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Iodine—Benzene Complex as a Candidate for a Real-Time Control of a Bimolecular
Reaction. Spectroscopic Studies of the Properties of the 1:1 Complex Isolated in Solid
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The properties of the 1:1 iodine—benzene complex isolated in a solid Kr matrix at low temperatures have
been studied using UV —vis absorption, FTIR, resonance Raman, and femtosecond coherent anti-Stokes Raman
spectroscopy (fs-CARS). The use of all these techniques on similar samples provides a wide view on the
spectroscopic properties of the complex and allows comparison and combination of the results from different
methods. The results for the complex cover its structure, the changes in the iodine molecule’s vibrational
frequencies and electronic absorption spectrum upon complexation, and the dynamics of the complexed I,
molecule on both ground and excited electronic states. In addition, polarization beats between uncomplexed
benzene and iodine molecules are detected in the fs-CARS spectra, showing an amplification of an electronically
nonresonant CARS signal by the resonant iodine signal. The possibility of controlling the charge-transfer
reaction of the I,—Bz complex using the excitation of a well-defined ground-state vibrational wavepacket,

according to the Tannor—Rice—Kosloff scheme, is discussed on the basis of the experimental findings.

Introduction

The study of the iodine—benzene complex can be considered
to have begun in the 1940’s, with Benesi and Hildebrand finding
its charge-transfer UV absorption at ~280 nm."? Ever since, it
has been a subject of numerous theoretical and experimental
studies, aiming to the understanding of the properties and
reactions of this interesting system, which can be considered
as a prototype of a complex with a low-lying charge-transfer
state. Considering the amount of work done on this complex, it
is rather surprising that the agreement between electronic
structure calculations and experiments on its ground-state
structure was not achieved until recently by matrix isolation IR
studies.’ However, the ,—Bz complex still continues to offer
new, interesting research ideas as the research methods improve.
For example, the emergence of ultrafast laser methods in the
1990’s opened up a new way to study the dynamics of this
complex after the charge-transfer excitation.*”!°

One of the most interesting properties of the iodine—benzene
complex is its low-lying charge-transfer state and the processes
that follow from the excitation to this state. The ultrafast
processes initiated by the charge-transfer excitation have been
well studied by several groups both in the liquid state and in
clusters in molecular beams.*~® The main dissociation channels
for the complex after charge-transfer excitation have been found
to be the ejection of either a neutral iodine atom or an iodine
molecule, and the rates of these processes have been found to
depend strongly on the environment. The molecular dissociation
channel proceeds via coupling to a neutral repulsive potential
surface, while the atomic dissociation occurs via formation of
a charge-transfer complex between iodine atom and benzene
molecule, with a simultaneous elongation of the [—I bond. The
direct excitation of the complex from the ground state to the
charge-transfer state thus leads to a fast predissociation, due to
several crossings of repulsive surfaces with the charge-transfer
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state. This model is also supported by the fact that, according
to our knowledge, no emission from the relaxed molecular
charge-transfer state to the ground state of the complex has been
observed.

Recently, we have studied the vibrational dynamics on the
ground state of the I,—Xe complex isolated in a solid krypton
matrix using femtosecond coherent anti-Stokes Raman scattering
(fs-CARS) technique.!! In this method, a coherent vibrational
wavepacket on the ground electronic state is generated and
probed using femtosecond pulses, enabling control and ma-
nipulation of vibrations of molecules or molecular complexes.
This opens up interesting prospects of reaction control by
exploiting the evolution of the vibrational wavepacket, as
suggested originally by Tannor, Kosloff, and Rice.'>'> When
used for a molecular complex, this kind of method might allow
for control of a bimolecular reaction, such as charge-transfer
or dissociation reactions. The I,—Bz complex is an interesting
candidate in this perspective due to its low-lying charge-transfer
state and rather well-known properties. The idea in this case is
to design a three-pulse sequence, where two pulses create a
vibrational wavepacket on the ground electronic state by
stimulated Raman scattering. After a suitable time delay, the
third pulse excites the wavepacket to the charge-transfer state,
where the reaction takes place. Manipulation of the iodine
vibrations on the ground electronic state using the fs-CARS
method allows for the charge-transfer excitation to start from
different complex conformations, corresponding to the motion
of the wavepacket, making different outcomes of the photore-
action possible. Trapping the I,—Bz complex in a solid, low-
temperature rare-gas matrix allows for a well-defined, stable
complex with long vibrational dephasing times, and samples
that are concentrated enough to gain strong signals. However,
there are no constraints for the same reaction control scheme
to be realized also in solid, liquid, and possibly even gas phase.

The execution of this kind of process demands, however,
detailed knowledge of the ground and excited states of the
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complex, as well as the dephasing times of the vibrations on
the ground electronic state. The initiation of the process asks
for high enough probability for the creation of a wavepacket
with the desired vibrational eigenstates. Then, the lifetime of
the wavepacket needs to be long enough so that the wavepacket
will not dephase before reaching the conformation wanted for
the excitation. In addition, the excited-state potentials have to
be well-known to allow for explaining and understanding the
outcome of the reaction. However, if these conditions can be
fulfilled, the iodine—benzene complex might be an excellent
model system for a bimolecular reaction control.

In this paper, we present results from several spectroscopic
studies of the I,—Bz complex isolated in a solid krypton matrix
at low temperatures. By combining the results from UV—vis,
infrared (IR), and resonance Raman measurements, MP2
calculations and fs-CARS measurements, we obtained detailed
information on the properties and dynamics of the complex.
The use of all these spectroscopic techniques on similar samples
provides a wide view on the properties of the complex. The
results for the complex cover its structure, the changes of the
vibrational frequencies and electronic absorption spectrum upon
complexation, and the dynamics of the complexed I, molecule
on both ground and excited electronic states. Combining these
results, the possibility of using this complex as a model system
for coherent control of a bimolecular reaction, and the difficulties
that are encountered, are discussed.

Experimental Methods

The solid matrix samples were prepared by depositing 1,/Bz/
Kr gas mixture on a window held at 7= 40 K, which produces
optically excellent matrices with good reproducibility of struc-
ture and concentration.!* A CaF, window in a closed cycle
helium cryostat was used for the IR measurements, and a ~100
um thin sapphire window in a liquid helium flow cryostat for
the other measurements. The [,/Kr = 1/2600 ratio was kept
constant for all the samples, while the benzene/krypton ratio in
the matrix was varied between 1/2000 and 1/500. The presence
of the 1:1 L—Bz complex was verified by studying the
dependence of the IR spectrum on the benzene concentration.
The FTIR spectra were measured using a Nicolet Magna-IR
760 ESP spectrometer with a 0.25 cm™' resolution at several
temperatures in the range of 7= 11—40 K.

The Stokes branch spontaneous resonance Raman spectra
were measured using a 532 nm single-mode frequency-doubled
CW Nd:YAG laser (Alphalas), resonant with the B — X
transition of iodine. The spectra were collected in a backscat-
tering configuration using a 50 cm focal length spectrograph
(Acton SpectraPro 2500i) with 600 and 2400 grooves/mm
gratings to obtain resolutions of 5 and 1 cm™!, respectively.
The frequency scale of the Raman spectra was calibrated using
the vibrational frequencies of monomeric iodine in solid krypton
determined earlier with high accuracy by fs-CARS measure-
ments from a similarly prepared sample.'*

The UV—vis spectra were measured using a deuterium
discharge lamp (Cathodeon Deuterium C710) as a light source
and an Ocean Optics USB2000 spectrometer with an optical
fiber for detection. Quartz lenses were used for focusing and
collimating the light beam. The spectra for different concentra-
tions were measured at 7 = 40 K at a wavelength range of
237—650 nm.

The setup used for the fs-CARS measurements has been
described in detail in our previous publication.!! In the present
experiments, the parameters for the pulses were (wavelength/
bandwidth in nanometers): pump (580/13), dump (621/14), and
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Figure 1. UV—vis spectrum of Bz/I,/Kr samples at 7 = 40 K: (a)
L/Kr = 1/2600 (no benzene); (b) Bz/I,/Kr = 1/0.77/2000; (c) Bz/I,/Kr
= 1/0.19/500. The spectra are normalized to the B < X absorption
maxima at the visible region (~500—530 nm). The B <— X transition
shifts as benzene is added to the sample, while the charge-transfer
absorption (~290 nm) only becomes more intensive. Sharp bands at 1
~ 250 nm are due to the uncomplexed benzene A <— X absorption.?
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Figure 2. Spectrum of the iodine B < X absorption for samples with
different benzene concentrations: (a) I,/Kr = 1/2600; (b) Bz/I,/Kr =
1/0.77/2000; (c) Bz/I,/Kr = 1/0.30/780; (d) Bz/I,/Kr = 1/0.19/500. Key:
solid line = measurement; dotted line = Gaussian fits. The absorption
shifts as a function of benzene concentration and can be fitted with
two bands with band maxima at 4 = 529 and 504 nm, corresponding
to monomeric and complexed iodine, respectively. The spectra are
baseline corrected.

probe (580/13). The CARS signal was collected with a photo-
multiplier tube, averaging 100 pulses per measurement with a
20 fs step size of the probe delay line. The time delay between
the pump and dump pulses was adjusted so that the CARS signal
was maximized.

Results and Discussion

UV—Vis Absorption Measurements. The UV—vis absorp-
tion spectra of I,/Bz/Kr samples with different benzene con-
centrations are shown in Figures 1 and 2. The B < X absorption
of iodine molecule is blue-shifted as a function of the benzene
concentration, and the band can be fitted with two Gaussian
functions with maxima at A = 529 and 504 nm, corresponding
to the uncomplexed iodine and the ,—Bz complex, respectively.
The UV band at A = 291 nm (Figure 1), due to the charge-
transfer absorption of the iodine—benzene complex only grows
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TABLE 1: Complex to Iodine Concentration Ratio and
Integrated Absorption Coefficient for the B — X Absorption
in the Iodine—Benzene Complex, Calculated for Different
Sample Concentrations

ec(int) [10°

Bz/I,/Kr [complex]/[iodine] nmM ™! cm™!]
1/3.72/9300 0.022 £ 0.004 6.6£13
1/0.77/2000 0.09 £ 0.02 6.8£2.0
1/0.29/780 0.54 £ 0.09 44409
1/0.19/500 23405 44412

5.6 £1.3°

@ Averaged value.

but does not shift as a function of benzene concentration,
supporting the interpretation that the “shift” of the band in the
visible region is indeed due to two different, overlapping bands
that change intensities as a function of benzene concentration,
as assumed in the fit. This kind of environmentally induced blue
shift of the iodine B <— X absorption, due to the stabilization of
the iodine ground state, has been detected earlier in several
different environments, from different solvents? to clathrate
hydrate cages.' Interestingly, the absorption maximum of the
1:1 I,—Bz complex isolated in solid krypton (504 nm) is very
close to the absorption maximum of the iodine molecule solvated
in liquid benzene (500 nm),> whereas the absorption of the
uncomplexed iodine in Kr matrix (529 nm) is located, expect-
edly, at almost the same wavelength as the absorption in the
gas phase (530 nm).'® Thus, it seems that only one benzene
molecule complexed with the iodine molecule is enough to
induce a blue-shift in the B ~— X absorption that corresponds
almost completely to the shift in liquid benzene, and that the
addition of more benzene molecules has a much smaller effect.
It also suggests that, in liquid benzene, iodine molecule is on
average mainly complexed with one benzene molecule.

The absorption bands at 529 and 291 nm can be fitted by
using the absorption coefficients by Tellinghuisen'® and Weng
et al.,” respectively, to yield an estimate for the complex to
iodine concentration ratio ([complex]/[uncomplexed iodine]) for
different concentrations (Table 1). In the calculation, integrated
absorption coefficients were estimated from the absorption
coefficients at the absorption maxima, assuming a Gaussian band
shape, yielding ect = (1.04 £ 0.13) x 105, and e, =93 %
0.9) x 10* nmM™' ¢cm™! for the complex charge-transfer
absorption and the uncomplexed iodine B <— X absorption,
respectively. Using the determined complexation ratio, the
integrated absorption coefficient for the B ~— X transition of
iodine in the I,—Bz complex can be estimated from the area
under the fitted band at A = 504 nm, yielding an average value
of ec = (5.6 & 1.3) x 10° nmM ™' cm™!, which is about 6 times
higher than the integrated absorption coefficient for the uncom-
plexed iodine. This distinct change of the absorption coefficient
upon complexation might be due to mixing of the relevant
electronic states with the low-lying charge-transfer state.

FTIR Absorption Measurements. The FTIR spectra for
selected wavenumber regions are shown in Figures 3 and 4.
When iodine is added to a Bz/Kr sample, several new bands
appear. In Figure 3, two transitions of the complex are shown,
corresponding to the v, and vy, vibrations, which are symmetry
forbidden for the uncomplexed benzene (numbering according
to Herzberg!”). Also, other bands, corresponding to degenerate
vibrations of pure benzene, such as v;3 and v,; + v,9 (Figure 4)
are found to be shifted and split upon complexation. The
characterization of the observed IR bands, their wavenumbers,
and relative absorption intensities are presented in Table 2, with

Kiviniemi et al.

Absorbance (arb.units)

T T T L e S

848 850 852 854 990 992 994
Wavenumber (cm™)

Figure 3. IR spectra for two benzene vibrations at 7 = 40 K: (a)
Bz/1,/Kr = 1/0.77/2000; (b) Bz/Kr = 1/2000. (c) Difference spectrum.
The bands are induced upon complexation with iodine. For monomeric
benzene molecule, the transitions are forbidden in the IR due to
symmetry and thus are not visible.
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Figure 4. IR spectra for two benzene vibrations at 7= 40 K: (a)
Bz/I,/Kr = 1/0.77/2000; (b) Bz/Kr = 1/2000. (c) Difference spectrum.
The splitting of the complex vibrations shows that the C¢ symmetry of
the benzene molecule is broken upon complexation.

comparison to earlier experimental'® and computational® results.
The observation of new and split bands confirm the fact that
upon complexation the Cq symmetry of the benzene molecule
is broken and thus the I,—Bz complex structure has to be
unsymmetric. The temperature dependence of the IR spectrum
shows no significant changes in the relative intensities of the
split bands, which would be typical for a site-effect, i.e., for
different sites of molecules in the matrix, thus validating our
conclusion that the splitting is in fact due to the removal of
degeneracy in the system upon complexation. The results also
agree well with the calculations, which predict that the lowest
energy form of the complex is the unsymmetric structure, where
the iodine molecule is located above either one of the C—C
bond centers or one of the C atoms of benzene molecule, almost
perpendicularly to the benzene ring plane.**!*2° These two
structures lie very close in energy and the experiments can not
distinguish between them, but most of the calculations suggest
that the above-bond structure is the more stable one.>!*2! The
observed splitting of the v3 band, 0.96 cm™', agrees reasonably
well with the calculations that vary between 1—4 cm™!
depending on the reference.**!° The observed relative IR
intensities also follow the trend of the calculations rather well,
except for two induced bands (v; and vs) that show lower
intensities than predicted. Thus, the agreement of the experi-
mental and computational data indicates that the I,—Bz structure
is in fact of above-bond type, as found earlier for the other
halogen—benzene complexes as well 3101821

Resonance Raman Measurements. In the resonance Raman
spectra (Figure 5), the vibrational progression is clearly visible
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TABLE 2: Characterization of the Strongest IR Absorption Bands of I,—Bz Complex, the Frequency Shifts upon Complexation
(in cm '), and the Relative Intensities of the Bands, Compared with Earlier Experimental Results on the I,—Bz Complex and

with MP2 Calculations

vibrational I,—Bz in Kr I,—Bz in N, I,—Bz, MP2 calc
mode frequency” (shift) [rel int] frequency” frequency® (shift) [rel int]
Vi3 + Vi 3093.31 (—1.09) [0.41]
Vi3 + vV + Vig 3072.46 (_196) [024]
v7 + vig 1958.39 (+6.39) [0.36]
v + v 1816.16 (+7.95) [0.31]
1814.60 (+6.39) [0.28]
Vi 1618.76 (—3.90) [0.00]
1585.35 (—2.53)¢ [0.03] 1615.89 (—6.75) [0.23]
vy + v 1530.02 (+12.89) [0.19]
1527.01 (+9.88) [0.18]
Vi3 1480.60 (—0.61) [1.00] 1468.53 (—1.68) [0.99]
1479.64 (—1.57) [0.81] 1464.88 (—5.28) [1.00]
Vi 1182.95 (—0.19) [0.01]
1177.35 (—0.60)¢ [0.16] 1181.97 (—1.12) [0.05]
Vig 1036.37 (—2.37) [0.19] 1049.64 (—1.28) [0.41]
1035.60 (—3.14) [0.37] 1047.66 (—3.23) [0.78]
vyl 991.13 (—3)/[0.27] 990.9 1001.54 (—3.06) [0.37]
vi¢ 851.31 [0.17] 855.6 855.03 (+9.77) [0.81]

848.47 (+3.21) [0.06]

@ From this work, Bz/I,/Kr = 1/0.77/2000, T = 20 K. ® From ref 18, T = 20 K. ¢ From Supporting Information in ref 3, relative intensities
with respect to the absorption coefficient of 8.37 km/mol. ¢ IR inactive in gaseous, uncomplexed benzene. ¢ Although inactive in gas phase, the
vibration of the uncomplexed benzene is induced in the matrix environment, resulting in weak bands.!® / Shift determined from the fs-CARS

measurements; the vibration of uncomplexed benzene is IR inactive.
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Figure 5. Resonance Raman spectrum of a Bz/I,/Kr = 1/0.77/2000
sample at 77 = 30 K, showing the vibrational progression for both
monomeric iodine and I,—Bz complex (a). The higher resolution spectra
of the v = 1—6 bands in panels (b)—(d) show clearly separated, sharp
bands for monomeric and complexed iodine with the complex band at
the lower frequencies. The complex bands for v = 2 and 3 (see insets)
show two overlapping bands with different widths, indicating two
different time scales for dephasing. The intensities are not comparable
between the panels because each graph is scaled to the highest intensity
to show the features of the weaker bands. The shoulder in the lowest
frequency band in (b) and the weak band at ~590 cm ™! in (c), marked
with *, are due to iodine clusters.??

for both uncomplexed and complexed iodine. The complexation
induced frequency shift of the vibration is so small that the
lowest frequency bands are only resolved in the higher resolution
spectra (b—d in Figure 5). The bands are narrow and instrument

limited (<1 cm™") single lines, indicating a well-defined complex
and a highly homogeneous matrix environment. In the lowest
frequency band, the shoulder marked with an asterisk at ~202
cm™! is not due to the complex but to iodine dimers that are
sometimes present in the sample in small concentrations.??
Weak, corresponding bands are also visible in higher frequency
regions. From the resonance Raman spectrum, accurate spec-
troscopic parameters for the I—I vibration in the benzene
complex were determined, as reported before.® The harmonic
vibrational frequency of the iodine molecule, found to be w. =
207.22 £ 0.07 cm™!, is red-shifted by 3.94 cm™' upon
complexation, and the anharmonicity constant, w.x. = 0.612
+ 0.015 cm™, is slightly reduced as compared to the uncom-
plexed iodine in solid krypton (wex, = 0.642 4 0.001 cm™1). 14

From the resonance Raman spectra in Figure 5 it is also
evident that the intensities of the [,—Bz complex Raman bands
decay faster as a function of the vibrational quantum number v
than the intensities of the uncomplexed iodine bands. This effect
is shown in Figure 6 as a decay of the normalized resonance
Raman intensities for both the uncomplexed and the complexed
iodine molecule. The faster decay of the band intensities for
the complex indicates a faster electronic dephasing on the
excited state of the complex than for the uncomplexed iodine.
This can be understood by considering the dynamics on the
excited state right after excitation.?? As the I—1I coordinate starts
to stretch, the electronic-state coherence is lost faster in the
strongly bound complex, since the electronic energy is expected
to depend more sensitively on small changes in the geometry
than in the isolated I, molecule, which interacts with the cage
atoms dominantly via long-range dispersion interaction. Due
to the faster dephasing on the B state, the higher vibrational
states on the ground electronic state of the complex are much
more difficult to reach using a resonance Raman process than
those of the uncomplexed iodine. A more detailed description
of this complex process involving a multitude of degrees of
freedom of both the system and its bath, would require an in-
depth simulation of the time-dependent correlation function of
the system,?® and is thus out of the scope of this article.
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Figure 6. Normalized intensities of the resonance Raman bands for
both monomeric and complexed iodine molecules as a function of the
vibrational quantum number v. The intensity of the I,—Bz complex
bands decays faster than the intensity of the monomeric iodine bands,
indicating faster electronic dephasing and a perturbation on the
properties of the excited electronic state upon complexation. The lines
are for guiding the eye only.

The widths of the Raman bands, on the other hand, are
proportional to the dephasing rates of the vibrations on the
ground electronic state. Unfortunately, the resolution of our
Raman equipment is not good enough to resolve the true
bandwidths of any of the detected Raman bands. As a result,
we can only deduce an instrument limited lower value for the
dephasing time, giving a value longer than ~10 ps for the states
with v = 1—8, which are observed in our measurements.
Comparing the highest visible v-states, where the real dephasing
time is expected to be closest to the instrument limited
bandwidth, the dephasing in the complex is found to be at most
about 5 times faster than measured for the uncomplexed iodine.'*
This indicates that the dephasing rate of the ground-state
vibrations is not radically increased upon complexation, although
the perturbation on the iodine properties by benzene is stronger
than for example in the I,—Xe complex. The slow dephasing
thus suggests that the coupling of the iodine vibrations to the
benzene molecule is relatively weak. In any case, the lifetime
of the wavepacket is, at least at the lower vibrational eigenstates,
long enough for the wavepacket to make tens to hundreds of
round-trips on the ground-state potential before dephasing.

A careful inspection of the low-frequency complex bands
reveals that there is a weak and broad band superimposed with
the sharp main band (see insets in Figure 5), which might be
evidence of interesting dynamics of the complex. Because both
bands are centered at the same frequency, it seems unlikely that
they would belong to two different forms of the complex. This
kind of structure could indicate two time scales for vibrational
dephasing, leading to corresponding features in the spectrum.
For example, the broad band might be due to a fast, but slight,
rearrangement of the intermolecular coordinates after impulsive
excitation of iodine and the sharp band would then give the
dephasing time of the relaxed complex. Further investigations
are, however, needed to get more insight into this issue.

fs-CARS Measurements. In the fs-CARS process, three
femtosecond laser pulses are used to study the vibrations of
the iodine molecule in its ground electronic state. The two first
pulses, “pump” and “dump”, are used to create a vibrational
wavepacket on the ground electronic state of iodine. The third
pulse, “probe”, is then used to investigate the properties of the
wavepacket by creating a third-order polarization in the sample.
The intensity of light emitted by this polarization is then
measured as a function of the delay between the dump and probe
pulses. If the sample contains only monomeric iodine, the signal
will oscillate as the wavepacket evolves on the ground state, at
difference frequencies of the vibrational eigenstates that are
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included in the vibrational wavepacket.'* These oscillations are
called quantum beats. The signal is relatively strong, because
the wavelength of the pump pulse is selected to be in resonance
with the B < X transition of iodine.

However, if the sample contains another species that can
contribute to the CARS signal, such as complexed iodine
molecules that have slightly different vibrational frequencies
than the uncomplexed I, there will be an additional modulation
to the signal due to the interference of the CARS signals from
the two different species, called polarization beating, that
consists of difference frequencies of the vibrations of the two
different species. This phenomenon has been characterized in
several experimental and theoretical studies, for example, in our
previous study of the I,—Xe complex,!! and for the gas-phase
iodine by Faeder et al.>* If the amount of the other species,
here the complexed iodine, is much less than the amount of the
uncomplexed iodine molecule, the polarization beating proves
very useful as the strong iodine signal serves as an “amplifier”
for the weaker signal, of which the quantum beating may not
be detectable at all in itself.!’ So, in the Bz/I./Kr samples, we
would expect to detect at least the quantum beating of the
uncomplexed iodine molecules, which are plenty in the sample,
and the polarization beating between the signals of the uncom-
plexed and complexed iodine molecules. The quantum beating
of the [,—Bz complex may not be detected, if its concentration
is notably smaller than the amount of uncomplexed iodine, or
if its vibrational frequencies are too similar to the uncomplexed
I, frequencies so that the quantum beat signals overlap each
other in the frequency domain.

The fs-CARS results for a Bz/I,/Kr sample are shown in
Figure 7. The frequency domain spectrum (right side, panels
d—f) is obtained simply by Fourier transforming the time domain
signal (left side, panels a—c). The time-domain signal as a whole
is long-lived and shows oscillations up to more than 100 ps.
However, as can be seen from panels b and c in Figure 7, the
modulation pattern due to polarization beating is much more
short-lived, disappearing already at a delay of ~15 ps. This
means that the vibrational coherence of the other species
contributing to the signal is short-lived, when compared to the
vibrational coherence of the uncomplexed iodine. In the
frequency domain, panels d—f in Figure 7, the different beat
frequencies in the signal can be seen. The lowest frequency
shown in panel d is a polarization beat, a difference frequency
of two vibrations of two different species in the sample, because
the beat frequency is much lower than the separation of any
two internal vibrational levels in the sample molecules. In panel
e, four different frequencies are detected, with two strong and
two weak bands. The strong bands are the quantum beats of
the uncomplexed iodine molecule with the wavepacket consist-
ing of vibrational eigenstates v = 4—7, and the frequencies
detected are the difference frequencies between two successive
vibrational eigenstates of uncomplexed iodine, such as v = 4
and 5. This can be confirmed by comparing the detected
frequencies to previous results on uncomplexed iodine in solid
krypton.'"!* The bands with lower intensities on both sides of
the quantum beats are again polarization beats between the two
different species in the sample. Then, at the highest frequencies
(panel f in Figure 7), more quantum beats of the uncomplexed
iodine molecule are detected, with the interfering vibrations
being now two levels apart, such as v = 4 and 6.

Interestingly, a more detailed analysis of the polarization beat
spectrum shows that there is only one vibrational frequency
interfering with the uncomplexed iodine vibrations. This should
not be the case if the signal is due to the [,—Bz complex,



Todine—Benzene for Control of a Bimolecular Reaction

J. Phys. Chem. A, Vol. 113, No. 22, 2009 6331

500 0,8
a d
400 0,6 5oy,
300 041
200 02
100 “]
0 0,0+
T T T T T T T T T T T
500 0 20 40 60 80 100 0 20 40 60 80 100
z bl 107 ] V4 ]6-5/5-4] e
5 4004 E 08l 2 6—vz
.d i . - -
\“E, 300 g 0,6 ] 1
2 2004 > 044
2 B ] T Prrags
g 1004 g 027140 160 180 230 250 270
c c
- 0 T T T T T - 010_ T T T T T
1 2 3 4 5 6 160 180 200 220 240 260
200 ¢ 0,03 6-4 f
1504 0,02+ 7-5
100 0,01
50 0’00 T = T T T T
16 17 18 19 20 21 22 23 360 380 400 420 440 460
Delay (ps) wavenumber (cm™)

Figure 7. fs-CARS spectra of the Bz/I,/Kr = 1/0.19/500 sample at 7 = 10 K (a)—(c) and its Fourier transform (d)—(f). The short-lived (~10 ps)
polarization beating between uncomplexed iodine (v = 4—7) and the benzene ring stretch (v,) vibrations is seen in both frequency and time
domains, together with the long-lived (>100 ps) quantum beats of uncomplexed iodine. The numbers in the band labels in frequency domain spectra
(d)—(f) refer to the vibrational eigenstates of iodine, while v, refers to the ring stretch vibration of benzene. No signal from I,—Bz complex is

visible in the spectra.

because the vibrational eigenstates of iodine are separated by
only ~200 cm™!, and thus the vibrational wavepacket of the
complexed iodine, excited by our broad-band fs-CARS cycle
with a fwhm of the convolution of pump and dump pulses ~730
cm™!, would consist of several vibrational eigenstates, similarly
to the uncomplexed iodine. Thus, another explanation for the
polarization beats is needed, and this is offered by the uncom-
plexed benzene molecules in the sample, which are clearly
detected in the IR and UV—vis measurements (Figures 1 and
4).1925 Although the excitation wavelengths are not resonant
with any electronic transitions of benzene, the CARS process
can still be initiated nonresonantly, however, with lower
probability. This weak signal will then be “amplified” by the
strong uncomplexed iodine signal exactly like in the iodine—xenon
system,!! the only difference being the reason for the weakness
of the signal, which is now due to the electronically nonresonant
process instead of the small concentration. The analysis of the
polarization beat frequencies yields a value of 994 cm™! for
the interfering frequency, which matches the frequency of the
strongly Raman active benzene ring stretch (v,) vibration (gas-
phase Raman value 992 cm™!),? easily reached by the fs-CARS
wavelengths used here (the difference between the pump and
dump pulse maxima is ~1100 cm™!). From the FTIR measure-
ments, the frequency of the corresponding vibration in the
complex is found to be 991.13 cm™!, yielding a red shift of ~3
cm™! upon complexation, which corresponds fully with the MP2
calculations (see Table 2). Measurements with different wave-
lengths, where the difference of the pump and dump frequencies
moved further away from the benzene v, frequency, showed
only the quantum beats of the uncomplexed iodine molecule,
further confirming the assignment of the polarization beats being
due to uncomplexed benzene. The dephasing time for the
benzene v, vibration is found from the polarization beat
bandwidths to be ~6 ps, which is, as expected, fast compared
to the dephasing time of ~50 ps for the uncomplexed iodine.
This is also clearly visible in the time domain spectrum (left
side of Figure 7), where the polarization beating pattern

disappears in about 15 ps while the quantum beating of iodine
molecule is still visible at delay times longer than 100 ps.

Unfortunately, no signal from the complexed iodine is visible
in the fs-CARS signal. In addition to the measurement in Figure
7, several different pump and dump wavelengths were used to
create different vibrational wavepackets, but none of the
measurements showed signals from the I,—Bz complex. This
is somewhat surprising, as the resonance condition should be
present for the complex, too, even though the B < X transition
is slightly shifted, as shown in Figure 2. Additionally, the IR,
UV —vis, and the resonance Raman measurements confirm that
the complex is present in the sample. The smaller concentration
of the complex should not be a problem in detecting the complex
due to the “amplification” in the polarization beats, which works
even for a nonresonant process, as shown above. In addition,
as can be seen from Table 1, the concentration ratio of the I,—Bz
complex to uncomplexed iodine in these experiments was higher
than the concentration ratio of the I,—Xe complex in our earlier
experiments (~0.33),'! further confirming that the concentration
of the complex should not be a limiting factor in detecting the
polarization beats. Thus, the most plausible explanation for not
detecting the CARS signal for the complex is another process
competing with the CARS process, thus weakening the CARS
signal of the complex below detection limit. One possible
explanation is a two-photon absorption to the charge-transfer
state of the complex, which is situated at about double energy
when compared to the B <— X absorption (see Figure 1). As the
oscillator strength for the CT absorption is large, the two-photon
absorption can indeed be strong enough to diminish the intensity
of the CARS process and damp it below detection limit. This
situation is unfortunate, because the obvious idea of changing
the fs-CARS wavelengths so that they would not match the CT
two-photon absorption will also move us away from the B ~—
X resonance condition, weakening the uncomplexed iodine
CARS signal too, thus making the detection of even weaker
polarization beats much more challenging.
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Figure 8. Potential curves of the I,—Bz complex as a function of the
I-I distance. The arrows represent the proposed control scheme for
the bimolecular charge-transfer reaction exploiting the evolution of the
ground-state vibrational wavepacket. The potential curves are adapted
using parameters from refs 27—30).

Reaction Control of the I,—Bz Complex. The possibility
to manipulate vibrations of a molecule or a molecular complex
by using a designed femtosecond pulse sequence opens up
interesting possibilities for controlling the reactions of molecules
or their complexes, as was shown theoretically by Tannor,
Kosloff, and Rice.'>!* The fs-CARS method offers a good
starting point for this kind of experiment, as the process involves
generating a vibrational wavepacket on the ground electronic
state with a controlled sequence of two coherent femtosecond
laser pulses. As the ground electronic state has no crossing
repulsive states, the vibrational wavepacket will be long-lived
and predissociation is not a problem, as often is the case with
the excited electronic states.

The iodine—benzene complex isolated in solid krypton might
be a good prototype for controlling a bimolecular reaction, due
to its low-lying charge-transfer state and rather well-known
properties. Isolating the complex in a rare gas matrix allows
for a well-defined structure with only weak interactions with
the environment, thus making the planning and explaining the
experiment easier. The proposed scheme for controlling the
charge-transfer reaction of the I,—Bz complex is shown in
Figure 8, where the potential curves are adapted using param-
eters from refs 27—30. The pump and dump pulses of the fs-
CARS process are used as in the measurements in this paper,
to generate a vibrational wavepacket of the selected vibrational
eigenstates on the ground electronic state of the iodine molecule
in the complex. Then, the wavepacket is allowed to evolve, so
that it reaches a desired position and shape on the ground-state
potential surface. At the right moment, the third pulse is used
to excite the wavepacket to the charge-transfer state. Depending
on the composition of the wavepacket and the delay between
the dump and excitation pulses, it is possible to choose the
position (here, in practice, the bond length of iodine molecule)
where the wavepacket reaches the charge-transfer state. As can
be seen from Figure 8, the direct Franck—Condon excitation to
the CT state will lead to fast predissociation.*"® However, should
the excitation happen after the evolution of a wavepacket on
higher vibrational states of the ground electronic state, the
outcome of the excitation, and thus the charge-transfer reaction,
can be controlled by choosing the right excitation time. More
specifically, the bottom of the potential well of the charge-
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transfer state might be reachable in such a way that the crossings
with the repulsive states could be avoided and the complex
would be “trapped” in the potential well with no obvious
relaxation channel other than emission of a photon. This
emission could then be used as an indication of the process
being controlled in a desired way.

Our study, although the fs-CARS experiments did not fully
reach the goal, implies that there should not be any general
constraints against realizing this control scheme. The structure
and properties of the [,—Bz complex are now well known,
allowing a rather detailed tailoring of the femtosecond laser
pulses needed to design the wavepacket desired. From the
resonance Raman measurements, the iodine vibrational energy
levels in the ground-state complex are accurately known, and
with the IR measurements, the structure has been experimentally
confirmed to be of above-bond type, allowing a more detailed
modeling or simulation of the process, if desired.

The vibrational eigenstates with v up to 8 are shown to be
reachable using a resonance Raman process, however, with a
smaller probability than for the uncomplexed iodine, presumably
due to the faster electronic dephasing on the B state. This may
present a problem in case the reaction control needs a vibrational
wavepacket with much higher-lying vibrational eigenstates. A
rough estimate for the vibrational eigenstate from which the
potential minimum of the CT state at [—I bond length of 3.2 A
could be reached gives a value of v > 20, but even a smaller
bond length may suffice, depending on the exact position of
the crossings of the repulsive and bound states. In any case,
judging from the resonance Raman bandwidths, the lifetime of
the wavepacket on the ground electronic state allows for more
than tens of round-trips before dephasing, indicating that there
is plenty of time to wait for the right conformation to be reached
before the excitation to the charge-transfer state.

The outcome of the fs-CARS experiments with no signal from
the L—Bz complex seems rather discouraging but does not
altogether rule out the possibility of using the CARS scheme
for the reaction control. Even though the CARS signal was not
detected here, the resonance Raman spectrum shows that it
should in principle be possible. Possibly, it is necessary to
change the pump and dump wavelengths outside the B — X
resonance, thus weakening the probability of the two-photon
excitation to the charge-transfer state, which we now believe is
diminishing the intensity of the CARS signal. This change,
however, will weaken the CARS signal, and rather good
sensitivity is required of the measurement.

At this moment, the coherent control of the bimolecular
reaction between iodine and benzene molecules by using a
predesigned fs-CARS sequence is still not a reality, but the work
presented here brings the realization one step closer and outlines
a general recipe for accomplishing it. Should the coherent
control work with the ,—Bz complex isolated in solid krypton,
the same scheme might be applicable also to solid, liquid, and
gas phase, bringing the coherent control of bimolecular reactions
ever closer to real-life applications.

Conclusions

In this work, the 1:1 iodine—benzene complex was studied
with several different spectroscopic methods in a solid krypton
matrix with a prospect of using it as a model system in a
coherently controlled bimolecular reaction. The UV—vis spec-
trum of the iodine molecule is shifted ~25 nm upon complex-
ation with benzene, which is very close to the absorption shift
upon dissolving iodine in liquid benzene. The absorption
coefficient of the B — X transition is estimated to be about 6
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times larger for the complex than for the uncomplexed iodine.
Several IR bands for the I,—Bz complex are found and
characterized, and the structure of the ground-state complex is
experimentally confirmed to be of above-bond type. The
electronic dephasing on the B state is found to be faster in the
complex than for the uncomplexed iodine. The dephasing times
of the iodine vibrations on the ground electronic state are
estimated from the instrument limited bandwidths of the
resonance Raman spectra to be longer than ~10 ps, which is at
most about 5 times faster than in the uncomplexed iodine
molecule in krypton, indicating only a weak coupling of iodine
with the benzene molecule in the complex. A fs-CARS signal
from the complex was not detected at the wavelengths used
here, possibly due to a competing two-photon excitation to the
charge-transfer state of the complex. However, a polarization
beating between uncomplexed iodine and uncomplexed benzene
molecules was found, showing that the strong, electronically
resonant signal of the iodine molecule can be used as an
“amplifier” for an electronically nonresonant CARS signal of
benzene. The prospects of controlling the charge-transfer
reaction of the I,—Bz complex using a fs-CARS scheme is
discussed. The reaction control is found to be possible, but
difficult to realize, due to the fast electronic dephasing on the
B state and to the high sensitivity needed for the measurements.
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