly observed
regime of vibrational dissipation. A more dramatic loss of
energy can be inferred during the first excursion of the mo-
lecular bond. The most direct observation in this regard is
that for 1000 cm−1 difference in the initial excitation ener-
gies, for excitation wavelengths between 550 and 524 nm,
the detected wave packet motion is nearly identical—the
packet reaches ��1 after its first half-period of motion.
Given the structureless absorption spectrum and its large
shift relative to the free molecule, the initial vibrational ex-
citation must be indirectly determined. Under the assump-
tions that �a� in the measured energy range the potential is
represented by the Morse form, and �b� the observed initial
appearance time � represents the half-period of motion at the
excitation energy: 2�= �
c�−1; the initial vibrational energy

may be inferred from the characteristic Morse relation,
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1 − 
2/
e
2 = �E − Te�/De. �2�

In which E is the laser excitation energy, Te is the electronic
origin, and De=
e

2 / �4
exe�. Using the experimental har-
monic frequency 
e=169 cm−1, and the frequency at a given
excitation energy, 
= �2�c�−1, were we to assume the gas
phase values for Te=15 900 cm−1 and 
exe=1.62 cm−1, then
the three measured points fall on a straight line with a nega-
tive intercept, as shown in Fig. 6. The data yield the required
zero intercept, and fall in line with the gas phase values when
Te is increased by 300 cm−1. Thus, in the experimental en-
ergy range, the B-state potential in ice is characterized as

VB�r� = Te + De�1 − exp�− �r − re���2,

Te = 16 200 cm−1, De = 
e
2/�4
exe� = 4430 cm−1,

 = 0.121 77
e
��/De = 1.97 Å−1, re = 2.6776 Å. �3�

In this one-dimensional representation, a given excitation
wavelength leads to a definite initial vibrational energy in the
molecule, wherein a dissipation profile may be reconstructed
as shown in Fig. 7. An initial fast decay drains most of the

FIG. 6. The 1−
2 /
e
2 plotted against excitation energy assuming the gas-

phase value of the electronic origin Te. The dashed line represents the same
dependence for a gaseous Br2. The data match the line by upward shifting
the origin of the B-potential by 300 cm−1, indicating that the same anhar-
monicity describes the potential in the gas phase and in ice.

FIG. 7. The reconstructed experimental energy loss along the molecular
coordinate �solid line� for a population grating prepared at �P=550 nm and
probed at �Pr=405 nm and the energy loss predicted by 2D simulation

�dashed line�.
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energy, followed by a slower damping of the wave packet as
it reaches �=0.

C. Guest-host interaction from the absorption spectra

The dynamical analysis above yields the energetics
along the intramolecular coordinate, and suggests minor per-
turbations of the molecular potential. Yet, the absorption
spectrum is significantly broadened and shows a blueshift of
�1500 cm−1, of which only 300 cm−1 could be accounted as
a shift in the molecular electronic origin. The remaining
1200 cm−1 must arise from the solvent coordinate, energy
that must be directly released to the solvent upon excitation.
Yet, there is no discernible signature of the solvent dynamics
in the observations. Evidently, motion along the solvent co-
ordinate is damped in very short time. We model the system
by explicitly considering the solvent coordinate, to reconcile
the large solvent induced spectral shift with the absence of
any discernible solvent dynamics in the time dependent mea-
surements.

The partitioning of the initial excitation energy between
molecular and solvent coordinates can be deduced from the
absorption spectrum. Recognizing that the structureless ab-
sorption reports on only the short-time correlation between
ground and excited state, we may assume separability, to
reduce the spectrum to a convolution of spectra along the
molecular and solvent coordinates,

I�
� =� d�I1�
�I2�
 − �� , �4�

in which the subscripts 1 and 2 refer to intramolecular and
intermolecular guest-host �solvent for short� coordinates. To
reproduce the observed spectrum, the solvent spectrum I2�
�
must consist of a band shifted by �1000 cm−1, with a
FWHM of �3000 cm−1 �see Appendix�. The vertical transi-
tion from the equilibrium configuration in the ground state
must lead to a significantly repulsive potential along the sol-
vent coordinate. This can be rationalized by considering the
energetics of binding between Br2 and water.

The structure of the Br2–OH2 complex is well estab-
lished through microwave spectroscopy,24

The water binds through the lone pair of electrons on oxy-
gen, to form a collinear O–Br–Br geometry with an O–Br
separation of 2.85 Å. Ab initio calculations that reproduce
the structure predict a binding energy of 1000–1250 cm−1,
and predict a stretching frequency of 100 cm−1 for the inter-
molecular stretching coordinate.25,26 In the 1:1 complex, Br2

is strongly polarized—while negligible charge is transferred
from O to Br, 5% of an electron charge is transferred from
the bound Br atom to the free Br atom. The preferred binding
to a second water molecule is now via a hydrogen atom
approaching the negatively charged Br. This is verified in
calculations of Br2�H2O�n clusters, and recognized that the
binding energy of the H-bonded water molecules is signifi-

cantly smaller. Upon the vertical excitation to the B state, an
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electron is promoted from the nonbonding � orbital to the
antibonding �* orbital. The increased axial electron density
should repel the O-bonded water molecule, while the proton-
bound waters may be slightly attracted. Thus, we may sus-
pect that the principle contribution to the perturbation of the
absorption spectrum is derived from the single O-bonded
water molecule. Indeed, such a local picture must prevail to
rationalize the nearly identical spectra of Br2 in water and
ice. We construct a solvent potential guided by the Br2–OH2

interaction. Assuming that the intermolecular distance shifts
from 2.85 Å in the ground state to 3.3 Å in the excited state
allows the reproduction of the absorption spectrum as de-
tailed in the Appendix.

D. Reconstruction of the time dependent signals

The potentials constructed to reproduce the absorption
spectrum are used to simulate the time dependent signals. To
this end, in the excited state, we assume a bilinear coupling
between the intramolecular r and intermolecular q coordi-
nates,

V�q,r� = V�q� + V�r� + �qr , �5�

in which V�r� is the Br2�B� potential �Eq. �3��, V�q� is the
potential motivated by the O–Br interaction �Eq. �A2��, and
� is the bilinear coupling constant. Trajectories are computed
with initial conditions sampled from a thermal distribution,
and subject to a time dependent frictional force,

Fq = −
�V�q,r�

�q
− �q�t�

�q

�t
,

Fr = −
�V�q,r�

�r
− �r�t�

�r

�t
, �6�

with reduced masses �q=16 amu and �r=40 amu, and ex-
ponentially damped friction constants �r and �q,

��t� = �1e−t/�. �7�

This form is designed as a convenient means to account for
the initial fast decay of energy, without suppressing the am-
plitude of the classical oscillator near the bottom of the po-
tential. The observable signal is then simulated using a probe
window centered at r* and q* along the two coordinates,

S�t� =
1

N
	

l

N

exp
−
�r�t� − r*�2

�r
2 �exp
 �q�t� − q*�2

�q
2 � , �8�

where N is the number of classical trajectories, and �r and
�q are the widths of the window along molecular and solvent
coordinates, respectively. A satisfactory reproduction of the
signal �see Fig. 8� and the energy loss profile �see Fig. 7� are
obtained, as long as the solvent motion is damped on the
time scale of a vibrational period. Several important consid-
erations can be made from the simulations.

�a� The solvent coordinate provides a large dispersion in
initial conditions of the trajectories, which in turn leads
to dispersion along the molecular coordinate. In the
absence of dissipation, the modulation of the signal

will be wiped out due to the dispersion of the packet.
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By contrast, strong dissipation serves to refocus the
spread in the molecular wave packet. This is illustrated
in the inset to Fig. 8, in which the energy loss of two
trajectories with very different partitioning of energies
along the two coordinates is shown.

�b� The first appearance time of the signal � is controlled
by the solvent coordinate, both by the extent of poten-
tial coupling �Eq. �5�� and through the modulation of
the probe window position. Indeed, the covalent-to-
ion-pair resonance, which controls the probe window,
should be a strong function of the neighboring water
molecule position through dipole-dipole interactions.
The observation of a regularly modulated signal can
only be reconciled with a solvent coordinate that is
already damped. Because of efficient dissipation during
the initial stage of dynamics, the assumption that �
measures the half-period at the preparation energy is an
oversimplification. Nevertheless, the extracted energet-
ics is not very sensitive to this detail.

�c� When the solvent coordinate is overdamped, the details
of the coupling between potentials have little effect on
the observable dynamics.

�d� There are two distinct regimes of vibrational dissipa-
tion, which in the present is simulated through a time-
dependent friction term. The initial dramatic energy
loss of 2000–3000 cm−1 occurs in t	200 fs, while the
subsequent dissipation of �200 cm−1 accompanying
the damping of the wave packet as it relaxes from �
=1 to �=0 occurs with a time constant of ��=1240 fs.
Qualitatively similar behavior is well documented in
dynamics of caged molecules.27–29 The extreme cases
occur when �i� a Morse oscillator is prepared above its
dissociation limit, where a dramatic difference in vibra-

FIG. 8. �a� The signal observed for a population grating prepared at �P

=550 nm and probed at �Pr=405 nm; �b� the simulated signal. The simula-
tion parameters are �=2500 cm−1 Å−2, �r�t�=�1e−t/�, and �q�t�=2�r�t� ��1

=8 ps−1, �=380 fs�, a probe window centered at �r* ,q*�= �2.82,3.3� Å and
width �r=0.07 Å and �q=0.25 Å. The effect of wave packet focusing is
illustrated in the inset by two trajectories with different initial partitioning of
energies.
tional energy decay is observed between the first excur-
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sion of the bond and subsequent oscillations, and �ii�
when strictly cage-bound states are prepared, in which
a dramatic change in the first period of motion and
subsequent periods is observed.30 The latter picture is
more closely related to the present. Although the mol-
ecule is prepared in the deeply bound part of its poten-
tial, the solvent coordinate is directly excited.

V. CONCLUSIONS

Fluorescence of Br2 is strongly quenched in ice. In the
specific case of the B state, the electronic population decays
in 1.5 ps, reducing its quantum yield of emission to 10−7.
The mechanism of electronic quenching must be fairly gen-
eral, since fluorescence from all known radiative transitions,
D�→A�, B→X, A→X, A�→X, is absent, and the very dif-
ferent coupling matrix elements must be operative in the
different states. We surmise that the fluctuating local electric
field, due to the orientational disorder of the water mol-
ecules, provides electric field gradients of different moments
to induce the quenching.

Similarly, very efficient vibrational dissipation is ob-
served through transient grating measurements. Independent
of the initial excitation energy, as much as 3000 cm−1 of
vibrational energy is lost to the host in the first excursion of
the molecular bond, to generate a wavepacket near �=1. As
it damps out, the packet undergoes a frequency sweep that
coincides with the loss of one vibrational quantum of energy.
A likely interpretation is that the molecular spring adiabati-
cally follows the cage compression coordinate. More accu-
rate and systematic data could greatly help in resolving this
uncommon observation. The energy transfer from guest to
host shows two regimes, a ballistic mode followed by sig-
nificantly slower damping near �=0. Dissipation and over-
damping along the solvent coordinate are key to the obser-
vation of a sharply modulated signal, by focusing a packet
that would have otherwise been strongly dispersed by the
solvent coordinate. This, we illustrated through explicit two-
dimensional �2D� simulations of the signal, using potentials
that reconcile the strongly perturbed absorption spectra and
nearly completely muted solvent contribution in the dynami-
cal measurements. The modeling presumes the interaction
with a single O-bonded water molecule to be the principle
contribution to the spectral change, with the rest of the ice
host acting as an efficient sink of vibrational energy. In the
absence of the complex, as would be expected in clathrates,
very different spectroscopic and dynamical signatures are to
be expected. Work in that direction is in progress.
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APPENDIX

A detailed analysis of the absorption spectra of gaseous

Br2 has been given by Tellinghuisen. To decompose overlap-
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ping bands, it is more convenient to use an empirical func-
tion that describes the shapes of absorption bands and their
temperature dependence.31 It has been shown that three-
parameter log normal distribution function approximates
well the absorption spectra of halogens,31,32

��T� = �max�T�exp�− a�T��ln�
/
max��2� , �A1�

where �max�T�=��0��tanh, a�T�=a�0�tanh, and tanh
=tanh��
e /2kBT�. In Eq. �A1� the cross section and the
wave number at the absorption maximum, �max�T� and 
max,
and the breadth parameter a�T� are determined by fitting.
Provided that the ground state harmonic frequency 
e is
known, �max�0� and a�0� can be computed, whereas 
max

does not have temperature dependence in this model. Using
Eq. �A1� the absorption spectrum of the gaseous bromine at
T=300 K can be resolved into three components �see Fig. 9�.
All three components are well described by Eq. �A1� when
compared to Tellighuisen’s exact analysis.

We adopt Eq. �A1� to describe the absorption spectrum
of bromine in ice. The resolution of the experimentally de-
termined spectrum into two components is shown in Fig. 10.
The weakest band in the gas phase, A←X, is completely
buried under the main peak in the solid, which is seemingly
a common feature for Br2 in solution. C←X and B←X spec-
tral components predicted for the free Br2 molecule at 120 K
are also shown in Fig. 10. To reproduce the experimentally
observed blueshift of the overall band, the individual absorp-
tion components must be shifted by �1570 cm−1 and broad-
ened by �1000 cm−1. The absorption spectrum of the hy-
drated bromine was reconstructed assuming the observable
spectrum is a convolution between the spectra along molecu-
lar and solvent coordinate �Eq. �4� of text�. It is sufficient to
assume a Gaussian line shape for the latter. Good agreement
between the experimental and simulated spectra can be
achieved if we assume slightly different solvation of the
spectral components of Br2 and take into account the blue-
shift of Br2 potentials by 300 cm−1 �see Fig. 10�.

The spectral contribution from the solvent coordinate

FIG. 9. The decomposition of the experimental absorption spectrum of gas-
eous Br2 according to Eq. �A1�.
can be rationalized in terms of a specific local structure and

Downloaded 15 Jun 2006 to 128.200.78.48. Redistribution subject to
interaction. Thus, using the known parameters of the
Br2–OH2 complex, the ground state can be parameterized as
a Morse,

V�q� = De�1 − exp�− �q − qe��2. �A2�

In which we use the experimentally known value of qe

=2.85 Å, and the theoretically derived values of De

=1000 cm−1 and harmonic frequency 
e=100 cm−1. To rep-
resent the excited state, we assume the same potential, but
now the minimum moved to qe�=3.3 Å. The thermal popula-
tion of the ground state along q,

FIG. 11. Potentials of the ground and the excited state of the Br2–OH2

binary complex along the intermolecular coordinate �q�. The spectrum gen-
erated by reflection along this coordinate is shown in the inset to have the
shift and width required to reproduce the spectrum of the solvated Br2

FIG. 10. Absorption spectrum of Br2 in ice recorded at 120 K �solid line�.
The decomposition of the spectrum into two spectral components, C←X
and B←X �dashed lines�. Also shown are C←X and B←X absorption
bands for a free Br2 molecule at 120 K �dotted lines� predicted using Eq.
�A1�. The convolution using Eq. �4� �dot-dashed line� of C←X absorption
band �dotted line� assuming a Gaussian band shape for the solvent spectrum,
with a vertical shift of 1270 cm−1 �accounting for 300 cm−1 vertical shift of
excited-state molecular potentials� and FWHM=3200 cm−1 �to simulate B
←X absorption band in ice the parameters of the solvent spectrum are a shift
of 1250 cm−1 and FWHM=2800 cm−1�.
molecule.
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P�q� = exp�− V�q�/kBT�� , �A3�

is then reflected along q� to generate the solvent spectrum
�see Fig. 11�. The convolution of this spectrum with the Br2

spectrum reproduces the experiment.
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