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’ INTRODUCTION

By now, the amount of papers on gas phase femtosecond time-
resolved studies of molecular dynamics of neutrals and anions is
enormous. On the contrary the work on ultrafast dynamics of
cations in the gas phase is rather limited.1�10 In these experi-
ments the pump pulse generates the cation by multiphoton
ionization and absorption of the probe pulse induces increased
fragmentation of the molecular ion, a scheme referred to as time-
resolved ion photofragmentation (TRPF) by Ho et al.1 When
the wave packet passes a region of the potential energy surface
(PES) of the electronic state of the cation where the absorption
cross section of the probe pulse is increased, sometimes called a
“dynamic resonance”,4,6 absorption will lead to increased frag-
mentation of the molecular ion, either by direct means through
dissociative states or in a statistical process as a consequence of
excess internal energy. The position of these dynamic resonances
depends on the shape of the PESs and the probe wavelength. By
changing the latter different parts of the wavepacket trajectories
can be probed. As such, TRPF experiments bear a large resem-
blance to transient absorption experiments.

Excited-state dynamics in molecular cations is a promising
research field, considering the myriad of examples of nonadia-
batic effects giving rise to exciting ultrafast phenomena that have
been observed in excited states of neutral molecules. In this paper
we report on real-time probing of structural changes in an excited
state of a molecular cation, taking place in the multichromopho-
ric radical cation of 1,3-dibromopropane (DBP). Ultrafast re-
activity is often associated with a particular conformation and it
was appreciated already early on that the role of conformational
dynamics in excited-state chemistry is quite different from that in
ground-state chemistry.11Multichromophoricmolecules (neutral as
well as ionic) are particularly well suited for investigations of

structural dynamics, because the interaction between the chro-
mophores can be used to probe themolecular conformation. The
probing of conformational dynamics in DNA is a famous example
(see, e.g., ref 12 and references therein). As it turns out, compounds
containing multiple chromophores are also well suited for study-
ing excited-state cation dynamics. This is most clearly appreciated
by employing the Koopmans picture (ref 13 and references therein),
in which the ionization process involves a single active electron
and leaves the electronic configuration of the core unchanged.
Consider the case in which the radical cation is created by the
pump pulse in a resonance enhanced multiphoton ionization
(REMPI) process, in which the ionization occurs through an
intermediate excited state in the neutral molecule. If this state
involves an excitation of an electron from the HOMO, it will
exhibit a (more or less pronounced) propensity toward populat-
ing the electronic ground state, D0, of the cation in the ionization
process. This relation has been referred to as an ionization
correlation between the neutral excited state and the cation
state.13�16 On the other hand, if the intermediate state is described
by an excitation involving a chromophore that is not associatedwith
the HOMO, it will exhibit an ionization correlation to an excited
state, Dx, of the cation. These two cases are illustrated in Figure 1.
Formation of excited-state ions by REMPI involving intermediate
excitations of different chromophores has been observed experi-
mentally, e.g., in experiments on N,N-dimethyl-2-phenyl-
ethylamine.17 At a wavelength of 400 nm the amine moeity is
ionized, forming the cation in the ground state. With a 267 nm
pulse, an electron is removed from the phenyl ring, forming the
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ABSTRACT: We present an investigation of structural dynamics
in excited-state cations probed in real-time by femtosecond time-
resolved ion photofragmentation spectroscopy. From photoelec-
tron spectroscopy data on 1,3-dibromopropane we conclude that
the pump pulse ionizes the molecule, populating an excited
electronic state of the radical cation. In this state a coherent
torsional vibration of the bromomethylene groups with a period
of 700 fs is started and probed by photoinduced fragmentation of
the molecular cation. The vibrational coherence dephases with the
decay of the excited state to the ground state of the cation in 1.6 ps.
The real-time probing of the excited-state dynamics is made possible by exploiting the interaction between the two bromine
chromophores and its dependence onmolecular conformation. This experiment therefore illustrates the applicability of the concept
of probing ultrafast molecular dynamics using the intramolecular interaction between two chromophores.
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cation in an excited electronic state, because the ring is the chromo-
phore involved in the intermediate state of the REMPI process.17

As will be elaborated below, interaction between the two bro-
mine atoms in DBP lifts the degeneracy of the lone pairs. This
means that they can be considered different chromophores,
making DBP well-suited for investigations of excited-state cation
dynamics. Using TRPF spectroscopy, we aim to understand in
detail the dynamics of the radical cation and unravel which pho-
tofragmentation channels are opened by absorption of the probe
pulse. Furthermore, we supplement the TRPF experiments with
time-resolved photoelectron spectroscopy (TRPES) experiments.
The TRPES data will reveal any contribution of neutral excited-
state dynamics to the ion signals and will be used as a proof that
we are indeed probing cation dynamics.

’EXPERIMENTAL SECTION

1,3-Dibromopropane (99%) was purchased from Sigma-Al-
drich and used without further purification.

The TRPF and TRPES experiments were carried out using a
femtosecond pulsed laser system and the Copenhagen molecular
beam mass and photoelectron spectrometer, which has been
described previously.18,19 The laser system consists of a chirped
pulse amplifier (Spitfire, Spectra Physics) seeded by a femtose-
cond oscillator (Tsunami, Spectra Physics). The amplifier deli-
vers 800 nm pulses of 100 fs duration (fwhm) and 1 mJ energy at
1 kHz repetition rate. The output was divided by a 50:50 beam
splitter into two parts pumping an OPA (TOPAS-C, Light
Conversion) and a higher harmonics generation setup, respec-
tively. The latter setup delivered the 267 nm (third harmonic of
the fundamental) pulses used as pump pulses with an energy of
5�7 μJ. The 620 nm probe pulses, with an energy of 11�12 μJ,
were generated by sum frequency mixing the OPA output (signal)
and the 800 nm fundamental. The polarizations of the pump and
probe pulse were kept at magic angle and the time delay between
the pulses was controlled by a motorized translation stage. The
stage and the data acquisition were controlled by a LabVIEW
routine. The in situ one pump + two probe photon ([1,20]) cross
correlation between the pulses was determined to be 165 fs using
dimethylisopropylamine. Assuming identical durations of the
pump and probe pulse this value was reduced by a factor of 31/2/
2 to 140 fs to reflect the [3,10] scheme that probes the ion
dynamics in the experiment.

The photoelectron spectrum was calibrated at several wave-
lengths using the well-known Rydberg peaks of N,N-dimethyl-

isopropylamine.20 Because we often observe peaks from auto-
ionizing superexcited states below 0.2 eV, all photoelectron
spectra have been cut below this threshold.

In the interaction region a continuous molecular beam was
intersected at right angle by the incoming laser pulses. The beam
was generated by supersonic expansion of sample vapor (23 �C)
seeded in 0.3 bar He. The expansion nozzle was heated to
70�80 �C to prevent condensation.

All calculations were carried out using the Gaussian03 suite of
programs.21 Heats of formation and barrier heights for the
ground-state cation of 1,3-dibromopropane were calculated at
the G3//B3LYP level of theory.22

’RESULTS AND DISCUSSION

Ground-State Structural Aspects. Because structural dy-
namics is a major part of this work, we will start by considering
the four conformers of DBP shown in Figure 2. From electron
diffraction studies it was determined that in a gas phase sample
of DBP at 65 �C (a temperature close to our experimental
conditions) there is 67% g,g-C2, 30% a,g-C1, and 3% a,a-C2v (the
g,g-Cs conformer was not present in detectable amounts),23

reflecting that there is a stabilizing interaction between the bromine
atoms. In competition with steric hindrance. This interaction is
greatly enhanced in the ground-state radical cation, in which the
gauche�gauche conformers dominate.24 Because it was not pos-
sible to determine the distribution among the g,g-C2 and the g,g-
Cs conformer from the experimental results,24 we have calculated
heats of formation of the conformers of the cation, which predict
a stabilization of the g,g-Cs conformer by 18 kJ/mol compared to
that of the g,g-C2 conformer. This shows that at equilibrium the
g,g-Cs will be the only conformer present in a sample of ground-
state radical cations of DBP in the gas phase. Ab initio calcula-
tions reflect that ionization increases the interaction between the
bromine atoms in the optimized geometry of g,g-C2; the dihedral
angle D(BrCCC) is 58� in S0, whereas it is only 30� in D0.

25 This
means that the removal of an electron can be expected to induce a
conformational change in the resulting cation along a torsional
vibration of the bromomethylene groups. In fact, the results
discussed below do indeed show that this structural change is
induced by ionization with the pump pulse and followed through
induced fragmentation of the cation by the probe pulse.
Photoelectron Spectroscopy. Figure 3 shows the photoelec-

tron spectrum obtained from the pump pulse (267 nm) only.
When considering that the total energy of three photons of
267 nm is 13.9 eV and that the vertical ionization potential of
DBP is 10.1 eV,26 this should leave a maximum of 13.9� 10.1 =
3.8 eV as kinetic energy to the photoelectron. Closer inspection
reveals a very weak onset of the photoelectron signal around 3.3
eV, fitting reasonably well with the value of 3.8 eV considering
the background of electrons generated by higher-order processes
involving a larger number of photons. The spectrum is unstruc-
tured and extends over a wide range of energies, indicating that
nonresonant ionization dominates. There is a maximum at 0.4
eV, though, which we assign to ionization of a (n,5d) Rydberg

Figure 1. Illustration of ionization correlations for two excited states Sa
and Sb. The correlations can be rationalized using the Koopmans picture
of photoionization that involves a single active electron and leaves the
electronic configuration of the core unchanged.

Figure 2. Four conformers of 1,3-dibromopropane.
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state excited resonantly during a three-photon REMPI process,
because the energy of two 267 nm photons matches the calcu-
lated excitation energy region of the (n,5d) Rydberg manifolds.25

Considering the remarkable energy difference between this peak
and the onset of the photoelectron spectrum, 3.3� 0.4 = 2.9 eV,
we find it unlikely that the excess energy is deposited only in
vibrational energy but take it to indicate that the Rydberg state is
ionized to an excited electronic state of the cation. The assign-
ment of the particular state is done per the discussions below.
The time-resolved photoelectrum spectrum of DBP after

subtraction of one-color signal is shown in Figure 4. As was the
case for the one-color pump signal, the spectrum is broad and
unstructured. Consider first a reversed pump�probe scheme in
which three photons of the probe pulse excite a repulsive (n,σ*)
state situated 6 eV above the ground state25 that is ionized by the
pump pulse. This process is also expected to result in a broad
spectrum, due to the repulsive nature of the excited state. Thus,
we do not find that further analysis aiming at disentangling the
pump�probe from the probe�pump signal is justified. How-
ever, the most important result from the TRPES experiments is
that the time-resolved signal and thus any dynamics involving
neutral species are cross-correlation limited, which supports that
the dynamics observed at longer delay times in the ion transients
discussed below is purely cation dynamics.
Mass Spectrometry. The analysis of the time-resolved mass

spectrometry data will focus on the parent and fragment ions
shown in Figure 5. The temporal evolution of these ion currents,
all normalized to a maximum amplitude of one, is shown in

Figure 6. Also shown in the figure are the components of the
functions used to fit the signals. Besides the initial cross correla-
tion limited signal and a constant offset, the transients are com-
posed of two components; an exponential rise/decay and a
damped oscillation. The period of the oscillation is 700 fs. The
fits were made such that the damping of the oscillation is the
same as the exponential rise/decay time, which is 1.6 ps. We
observe that there is a phase shift of π of the oscillation in the
parent ion (202 amu) transient as compared to the oscillation in
the 41 amu transient. As can be seen, the amplitude of the oscillatory
signal is rather weak, which fits well with the TRPES results that
indicate a low contribution from resonant processes giving rise to
the dynamics.
In the following the two components of the experimental

signals are interpreted, starting with the oscillatory part. The
latter is a clear sign that the ionization by the pump pulse creates a
wavepacket in the cation state that spans a number of vibrational
levels of a low frequency vibration, thereby starting a coherent
motion along that coordinate. The vibrational period corresponds
to a frequency of 48 cm�1. This value is remarkably close to the
value of 45 cm�1 that was calculated for a torsional vibration of
the bromomethylene groups in an (n,5p) Rydberg state.25 The
nuclear motion along this coordinate, from here on called the
bromotorsion, is illustrated in Figure 7. Note that, because of the
ionic nature of Rydberg states, it is to be expected that there is an
electronic state of the cation with an associated PES that is

Figure 4. Time-resolved photoelectron spectrum (after subtraction of
one-color signal) of 1,3-dibromopropane excited with 267 nm pulses
and probed with 620 nm pulses.

Figure 5. Molecular and fragment ions of 1,3-dibromopropane corre-
sponding to the signals in the time-resolved mass spectrum that the data
analysis of the TRPF results focuses on.

Figure 6. Temporal evolution of selected signals (all normalized to a
maximum amplitude of one) in the time-resolved mass spectrum of 1,3-
dibromopropane excited with 267 nm and probed with 620 nm pulses.
Also shown in the figure are the components of the function used to fit
the signals.

Figure 3. Photoelectrum spectrum of 1,3-dibromopropane obtained
from ionization with 267 nm pulses only.
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practically parallel to that of the Rydberg state along the bromo-
torsion coordinate. In other words, it is very likely that the wave
packet motion along the bromotorsion coordinate that was
shown to take place in one of the (n,5p) Rydberg states by
quantum dynamics simulations27 can take place in an (excited)
electronic state of the cation as well. High level ab initio
calculations do indeed show that the topology of the PES of
the D3 state along the bromotorsion coordinate is almost
identical to that of the Rydberg state.25 Thus, we assign the
observed oscillatory behavior of the signal to the bromotorsion
vibration initiated in the D3 excited state of the cation. This is
explained by the involvement of the Rydberg state as an inter-
mediate state that, due to the strong ionization correlations of
Rydberg states, preferentially populates D3 in the ionization step
of the REMPI process. The assignment is further supported
when considering the photoelectron spectroscopy results that
indicate the population of an excited state of the ion. Second, we
have calculated the vibrational frequency (B3LYP/6-31+G(d))
of the bromotorsion vibration in the D0 state to be 110 cm�1,
corresponding to a vibrational period of 300 fs, making it seem
unlikely that the vibration takes place in D0. As mentioned above,
the reason that this motion can bemonitored in the experiment is
the presence of a dynamic resonance along the vibrational
coordinate. The resonance induces an increased fragmentation
of the ion due to absorption of one or more photons of the probe
pulse. The position of the resonance is revealed from the phase of
the oscillation in the transients; the maximal fragmentation is
seen after one-half of the vibrational period. Thus, the resonance
is situated close to the outer turning point of the vibrational
coordinate. In this region of the PES, the bromine atoms are
closer to each other (D(BrCCC) ∼ 30�) and interact in a way
that enhances the probability of absorbing the probe photon.
This is sketched in Figure 8. A similar phenomenon was observed
in a TRPF experiment on the radical cation of CH2I2 in which a
scissoring vibration of the iodine atoms could be monitored due
to the fact that concerted elimination of I2

+ induced by the probe
pulse preferentially occurred when the iodine atoms were close.5

Turning to the second component in the fits of the transients,
the decay/rise, we point out that because the damping time of the
oscillations can be fitted to the same value as the decay/rise
components, they are most likely related. We explain this by
assigning the decay time to internal conversion from the initially
excited electronic state, D3, to the ground state, D0. The internal
conversion depopulates the D3 state, thereby damping the
oscillations in the signal. In the D0 state the minimum along
the bromotorsion coordinate is located at D(BrCCC) = 30�, as
opposed to∼45� in D3. Hence, the internal conversion D3fD0

will bring the bromine atoms closer together. This enhances the
absorption cross section of the probe pulse and thereby frag-
mentation, which is why the internal conversion is seen as a rise
in 41 amu and a corresponding decay in 202/121 amu. It is

stressed that the internal conversion to D0 takes place in the g,g-
C2 conformation. This can be appreciated by considering that the
calculated barrier for the conformational change from g,g-C2 to g,
g-Cs in D0 is 54 kJ/mol and that the corresponding barrier inD3 is
expected to be similar. This means that, when the D3 state is
excited, the barrier for the conformational change cannot be
crossed due to insufficient energy. Thus, the internal conversion
from D3 to D0 has to take place in geometries close to g,g-C2.
Following the internal conversion, it is likely that the conforma-
tional change from g,g-Cs to g,g-C2 takes place, but it will
compete with the cleavage of the C�Br bond and both processes
will be statistical in nature.
Unifying Picture. Summing up the above, our interpretation

of the results is as follows: the pump ionizes the molecule
populating the D3 excited state of the cation and initiating a
coherent torsional vibration of the bromomethylene groups. The

Figure 7. Illustration of the nuclear motion in the bromotorsion
vibration in the g,g-C2 conformer of 1,3-dibromopropane.

Figure 8. Sketch illustrating how the coherent vibration in the radical
cation of 1,3-dibromopropane is followed in the TRPF experiment. The
absorption cross section of the probe photon is modulated along the
bromotorsion coordinate; when the bromine atoms are close, the cross
section is high, leading to an increased fragmentation of the parent ion
(202 amu) to the fragment (41 amu). When the bromine atoms are
further apart, the cross section, and thereby fragmentation, is lower.

Figure 9. Sketch illustrating the molecular dynamics initiated in the D3

excited state of the radical cation when 1,3-dibromopropane is ionized
by the pumppulse (267 nm) through an intermediate (n,5d) Rydberg state.
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dephasing of the coherent motion is a result of the D3-state
population decaying by internal conversion to the D0 state. This
scenario is sketched in Figure 9. We note that our experimental
data are very similar to those obtained by K€otting et al. on the
same molecule,25 and it therefore seems likely that what they
observed was indeed dynamics in the cation. It is important to
keep in mind that whereas we used a probing wavelength that is
almost identical to what K€otting et al. used (620 and 615 nm,
respectively), the wavelengths of the pump pulses are quite
different (267 and 308 nm, respectively).What both experiments
have in common, though, is that the intermediate state involved
in the REMPI process of the pump step is located within a
Rydberg manifold; the (n,5p) in their case and the (n,5d) in our
case. Because the PESs of the lowest excited states of the cation
have very different topologies along the bromotorsion coordi-
nate depending on which lone pair the electron was removed
from,25 the fact that the observed time scales are close to identical
seems to imply that the D3 state is populated in both experi-
ments. This further implies that the intermediate Rydberg states
involved in the REMPI process, have the same configuration of
the ionic core, i.e., involves an excitation of an electron from the
same lone pair, the HOMO-3 orbital. This might seem strangely
coincidental, considering that the intermediate states are located
within Rydberg manifolds of 4 � 3 = 12 (n,5p) and 4 � 5 = 20
(n,5d) energetically closely lying states, respectively. We believe
that it is a consequence of Franck�Condon overlap; as shown in
calculations by K€otting et al. the Rydberg PESs along the
bromotorsion coordinate are almost identical to the correspond-
ing (excited) states of the cation.25 Thus, even though they are
energetically close in the Franck�Condon region, their overlap
with the vibrational wave function of the ground state will be very
different and Franck�Condon factors will favor the same Ryd-
berg manifold in both experiments, i.e., the set of states created
by exciting the same lone pair electron into one of the three 5p
and five 5d Rydberg orbitals, respectively. Thus, it seems that the
excited-state dynamics in the cation of 1,3-dibromopropane are
of more general character than appreciated at first sight. We
predict that one would observe the same dynamics in an
experiment in which the REMPI process of the pump step
involves an (n,5s) Rydberg state as an intermediate state. In fact,
a REMPI process involving any intermediate state that has a
strong ionization correlation to the D3 state is expected to initiate
the same cation dynamics.

’CONCLUSION

We have conducted time-resolved ion photofragmentation
experiments on the multichromophoric radical cation of 1,3-
dibromopropane, exploiting the interaction between the bro-
mine atoms to probe the dynamics. By absorption of three
photons of the pump pulse, the molecule is ionized through an
intermediate (n,5d) Rydberg state. The strong ionization corre-
lation of the Rydberg state means that the cation is formed in the
excited electronic state D3. The removal of an electron increases
the interaction between the bromine atoms and initiates a
coherent torsional vibration in the D3 state of the bromomethy-
lene groups with a period of 0.7 ps. The D3 state decays by
internal conversion to the D0 state in 1.6 ps.

Finally, we emphasize that the property that makes 1,3-
dibromopropane so well suited for investigations of structural
and excited-state dynamics in the radical cation is the proximity
of the two bromine atoms. The interaction between these two

chromophores is crucial for probing the dynamics, demonstrat-
ing the applicability of a concept that we believe can be used in a
wide range of systems. On this basis, we anticipate structural and
excited-state cation dynamics to occur in multichromophoric
molecules in which ionization enhances an interaction between
two chromophores that was already present in the neutral molecule,
a criteria that can be used for choosing potential candidates for
future experiments.
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