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The kinetic energy distributions associated with ejection of Ar from the cation van der Waals species
(C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ have been measured by ion imaging with a velocity mapping configuration.
The (C6H6‚‚‚Ar2)+ dissociation was observed for the isomer with an Ar atom on each side of the benzene
ring. The cations were created by (1+1) resonance-enhanced multiphoton ionization via their 61

0 transitions.
The initial cation vibrational state population distributions were deduced from photoelectron spectra of benzene
measured with the velocity map imaging spectrometer. The cations are produced with an average vibrational
energy∼1800-1900 cm-1. For dissociation of (C6H6‚‚‚Ar2)+, on average enough energy remains in the
(C6H6‚‚‚Ar)+ fragment to eject the remaining Ar. The experiment views fragmentation of the subset of the
(C6H6‚‚‚Ar2)+ cations that lose a single Ar and for this reason the initial internal ion energy is significantly
lower than 1800 cm-1 for the (C6H6‚‚‚Ar2)+ dissociations monitored. The average initial energies above
dissociation are estimated to be∼1310 and∼350 cm-1 for (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+, respectively.
The kinetic energy distributions are well fitted by the functionP(E) ) E1/2{c1 exp(-k1E) + c2 exp(-k2E)}.
The average kinetic energies released were 92( 4 and 78( 5 cm-1 for (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+,
respectively. The lower average kinetic energy released for (C6H6‚‚‚Ar2)+ is attributed to its lower initial
internal energy. For (C6H6‚‚‚Ar)+ the kinetic energy released represents only a small fraction of the total
energy that requires redistributing. A large proportion of the total energy is therefore taken up as rotational
and vibrational energy of the benzene cation fragment.

1. Introduction

Van der Waals clusters provide a means for the stepwise study
of physical properties between a bare molecule and one
completely solvated and for this reason there has been extensive
study of these species over the past 20 years. A particular feature
of van der Waals molecules is their small binding energy. At
low energies (and low density of states) it is possible to observe
dissociation following preparation of the complex in specific
vibrational levels.1-8 In the case of aromatic-X clusters (X)
rare gas, diatomic, or small polyatomic), dispersed fluorescence
has usually been used to reveal the final states of the aromatic
following cluster dissociation within the excited electronic state.
Two color ionization can provide the same information.9,10These
studies reveal that the dissociation rates depend on the total
energy in the cluster, the type of vibration initially excited, and
the identity of the cluster partner.

While there have been quite a number of studies of the
vibrational energy distributions following van der Waals
complex dissociation, few studies have probed the translational
energy released. Early work was performed on the ground state
benzene dimer (C6H6)2, with the recoiling translational energy
distribution determined by either time-of-flight methods11 or
from the angular distribution of the fragments.12 These experi-
ments used an infrared laser to excite either the C-H stretching
vibration (∼3000 cm-1)12 or the C-H in plane vibration (∼1000
cm-1).11,13 Recently, Yoder et al. have used ion imaging to

determine the kinetic energy released during dissociation of
pyrazine-Ar complexes from the triplet state.14 Yoder and
Barker have used a time-of-flight technique to extend these
studies to dissociation of a number of aromatic-X complexes
(where X ) rare gas and small polyatomic) from the triplet
state.15

The vast majority of dynamical information on van der Waals
complexes containing large polyatomics, for example benzene
and substituted benzenes, concerns excited electronic states.
There are comparably few measurements concerning the
dynamics in the ground electronic state or the corresponding
cationic state. Compared with the corresponding closed shell
neutral, the cationic clusters have a larger binding energy and
are radicals. Ionic clusters might thus be expected to show
behavior that differs from that displayed by the neutral.

We here report the results of a study of the kinetic energy
released in the dissociation of the cation species (benzene-
Arn)+ (n ) 1, 2). With our present apparatus clusters withn >
2 cannot be studied as they cannot be excited exclusively. The
kinetic energy distributions are measured using ion imaging16,17

with velocity mapping.18,19 The dissociation occurs from the
distribution of initial vibrational levels in the ground electronic
state of the cation that are populated by one-color, (1+1) REMPI
of the complexes via their 61

0 transition. Since one of the
products of the dissociation is an atom, the translational energy
distribution provides insight into the internal energy remaining
in the (benzene-Arn-1)+ fragment.

The process being probed has relevance to the evaporation
of energized clusters and to the loss of solvent from a solvent
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cage. It also has relevance to collision-induced energy transfer,
with van der Waals complex dissociation being described as a
“half-collision”.14,15,20,21

2. Background Information: C 6H6‚‚‚Ar n and
(C6H6‚‚‚Ar n)+

The benzene cation-argon species are produced via REMPI
through the S1 r S0 61

0 transitions of the corresponding
benzene-argon neutrals. The S1 r S0 transition in benzene is
vibronically induced via e2g modes, ν6 being the most
prominent.22-24

The S1 r S0 transition of C6H6‚‚‚Ar has been studied
extensively. The strong 61

0 transition of the complex has been
reported to be 21 cm-1 red-shifted from the 610 transition in
benzene.1,25The rotationally resolved high-resolution spectrum
yields the precise value of 21.018 cm-1.26 The argon atom is
located centrally above the benzene ring with an Ar-benzene
separation of 3.583 Å in the ground state and 3.523 Å in the
excited state.26 The binding energy was first determined to be
>608 cm-1 in the ground state and>629 cm-1 in the excited
state based on the apparent stability of 61 C6H6‚‚‚Ar1. It is now
believed from pulsed field ionization experiments that the
dissociation energy has a upper limit 361 cm-1 in S1 and
therefore ise340 cm-1 in S0.27

Since the first ab initio calculations for C6H6‚‚‚Ar were
performed by Hobza et al.,28 there have been a number of such
studies with increasing sophistication.29-31 In the most recent
work, Koch et al.31 determined the ground state binding energy
to be 389( 2 cm-1 and the excited state value to be 405( 2
cm-1. The calculated difference in binding energies of 16 cm-1

is close to the experimental value of 21 cm-1. The dissociation
energies from the zero-point vibrational levels are 339( 2 cm-1

in the ground state and 355( 2 cm-1 in the excited state.32

These values agree well with the experimental values ofe340
and e361 cm-1, respectively.27 Koch et al. have recently
reported a potential energy surface for the C6H6‚‚‚Ar complex.32

Throughout this paper the binding energies calculated by Koch
et al. will be used.

The C6H6‚‚‚Ar2 spectrum shows evidence for two isomers,
one with the Ar atoms at equivalent positions on opposite sides
of the ring (the so-called (1|1) structure;-41 cm-1 shift) and
the other with both Ar atoms on the same side ((2|0) structure;
-17 cm-1 shift).33,34 In our experiments, the laser is tuned to
excite the (1|1) isomer. Rotationally resolved spectra of the-41
cm-1 band proves it to be the 61

0 transition of C6H6‚‚‚Ar2 (1|1),
with the argon atoms located on the C6 axis.35 The benzene-
argon distance in the ground electronic state was determined to
be the same as that for C6H6‚‚‚Ar within experimental error.
The aromatic ring appears to effectively shield any interaction
between the two argon atoms residing on opposite faces of the
benzene molecule.

Our experiments on the dissociation of (C6H6‚‚‚Ar)+ and
(C6H6‚‚‚Ar2)+ monitor the C6H6

+ and (C6H6‚‚‚Ar)+ products
after dissociation, respectively. There are two possible pathways
by which the product ions may be formed in the experiment.
The first mechanism involves the complex sequentially absorb-
ing two photons, being ionized and left in a vibrational state of
the cation complex which subsequently dissociates. This is the
process we wish to probe. The second mechanism is for the
(C6H6‚‚‚Arn) complex to dissociate on the S1 surface after the
absorption of one photon. Absorption of another photon by the
(C6H6‚‚‚Arn-1) fragment will ionize it. If the second process is
occurring it will interfere with our measurements.

The evidence from previous studies uniformly points to the
second mechanism not occurring for C6H6‚‚‚Ar and C6H6‚‚‚Ar2

when exciting via 61. The evidence comes from a variety of
sources: (i) early fluorescence studies of C6H6‚‚‚Ar showed the
complex to be a stable molecule in the 61 state1; (ii) a two-
color REMPI study in which the van der Waals cation is
prepared below its dissociation energy did not reveal any
fragmentation when ionising through the 61 level;33 (iii) the high-
resolution spectrum recorded by Riedle et al. showed no
broadening of the rotational lines in the 61

0 spectrum and, based
on a model calculation, they suggest the lifetime is around 70
µs;36 and (iv) molecular dynamics simulations show that
dissociation from 61 is slow on a 10 ns time scale.37 We
conclude that with the<5 ns pulse width lasers used in our
experiments, dissociation within S1 is negligible for both
C6H6‚‚‚Ar and C6H6‚‚‚Ar2 and the observed dissociation occurs
wholly on the ionic surface.

The ionization potentials of C6H6‚‚‚Ar and C6H6‚‚‚Ar2 (1|1)
have been determined to be 74 383( 2 and 74 221( 2 cm-1,
respectively, with shifts relative to the benzene ionization of
-170 and-334 cm-1, respectively.33,38,39 The dissociation
energy of the van der Waals ionic clusters, relative to the zero-
point energy, can be calculated from a knowledge of the ground
state dissociation energy of the neutral, the ionization potential
of the parent van der Waals molecule, and the ionization
potential of the fragment. For (C6H6‚‚‚Ar)+, the value is
determined to be 512( 3 cm-1. The dissociation energy for
the removal of one Ar atom in (C6H6‚‚‚Ar2 (1|1))+ is expected
to be similar in value since, as discussed above, the argon atoms
on opposite sides of the ring do not interfere with each other.
From the ab initio calculations, scaled by the same value
required to bring the ab initio and experimental values for
C6H6‚‚‚Ar dissociation into agreement, we estimate the dis-
sociation energy of C6H6‚‚‚Ar2 (1|1) to be 353( 2 cm-1, giving
a dissociation energy of (C6H6‚‚‚Ar2 (1|1))+ of 515( 4 cm-1.29

Within the uncertainties the values are the same for the two
species and a value of 512 cm-1 is assumed for both.

The experimental evidence suggests that the (C6H6‚‚‚Ar)+

complex dissociates rapidly above the dissociation energy.27 The
pulsed field ionization spectrum of (C6H6‚‚‚Ar)+ shows no signal
at the (C6H6‚‚‚Ar)+ position above the ionic 41 level. Instead,
at internal energies>629 cm-1 signal is seen at the benzene
mass when the complex ion is excited.

3. Experimental Details

As this is the first paper from our group using the ion
imaging-velocity mapping technique, we provide an overview
of the apparatus and data acquisition procedure.

The experiment operates as follows. A pulsed supersonic
expansion in the main chamber passes through a skimmer into
the ionization region of a Wiley-McLaren40 time-of-flight mass
spectrometer (TOFMS). The molecular beam direction is along
the axis of the TOFMS. A UV pulse from a frequency doubled
dye laser, tuned to ionize the molecule of interest, produces
cations and electrons in the center of the first acceleration region.
The ions or electrons (depending on the mode of operation)
are accelerated in two stages, travel along a field free region,
and finally strike a position sensitive detector. The detector,
consisting of an ion/electron amplifier and a phosphorescent
screen, is gated on so that it is only activate when the species
of interest arrives. A cooled CCD camera captures the image
on the phosphor screen. The CCD image is downloaded to a
computer which scans the image to determine the center pixel
positions of the ions detected. These are stored as a histogram
of ion counts versus position on the detector. The process
continues as long as is required to obtain images with the desired
signal-to-noise ratio.
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The imaging apparatus utilizes the velocity mapping modi-
fication developed by Eppink and Parker.18 The time-of-flight
mass spectrometer is a Wiley-McLaren type with second-order
space focus41 to obtain high mass resolution with a short length
flight tube (380 mm). When the spectrometer is operated in
imaging mode the voltages have to be altered from those that
are optimal for second-order space focusing. Simulations show
that the mass resolution will be degraded slightly under these
conditions; however, in the mass region of interest for the
experiments presented here the resolution remains limited by
the pulse duration of the laser (∼5 ns). A feature of velocity
mapping is that the image is magnified. In our apparatus the
magnification factor is∼0.95. Calibration of the images was
performed for each run by measuring the photoelectron image
of benzene using the 60

1 transition as the resonant step.
The biggest influence on the mass resolution is the presence

of molecules having different velocities parallel to the time-of-
flight tube. In the dissociation experiments the effect of
backward and forward recoils needs to be considered when
determining the times at which the detector is gated on. The
longer gating times needed for these experiments mean that the
detector is active over a small range of masses centered at the
mass of interest. This loss in resolution is not a problem in the
series of experiments presented here since the other ions present
are sufficiently different in mass to not be detected.

The time scale of dissociation to which our experiments are
sensitive needs to be considered. For slow dissociation, where
the ion travels some distance in the acceleration region before
dissociating, the ion will be delayed due to the heavier mass in
the initial accelerating region. The gate used for detection leads
to ions with dissociation times>200 ns not being detected. We
found by scanning the gate that for the (C6H6‚‚‚Ar)+ and
(C6H6‚‚‚Ar2)+ systems the dissociation occurred rapidly since
the child ions arrived in a narrow time window.

The imaging apparatus has been used to record laser-induced
photoelectron spectra to determine the vibrational distributions
within the cations following ionization. For this work it was
necessary to surround the entire time-of-flight tube with
magnetic shielding (Co-Netic, Magnetic Shield Corp.).

The phosphor screen was viewed through a glass window
on the end of the time-of-flight chamber using a video zoom
lens (Navitar Zoom 7000) and captured on a CCD camera
(Spectrasource Teleris 2).

We have used the technique of ion counting in measuring
images. This technique has recently been introduced to imaging
experiments, initially by Rogers et al.,42 but subsequently
reported independently and discussed in more detail by Chang
et al.43 A significant improvement in resolution is obtained using
ion counting because the large area of each ion in an image is
reduced to a single point (the central point of the spot produced
by the ion).43 In our experiments an image is accumulated on
the CCD camera for five laser shots before being downloaded
to the controlling computer. Unfortunately, with our camera the
download time of an image (400 ms) prevented this process
being performed on a shot-by-shot basis.

The laser system used in the experiments is a pulsed Nd:YAG
laser (Continuum Surelite II) pumping a dye laser (Lambda
Physik Scanmate 2E) fitted with a scanning doubling unit. A
10% beam splitter directs a small amount of the visible light to
a pulsed wavemeter (Burleigh WA-4500). The UV output passes
through a 1 mmiris before entering the vacuum chamber to
ensure that the beam position remains constant. This is necessary
as the image magnification is a function of the position of
ionization along the time-of-flight axis. The laser beam is not

focused onto the molecular beam. The polarization of the laser
was set parallel to the detector face. Laser powers were kept
low (∼0.5 µJ) to (i) prevent three-photon absorption by the
complex,27 (ii) minimize Coulombic repulsion between ions,
and (iii) ensure that not too many ions appear in the center of
the image, making ion counting impossible. Typically one ion
is detected per laser shot.

The laser is tuned to the 61
0 transition of the species under

investigation. Absorption of a second photon at this wavelength
ionizes the complex. The vibrational distribution in the cations
produced depends on the Frank-Condon factors for the
transition from the S1 state to the ionized species. Ions produced
with vibrational energies in excess of the complex’s dissociation
energy fall apart. The child ions recoil and it is their velocity
distribution that is measured. The wavelengths chosen for this
study were 38 585 cm-1 for C6H6‚‚‚Ar and 38 565 cm-1 for
C6H6‚‚‚Ar2. For C6H6‚‚‚Ar the wavelength is the maximum of
the 61

0 transition.33 This is sufficiently removed from the
C6H6‚‚‚Ar2 (2|0) 61

0 transition to prevent interference by this
species.33 Absorption and ionization of C6H6‚‚‚Ar2 (2|0) could
lead to the loss of both argon atoms, forming bare benzene, the
species detected in the experiment. For the C6H6‚‚‚Ar2 case,
we excite the (1|1) complex. The chosen wavelength is slightly
red-shifted from the maximum of the C6H6‚‚‚Ar2 (1|1) 61

0

transition to prevent absorption by C6H6‚‚‚Ar3, which has its
61

0 transition blue-shifted from that of C6H6‚‚‚Ar2.33 This
removes the possibility of the detected C6H6‚‚‚Ar being formed
by the removal of two argon atoms from C6H6‚‚‚Ar3. While
the 61

0 absorption transition of C6H6‚‚‚Ar2 lies close to the
corresponding transition in (C6H6)2 (the 61

0 transition in (C6H6)2

is split into two peaks centered at 38 567 cm-1 with a 4 cm-1

separation41), the dissociation products from this species
(benzene cations) are not detected at the C6H6‚‚‚Ar mass probed
in the experiment.

Although care has been taken to remove interference from
dissociating products, there remains a constant background in
images. A problem with monitoring the benzene mass for the
dissociation of C6H6‚‚‚Ar is that the excitation wavelength is
within the tail of the benzene 61

0 room temperature rotational
contour. Residual benzene present within the chamber (from
the previous expansion pulse) is observed as a very broad
background. Fortunately, this interference is only weakly wave-
length dependent since the room temperature benzene spectrum
is quite broad and featureless in this region. Background data
can thus be collected at wavelengths off-resonant with the
complex absorption peaks. To ensure that backgrounds were
reliable over the long time of data collection, the data were
collected in two segments. Between the data runs, and at the
end, an off-resonant background was recorded with the wave-
length alternated between the high- and low-energy sides of
the absorption peak (each was equidistant from the resonant
wavelength). Because the absorption profile of room temperature
benzene deviates slightly from linearity, the background required
a small amount of scaling.

There is a sharp peak in the center of the images having the
same shape as that of the molecular beam. We attribute this to
off-resonance ionization or electron impact ionization of species
in the molecular beam. (When the target species is ionized, the
photoelectrons produced are accelerated parallel to the beam
direction because of the electric field and can cause electron
impact ionization of other species in the beam. We see, for
example, Ar+ produced via electron impact.) Because this peak
is sharp, this part of the image has little influence on the resulting
distributions and we simply ignore this region in the analysis.
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Gas mixtures of 1% benzene (BDH 99.7%, freeze-pumped-
thawed) in argon (BOC 99.997%) were prepared in a 6 L
stainless steel pressure vessel to a total pressure of approximately
600 kPa. The output was regulated to the desired backing
pressure (500 kPa in these experiments) as measured by a
Bourdon gauge. The pulsed nozzle (General Valve Corp., 0.8
mm orifice) was situated 145 mm from the skimmer (Beam
Dynamics, 1.5 mm orifice) while the distance between the
nozzle and the interaction region is 200 mm.

4. Results and Data Analysis

If the complex dissociates on a time scale greater than its
rotational period, the image will be circularly symmetric. The
intensity profiles of slices through the images showed them to
be so. Circular symmetry (i.e.,â ) 0) was also observed by
Yoder et al. in their experiments on the dissociation of the
pyrazine-argon van der Waals complex.14 Because the images
are circularly symmetric, the data can be analyzed by plotting
the average intensity as a function of the distance from the center
of the image,r, to create a so-called radial plot of the image.
Radial plots of the images collected with the laser on and off
resonance were subtracted to obtain the resulting dissociation
radial plot. Radial plots are shown in Figure 1 for the C6H6

+

and (C6H6‚‚‚Ar)+ fragments from the dissociation of (C6H6‚‚‚Ar)+

and (C6H6‚‚‚Ar2)+, respectively.
Because the image is of a three-dimensional distribution

projected onto a two-dimensional detector, the data have to be
transformed (using an inverse Abel transform) to retrieve the
original distribution.17 The inverse Abel transform has been
calculated in two complementary ways. The first method is
similar to that given by Yoder et al., where the radial plots are
first fitted to a sum of Gaussians.14 In the current work, the

sum of two Gaussians was found to be adequate to fit the radial
plots. Fitting was performed using the Levenberg-Marquardt
nonlinear least-squares fitting method.45 The statistical nature
of ion counting allows uncertainties to be easily determined (as
the square root of the number of counts), and these were used
as weights in the least-squares fit. Since the inverse Abel
transform of a Gaussian is itself a Gaussian,46 the three-
dimensional radial distribution of the dissociating products can
be calculated. For a sum of Gaussians given by

the inverse Abel transform is given by

The second method of data analysis is to perform the inverse
Abel transform directly on the radial plot. For this we used the
method of Hansen et al.44 This method has the advantage that
it can be used on arbitrary length data, and the data do not have
to have constant spacing along thex-axis, although the method
is simplified if this is the case. It was necessary to apply a three-
point moving average to the data to get sufficiently smooth
distribution curves since the inverse Abel transform is a
differentiation process and any noise is amplified considerably.

After using either method to calculate the inverse Abel
transform, it is then a simple matter of multiplying the radial
intensity,F(R), by R2 to obtain the velocity population distribu-
tion. The velocity distribution is converted to an energy
distribution by squaring thex-coordinate (which is in units of
pixels at this stage), transforming from (pixels)2 to energy based
on calibration data, and dividing the intensities byE1/2 to correct
the probabilities in the transformation from velocity space to
energy space.48 The experimental translational energy distribu-
tion describes the kinetic energy of the polyatomic fragment
after dissociation. The total kinetic energy released is calculated
from conservation of momentum and the resultant distribution
normalized to give a probability distribution.

The distributions for the total kinetic energy released in the
dissociation of each of the complexes are shown in Figure 2.

Figure 1. Radial plots extracted from the two-dimensional ion images
for the C6H6

+ and (C6H6‚‚‚Ar)+ fragments formed in the dissociation
of (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+, respectively. Error bars indicate
(1 standard deviation as determined from the ion counting statistics.
Solid curves are the sum of Gaussian fits to the data (see text).

Figure 2. Distributions for the total kinetic energy released in the
dissociation of (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ to form C6H6

+ and
(C6H6‚‚‚Ar)+, respectively. The solid lines come from the fitted
Gaussian method of analysis while the points come from the direct
inverse Abel transformation of the data. Filled circles are for (C6H6‚‚‚Ar)+

dissociation while open circles are for (C6H6‚‚‚Ar2)+ dissociation.
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The solid lines come from the fitted Gaussian method of analysis
while the points come from the direct inverse Abel transforma-
tion of the data. The distributions obtained by the two methods
of analysis are identical within the experimental uncertainty.
Although the total kinetic energy distributions from the two
complexes look similar, there are subtle differences. The
distribution from the dissociation of (C6H6‚‚‚Ar2)+ shows a
slightly sharper rise and a faster decay compared with the
(C6H6‚‚‚Ar)+ distribution.

The transformation converting the radial plots of pixel
intensity into the energy distribution,P(E), transforms the
original best fit sum of Gaussians of the radial plots intoP(E) )
E1/2{c1 exp(-k1E) + c2 exp(-k2E)}. The parametersc1, k1, c2,
andk2 for the two distributions are given in Table 1.

5. Discussion

5.1. Distribution of Cation Vibrational Energies Prior to
Dissociation.Ideally, the experiment would measure the kinetic
energy release distributions starting with a well-defined initial
energy in the cation complex. However, in the photoionization
process the cations are prepared in a range of vibrational
energies depending on the Franck-Condon factors for transi-
tions from the intermediate vibronic state. To relate the
translational energy distributions of the fragments to the initial
internal energies of the clusters it is necessary to know the
distribution of ion energies formed in the photoionization of
C6H6‚‚‚Ar and C6H6‚‚‚Ar2. The distribution of ion internal
energies is mirrored in the photoelectron energy distribution,
i.e., the photoelectron spectrum. Unfortunately, photoelectron
spectra of these clusters are presently not available in the
literature. Using the imaging apparatus we have attempted to
measure the photoelectron spectra of C6H6‚‚‚Ar and C6H6‚‚‚Ar2

using REMPI via their 610 transitions but unfortunately the signal
from the complexes could not be separated from that due to
background, room-temperature benzene. With photoelectron data
for the complexes unavailable, we have determined the initial
vibrational distribution within the cluster cations based on the
photoelectron spectrum of the benzene monomer.

Published photoelectron spectra,49 which have been obtained
using the time-of-flight technique, cannot be used to determine
the cation vibrational population distribution because they do
not extend over the full range of electron energies. Specifically,
low-energy electrons are not seen and, since these electrons
correspond with high internal energies in the cation, an accurate
distribution of the vibrational levels above dissociation will not
be forthcoming using these spectra. For this reason we have
measured benzene REMPI photoelectron spectra afresh using
the imaging apparatus, which is able to monitor the full range
of electron energies. Full details will be published separately.50

The benzene photoelectron spectrum and that for the com-
plexes can be related as follows. It is known that the presence
of the Ar atom in aromatic-Ar van der Waals complexes
generally has little effect on the vibrational levels of the
aromatic.1-4,7,36 For example, in the S1 state of benzene rare-

gas van der Waals clusters the observed frequencies remain
unchanged from those in benzene with the exception ofν16,
which is seen to have a small shift.1,36 The C6H6

+ vibrational
frequencies are thus expected to be the same in the free and
complexed ions, so the positions of bands in the photoelectron
spectra will be the same (relative to the cation vibrational ground
state) in (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ as in C6H6

+. The
vibrational levels that have been observed in (C6H6‚‚‚Ar)+ and
(C6H6‚‚‚Ar2)+ confirm this.39 Since the photoelectron intensities
depend on the Franck-Condon factors, they will also be very
similar for each of the three species. The benzene photoelectron
spectrum therefore provides a good basis for determining the
vibrational states populated after ionization of C6H6‚‚‚Ar and
C6H6‚‚‚Ar2.

The C6H6
+ vibrational population distribution is shown in

Figure 3. The line widths seen in the figure are the result of the
instrumental resolution. The dominant features have been
assigned to vibrational levels within the cation based on the
spectral assignments of Long et al.49 The maximum internal
energies available for the (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+

cations are marked on the figure. With the change in the
ionization potential and 610 transition frequency in the com-
plexes, the maximum energy available to (C6H6‚‚‚Ar)+ and
(C6H6‚‚‚Ar2)+ after ionization is greater than that available to
C6H6

+ by 124 and 246 cm-1, respectively. Consequently, the
61

0 photoelectron spectrum for benzene does not extend to high
enough energies to completely determine the high-energy end
of the population distributions for the complexes. However, the
missing section can be filled in by examining the photoelectron
spectrum for REMPI via 61011

0 since the only change for this
spectrum will be in theν1 progression intensities arising from
the change in Franck-Condon factors.49 The next peak in the
61

011
0 photoelectron spectrum after 2663 cm-1, the maximum

excess energy in the 61
0 REMPI photoelectron spectrum of

benzene, is at∼3010 cm-1.49,50 This is larger than the gaps
outlined above, so no new peaks are expected in the C6H6‚‚‚Ar
and C6H6‚‚‚Ar2 photoelectron spectra.

We assume that the distribution of population in the cation
vibrational states for both (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ is
the same as that for C6H6

+. By assuming that the background
continues to increase linearly from 2663 cm-1 up to the

TABLE 1: Parameters for the Total Kinetic Energy
Released from the Dissociation of (C6H6‚‚‚Ar) + and
(C6H6‚‚‚Ar 2)+ Fitted to the Functional Form P(E) )
E1/2{c1 exp(-k1E) + c2 exp(-k2E)}, and the Average
Kinetic Energy Released,〈〈∆E〉〉

fitted parametersvan der Waals
complex c1 k1/cm c2 k2/cm 〈〈∆E〉〉/cm-1

C6H6‚‚‚Ar 0.00384 0.0914 0.00176 0.0147 92( 4
C6H6‚‚‚Ar2 0.00343 0.0482 0.00154 0.0154 78( 5

Figure 3. Distribution of population in the various vibrational states
of the benzene cation as reflected in the photoelectron spectrum shown.
The maximum energies for (C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ prior to
dissociation slightly exceed the range of the spectrum, as indicated.
The diagram also indicates the dissociation energy for removal of a
single Ar atom from each species and the average initial energies of
those complexes formed with energy greater than the dissociation
energy. For clarity, for the latter the average of the values for the two
complexes (whose values differ by 60 cm-1) is indicated.
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maximum available energy for each complex, the average energy
above the dissociation energy, denoted〈E〉, is estimated to be
〈E〉 ∼ 1310 cm-1 for (C6H6‚‚‚Ar)+ and 〈E〉 ∼ 1370 cm-1 for
(C6H6‚‚‚Ar2)+. The average internal energies are higher than
these values by the dissociation energy (512 cm-1).

〈E〉 for (C6H6‚‚‚Ar2)+ is ∼1370 cm-1, well in excess of
the dissociation energy of 512 cm-1 for loss of a second
Ar atom. Since we observe the (C6H6‚‚‚Ar)+ fragment after
removal of a single argon atom from the (C6H6‚‚‚Ar2)+ parent,
(C6H6‚‚‚Ar2)+ ions that are created with sufficient energy to
allow removal of both argon atoms are not monitored in our
experiment. A number of observations can be combined to
deduce the (C6H6‚‚‚Ar2)+ internal energies that give rise to
removal of a single argon atom. The pulsed field threshold
ionization spectrum of C6H6‚‚‚Ar shows no signal at the parent
mass above the dissociation energy but signal is seen at the
benzene mass, indicating that the (C6H6‚‚‚Ar)+ van der Waals
complex is not stable at energies above the dissociation energy.27

Thus, after removal of an argon atom from (C6H6‚‚‚Ar2)+,
further fragmentation will occur if the (C6H6‚‚‚Ar)+ is formed
in a vibrational level whose energy is greater than the
(C6H6‚‚‚Ar)+ dissociation energy. After REMPI of the 61

0

transition of C6H6‚‚‚Ar2 we measure the (C6H6‚‚‚Ar)+ signal
to be only 0.66 that of (C6H6‚‚‚Ar2)+, consistent with the value
of 0.7 seen by Weber and Neusser.35 From the photoelectron
spectrum (see Figure 3) we determine that∼15% of the
(C6H6‚‚‚Ar2)+ ions are produced with energies less than the
dissociation energy. These are the ions giving rise to the
(C6H6‚‚‚Ar2)+ signal. In order to observe a (C6H6‚‚‚Ar)+ signal
that is two-thirds of the (C6H6‚‚‚Ar2)+ signal, only∼10% of
the (C6H6‚‚‚Ar2)+ formed can produce a stable (C6H6‚‚‚Ar)+

on dissociation. The remaining 75% of the (C6H6‚‚‚Ar2)+ ions
therefore fragment completely into the three moieties.

The issue to be addressed is〈E〉 for the (C6H6‚‚‚Ar2)+ that
dissociate to form stable (C6H6‚‚‚Ar)+, i.e., the ones the
experiment is sensitive to. The (C6H6‚‚‚Ar2)+ ions whose
dissociation we observe must have a minimum internal energy
corresponding to the dissociation energy for loss of an Ar atom.
The maximum energy these ions can possess can in principle
be large, provided sufficient energy is removed as translation
to leave the (C6H6‚‚‚Ar)+ fragment with less than its dissociation
energy (512 cm-1). The experimental results show that the
average translational energy released is only 79 cm-1 (see
section 5.2 below). The maximum internal energy that a
(C6H6‚‚‚Ar2)+ ion can have so that it releases 79 cm-1 into
translation and is left with just insufficient energy to further
fragment is∼(512 cm-1 × 2 + 79 cm-1 ) 1103 cm-1). 〈E〉
for the (C6H6‚‚‚Ar2)+ clusters between these bounds is∼350
cm-1. This estimation is clearly indicative only. Nevertheless,
it indicates the substantial reduction in the initial average energy
available in the (C6H6‚‚‚Ar2)+ dissociation experiments com-
pared with that in (C6H6‚‚‚Ar)+ dissociation experiments, where
the average initial energy above dissociation is∼1310 cm-1.

5.2. Distribution of Translational Energy Released.A
parameter for comparison between studies is the average energy
transferred per collision,〈∆E〉. For the dissociation of van der
Waals molecules studied here, the ions prior to dissociation have
a distribution of energies rather than a single value. Thus, we
report a value for〈〈∆E〉〉, the average energy released averaged
over all initial internal energies of the undissociated ion. The
value of〈〈∆E〉〉 can easily be determined analytically from the
parameters presented in Table 1 and is included in that table.
For the dissociation of (C6H6‚‚‚Ar)+ 〈〈∆E〉〉 ) 92 ( 4 cm-1

while for (C6H6‚‚‚Ar2)+ 〈〈∆E〉〉 ) 79 ( 5 cm-1. We suggest

the lower 〈〈∆E〉〉 value obtained for the dissociation of
(C6H6‚‚‚Ar2)+ is a direct consequence of the lower average
energy in the (C6H6‚‚‚Ar2)+ cation before dissociation.

There are a number of very recent measurements of van der
Waals dissociation recoil energy distributions by Yoder and
Barker with which our values for the cation complexes can be
compared.15 These authors have measured the kinetic energy
released during dissociation of a number of aromatic-X (where
X ) rare gas and small polyatomics) complexes from the triplet
state. For dissociation within T1 aromatic-Ar complexes, the
average translational energy released is in the range 80-175
cm-1. Our values for the two cation systems lie at the low end
of this range and this may be associated with the low average
internal energy prior to dissociation. The pyrimidine-Ar system,
which has the lowest energy of the systems studied by Yoder
and Barker (2543 cm-1 initial energy), has an average energy
of 89 cm-1, quite close to the values measured here.

The similarity in behavior for the neutral, albeit excited state
triplet, and charged radical species is interesting. Yoder and
Barker note the similarity in the distributions they obtain for a
variety of aromatics with a wide range of initial energies. They
postulate that this similarity may arise from the involvement of
the low-frequency out-of-plane modeν16 in the dissociation.
The same effect may be responsible for the similarity between
our results for the benzene-Arn cation and those seen for these
neutral systems.

The overall shape of the distributions we obtain can be
compared with those obtained by Yoder and Barker, which are
shown in Figure 5 of their paper. We find that the (C6H6‚‚‚Ar)+

and (C6H6‚‚‚Ar2)+ distributions are very similar in overall shape
to those reported by Yoder and Barker although the distributions
for cation dissociation are generally narrower. A particular
aspect of our cation distributions and the distributions for triplet
state aromatics reported by Yoder and Barker is the lack of a
high ∆E tail in both. This is in contrast to the results of an
earlier report by Yoder et al. who studied the translational energy
released during dissociation of T1 pyrazine-Ar using ion
imaging.14 These authors report a long tail to the distribution,
with the probability not decaying to 10-4 until ∆E ∼740 cm-1.
In Yoder and Barker’s time-of-flight study the pyrazine-Ar
distribution does not have this long tail and decays to 10-4 at
∆E ∼ 425 cm-1. In comparison, the (C6H6‚‚‚Ar)+ distribution
decays to 10-4 at ∆E ∼ 400 cm-1, while the (C6H6‚‚‚Ar2)+

distribution decays to 10-4 at ∆E ∼ 370 cm-1.
It is not clear at this juncture whether the different shapes

for the large∆E segment of the T1 pyrazine-Ar distribution
reflect differences in the sensitivity of the two experimental
techniques, ion imaging and time-of-flight, to this part of the
distribution. Interestingly, our measurements utilize ion imaging
and we do not observe a long tail in the distributions. The high-
energy tail seen by Yoder et al. in their ion imaging study is
within the average energy available to the (C6H6‚‚‚Ar)+

complex. Thus, on energetic grounds there is the opportunity
for the (C6H6‚‚‚Ar)+ cluster to show a high∆E tail.

Recent quasiclassical trajectory simulations reproduce the
experimental translational energy distributions for pyrazine-
Ar and methylpyrazine-Ar van der Waals complex dissociation
quite well.51 The calculated distributions suggest more transfer
in the high translational energy tail than does the experimental
data of Yoder and Barker.15 Importantly, the calculations
reproduce the experimental trend for there to be only a small
fraction of the energy transferred to translation in the dissociation
process (see section 5.3 below).
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In this context, it is interesting to note that the quasiclassical
trajectory calculations on the benzene-argon system performed
by Bernshtein and Oref predict a high∆E tail in the distribu-
tion.21 These calculations were undertaken at an internal energy
of 51 900 cm-1. The tail is more significant for the Lennard-
Jones potential than for the ab initio potential. These quasi-
classical trajectory calculations showed the average kinetic
energy released from the dissociation process to be 150 and 43
cm-1 for the Lennard-Jones and ab initio potentials, respectively.
Based on our results and those for the T1 aromatic-Ar systems
by Yoder and Barker, the latter figure appears to be lower than
expected by a factor of 2 or more.

Yoder et al. have shown that statistical modeling of the
translational energy released distribution function leads to an
overestimation of the recoil energy.14 Since our distributions
are narrower than theirs, such calculations will be similarly
inaccurate in our case. Accurate modeling of these systems
requires a more sophisticated treatment, as shown by the recent
trajectory calculations.51

5.3. Residual Internal Energy in the Polyatomic Frag-
ments.The kinetic energy distributions for dissociation of both
van der Waals cation species show probabilities that peak at
very low energy (10-15 cm-1) and decay such that the
probability of releasing kinetic energies above 400 cm-1 is very
small. For (C6H6‚‚‚Ar)+, 400 cm-1 represents∼1/6 of the
maximum energy available and∼1/3 of the average energy
available. Thus, in this case the C6H6

+ fragments must contain
significant vibrational and/or rotational energy. We have
discussed in section 5.1 that for dissociation of (C6H6‚‚‚Ar2)+

the residual energy in the (C6H6‚‚‚Ar)+ fragment is sufficient
in 75% of cases for it to further fragment to C6H6

+.
This behavior whereby only a small amount of the available

energy is released into kinetic energy of the fragments appears
to be a common feature of the van der Waals dissociations where
kinetic energy release has been observed. It is a feature of all
of the T1 aromatic-X complexes studied by Yoder and Barker,15

in which the initial energy ranged up to∼8000 cm-1. Dissocia-
tion of ethylene dimers in the ground electronic state shows a
similar trend.52 The average kinetic energy released in ethylene
and deuterated ethylene dimer dissociation following excitation
to ∼800 cm-1 above the dissociation energy is only 71 cm-1.
For dissociation of (C2H4)2, the loss of 71 cm-1 into translation
means that only the ground vibrational state can be populated
and all of the remaining energy (i.e.,∼730 cm-1) is taken up
as rotational energy of the fragments.

The partitioning of considerable amounts of energy into rota-
tion is also observed in the dissociation ofs-tetrazine-argon,3

pyrimidine dimers,53 andp-difluorobenzene-argon.10 It appears
from the evidence available that not only is it generally the case
that only a small fraction of the available energy is released as
kinetic energy of the fragments, but it also appears that
significant rotational excitation of the fragments accompanies
the dissociation.

The data available for the (C6H6‚‚‚Ar2)+ and (C6H6‚‚‚Ar2)+

dissociations do not allow us to comment definitively on the
partitioning of energy within the polyatomic fragment’s rota-
tional and vibrational degrees of freedom. We are currently
undertaking experiments to pursue the issue of the partitioning
of energy in van der Waals dissociation.

The results of our experiment and those mentioned above
can be explained qualitatively by the momentum gap law
introduced by Ewing.54 This theory predicts that van der Waals
dissociation will populate states that consist of low changes in
momentum (i.e., consist of low kinetic energy releases). The

basis of this law comes from the poor overlap of the van der
Waals molecule wave function and the translational wave
functions of the separating species.

5.4. Comparison with Energy Transfer Experiments.We
noted in the Introduction that the van der Waals dissociation
experiments are related to collision-induced energy transfer. In
addition to the obvious difference in collision energy between
van der Waals molecule dissociation and collision-induced
vibrational energy transfer, the former having zero collision
energy, it has been pointed out by a number of authors that
van der Waals molecule dissociation is also far more con-
strained.14,15,21This is because it always starts from the same
geometry while a collision can take place anywhere around the
molecule. While the two types of “collisions” have the same
interaction potential, in van der Waals molecule dissociations
only a portion of the potential is sampled. It is thus interesting
to compare the trends seen in our study of half-collisions with
the behavior seen in full collisions.

Unfortunately, no experimental data exist for collisional
energy transfer involving benzene cations and Ar with which
our data can be compared. However, in order to illustrate how
the translational distributions measured in van der Waals
dissociation experiments can be related to collisional energy
transfer experiments, we compare our results with studies of
energy transfer in benzene-Ar collisions.

Energy transfer experiments have been performed at room
temperature on highly excited ground state benzene using a
variety of collision partners.55-57 A major difference between
room temperature energy transfer and van der Waals complex
dissociation is that the former involves both “up” and “down”
collisions while the latter involves only “down”transfer. The
two results can be compared by assuming the translational
energy distribution from the (C6H6‚‚‚Ar)+ van der Waals cation
dissociation matches the downward energy transfer probability
function for benzene-Ar collisions. The upward distribution
can be constructed at a particular vibrational energy and
temperature from microscopic reversibility.58 The up and
down distributions can then be combined to determine a value
for the average energy transferred per collision at that energy
and temperature. Using this approach we estimate that at a
vibrational energy∼2000 cm-1 in S0 benzene, a similar amount
of energy to that used in our current work, the average energy
transferred per collision is∼10 cm-1. Extrapolation of the
experimental energy transfer data shows that at an average
internal energy of 2000 cm-1 the average energy transferred
per collision is a few (∼2-3) wavenumbers.

6. Conclusion
Ion imaging has been used to measure the recoil velocities

of the polyatomic fragments following dissociation of the van
der Waals cation complexes (C6H6‚‚‚Ar2)+ and (C6H6‚‚‚Ar)+

by ejection of an argon atom. The ions were produced by
photoionization of the neutral clusters via the 61

0 intermediate
state, which leads to a range of initial vibrational energies in
the cation prior to dissociation. Since no photoelectron spectra
exist for the benzene-argon van der Waals clusters, and only
an incomplete photoelectron spectrum was available in the
literature for benzene,49 the photoelectron spectrum of benzene
has been measured to determine the initial vibrational distribu-
tion. On the basis of the observed spectroscopic behavior of
aromatic-argon complexes, we assume the initial distribution
for the cation complexes will be the same as that observed for
the benzene cation. In the case of (C6H6‚‚‚Ar2)+ we observe
only the small fraction of the clusters that dissociate to form
(C6H6‚‚‚Ar)+ below its dissociation energy. The average
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energies above the dissociation energy prior to fragmentation
were determined to be∼1310 cm-1 for (C6H6‚‚‚Ar)+ and 350
cm-1 for (C6H6‚‚‚Ar2)+.

The average energies released in the dissociation of
(C6H6‚‚‚Ar)+ and (C6H6‚‚‚Ar2)+ were 92( 4 and 79( 5 cm-1,
respectively. This indicates that a majority of the energy remains
as internal energy (i.e., in vibrational and/or rotational energy)
of the polyatomic fragment. This effect has been seen previously
in a number of other studies of van der Waals molecule
dissociation. The values for the average energy released are
similar to those obtained in other studies involving aromatic
van der Waals molecules.

Although the energy distributions are qualitatively similar,
they have discernible differences which we attribute to the
differences in the average initial energies of the dissociating
complexes.
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