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Unimolecular Dissociation Kinetics of Benzene Cluster Ions
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The “animolecular” dissociation processes of benzene cluster ions prepared by resonant 2-photon ionization (R2PI) of
neutral clusters were investigated by using a time-of-flight mass spectrometer equipped with a reflectron. The dissociation
rates were determined for fast-decay processes (ke.st) in the acceleration region and slow dissociations (ksow) in the drift
region of the spectrometer. The ejection of one neutral molecule was a dominant dissociation channel of small (CsHe)n"
in the drift region; in addition, the ejection of two molecules was observed for n — 2>14. These size-specific dissociation
channels and the size dependence of the kqow values imply a closing of the first shell of (C¢Hg)," at n=14. The magnitude
of both kf.s; and ksiow Was found to be independent of the excess energy upon R2PI, suggesting rapid cooling of the nascent
hot ions by prompt dissociation within the laser focus. For slow dissociation within a well-defined time window, the
measured values of kgow were compared with those calculated according to a statistical theory of unimolecular reaction.
The comparison deduced the average internal energies of (C¢Hg)," at ca. 1 us after preparation.

Investigations of the unimolecular dissociation of clusters
on a metastable time scale, namely, metastable dissociation,
comprise an active area of current research.'— A large num-
ber of studies have been conducted concerning the properties
of the metastable dissociation of cluster ions produced by
either electron-impact ionization or the photoionization of
neutral clusters. Such studies have provided information on
the energetics, kinetics, and dynamics of dissociation proc-
esses of cluster ion species, including rare-gas, molecular,
and metal clusters. The metastable dissociation of uniquely
selected cluster ions is also an ideal testing ground for statis-
tical theories of unimolecular dissociation.”

A related subject in the field of cluster research concerns
the origin of magic numbers, a term used to describe the
anomalous abundance of certain sizes of clusters in an oth-
erwise smoothly varying cluster distribution. The origin of
magic numbers in mass spectra used to be a controversial
subject, i.e., some investigators interpreted them as being
due to the special structure and stability of neutral clusters,
whereas others attributed them to the stability of cluster ions
produced during the course of mass analysis.5” However,
several studies of Ne,® Ar,>'? Xe,'? and H,O'? have shown
that, at least for van der Waals clusters, the stabilization due
to metastable evaporation after the ionization process is the
main reason for the occurrence of the anomalous abundance.
Well-resolved mass spectra of (CgHg),* were reported by
several groups, including Whetten and co-workers for sizes
up to n=40,"» and Neusser and co-workers up to n~190.'%
The magic numbers are seen at n=14, 20, 24, and 27 in these
mass spectra, although the anomalies are less prominent com-
pared to those of rare-gas clusters. Based on the stability with
respect to the evaporative decay, Schriver et al. concluded
that these magic numbers result from the high stability of
the respective cluster ions.'® The metastable dissociation of

(C6Hg),* was also studied by Neusser and co-workers, '8

Hertel and co-workers,'” and by our group.?® Ernstberger
et al. found pronounced anomalies in the metastable decay
efficiency at n=14, 20, 24, and 27."Y These features were
interpreted in terms of shell filling achieved for icosahedral
structures about a central dimer ion.!*

Statistical models of the metastable dissociation processes
permit a determination of the binding energy of the evap-
orated species from the dissociation lifetimes and kinetic
energy release or from the dissociation rates within a well-
defined time window. For example, Conway and Janik deter-
mined the binding energies of (0;),” with n=2—235 from the
measured rates of dissociation and a semiclassical model for
the rate constant.? Engelking®? modified the standard RRK
(Rice—Ramsperger—Kassel) theory® according to a require-
ment based on the principle of detailed balance. He applied
the modified RRK theory to calculate the binding energies
of (CO»),," and Ar,,*,” using the experimental data of Stace
and co-workers.”** However, this method is accompanied
by a basic difficulty for cluster ions with a broad distribution
of internal energies. Cluster ions produced by the ionization
of neutral clusters are usually energy-rich with a broad dis-
tribution of internal energies. Bréchignac et al.?® compared
the measured dissociation rates of K,,* with those calculated
from the modified RRK theory to determine the binding en-
ergy. In the course of the calculation, the internal energy
distribution for K,,* was determined in a recursive way. The
distribution was shown to be a function of the time window of
the observation.?” Klots introduced the concept of an “evap-
orative ensemble” to model ionic clusters.2 % He pointed
out that the thermodynamic properties of clusters can be
extracted by fitting the measured metastable fractions with
the estimated heat capacity and Gspann parameter. Since
this approach is based on the rate constants from continuum
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theory, however, an average evaporation energy common to
all cluster sizes studied was applied in fitting the experi-
mental data.>**—? Recently, this method was modified so as
to account for individual dissociation energies of different
sizes.’ The modified version was used by Castleman and
co-workers to calculate the dissociation energies of xenon,*®
ammonia,* and water’® cluster ions. The approach, accord-
ing to the evaporative ensemble model, has now become a
standard for understanding the evaporative processes occur-
ring in clusters. By using the evaporative ensemble model
and an RRKM (Rice—Ramsperger—Kassel-Marcus) theory,”
Ermnstberger et al. determined the dissociation energies of
(CgHpg),," with 4<n<23.14!® In this size range the dissocia-
tion energy is smallest for (C¢Hg)s*, and begins to increase
with increasing cluster size, except for step-like drops after
n=14 and n=20.

In our previous studies on the photoinduced fragmentation
of (CgHg),*,*"*® the parent ions were created through reso-
nant 2-photon ionization (R2PI) of the neutral clusters. No
information was available about the internal energy distri-
bution of (CgHg),* after R2PI, although such information is
necessary to properly interpret the photofragmentation data.
In this paper we describe our efforts to estimate the internal-
energy distribution of (C¢Hg),,*, where we monitor the rate of
metastable dissociation as a diagnostic of the internal energy.
The experiments are performed by subjecting a cluster beam
to laser ionization and analyzing the resulting cluster ions in
a time-of-flight (TOF) mass spectrometer equipped with an
ion reflector. The cluster ions are formed by 1-color R2PI of
neutral clusters in the same way as the photofragmentation
studies.’”® The use of an ion reflector allows us to study the
dissociation processes occurring in two different regions of
the mass spectrometer: Fast decay processes in the acceler-
ation region of the ion source and slow dissociations in the
field-free drift region.* The 1-color R2PI method is expected
to prepare a set of cluster ions characterized by a broad inter-
nal energy distribution. However, rapid relaxation processes
in the ion source ensure well-defined internal energies of the
ions at the entrance of the drift region. We then measure the
rate of the subsequent dissociation in the drift region under
carefully controlled conditions. In order to verify the effect
of rapid relaxation processes in the ion source, we compare
the dissociation rates of the ions formed with different excess
energies (through R2PI via different intermediate states). Fi-
nally, we apply the modified RRK theory,?>?® together with
the binding energies reported by Ernstberger et al.,'*!® (o
estimate the internal energies of (C¢Hg),™ with n=4—14 at
ca. 1 us after the preparation (0.77 us for n=4 and 1.45 ps
for n=14).

Experimental

Experimental Setup.  Since the details concerning the exper-
imental apparatus have been presented elsewhere,**” only a brief
description of the features relevant to the present study is given here.
Neutral benzene clusters were formed by expanding a mixture of
benzene and argon through a pulsed value (General Valve Series 9)
having a 0.80-mm orifice diameter. The total stagnation pressure
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was ca. 150 kPa (=1100 Torr). After passing through a skimmer
and a collimator, the cluster beam entered a two-stage acceleration
region (ion source) of the mass spectrometer (Jordan Co. Angular
Reflectron). Figure 1 schematically illustrates the layout of ion-
ization through detection. In the first stage of the ion source, the
cluster beam was crossed by an ionization laser beam. A dye laser
(Lumonics HyperDYE-300) was pumped with a XeCl excimer laser
(Lumonics HyperEX-400) and the output was frequency-doubled
in a BBO (f#-BaB,04) crystal. The laser system produced light
pulses of approximately 6-ns duration at wavelengths necessary for
R2PI via either the first single S; (A ~260 nm) state or the second
singlet S, (A=~210 nm) state of the neutral clusters (see the next
section). The ions formed by R2PI process were accelerated up
to ca. 2.2 keV and then introduced into a field-free drift region
(L=1.07 m). The pressure in the drift region was kept below 10>
Pa to ensure collision-free conditions. In Fig. 1, #; stands for the
residence time in the first stage of the acceleration region; t, and
t; are the times at the entrance and exit of the drift region, respec-
tively. From the geometrical parameters of the mass spectrometer
and the applied voltages to the ion source, the values for #1, #2, and
t3 are readily obtained and tabulated in Table 1. The ions were
then reflected by a two-stage ion reflector™ situated at the end of
the drift region. The first grid of the reflector was held at ground
potential. The second and the last grids were biased at Ur and
Uk, respectively. The reflector was normally operated in a partial
correction mode in order to separate the ions that dissociate during
the drift region from the intact ions that remain after entering the
drift region.>**4? The reflected ions were detected by dual mi-
crochannel plates (Galileo 3320). The ion signals received by the
detector were amplified through a fast preamplifier (Anritsu MH-
648A) and fed into a digital storage oscilloscope (LeCroy 9400).
The laser was typically operated at 10 Hz and the TOF spectra were
sampled by the accumulation of 2000—5000 laser shots.
Excitation Conditions.  One of the purposes of the present
work is to compare the metastable dissociations of cluster ions cre-
ated through R2PI via different intermediate states. Hiraya and
Shobatake measured the direct absorption spectra of neutral ben-
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Fig. 1. Schematic illustration of the layout of ionization
through detection. Neutral clusters are ionized by a pulsed
laser at r=0 followed by prompt dissociation of nascent
hot ions in the laser focus. The rate coefficient for a fast
dissociation process while traveling in the first stage of the
acceleration region (until z=1,) is denoted by kr.st. Passing
through the last grid of the ion source at #=1, the ions enter
the field-free drift region. The rate coefficient for a slow
dissociation process in this region (from t=1 to £3) is de-
noted by kgow. The ions are then reflected by the two-stage
ion reflector and arrive at the detector.
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Table 1. Time Zone for Experimental Observation

n 1) /us 15 /us £ /us
2 045 055 211
3 0.56 0.67 25.9
4 0.64 0.77 29.9
5 0.72 0.86 334
6 0.79 0.95 36.6
7 0.85 1.02 30.5
8 0.91 1.09 422
9 0.96 1.16 448

10 1.01 122 472

1 1.06 1.28 495

12 111 134 517

13 1.16 1.39 538

14 120 145 55.9

15 1.24 150 578

16 128 155 59.7

17 132 1.59 61.6

18 1.36 1.64 634

a) Cluster size. b) Time after ionization when the ions pass
through the middle grid of the ion source. c¢) Time at the exit of
the ion source. d) Time at the entrance of the ion reflector.

zene clusters in a free jet in the 175—225 nm region.*” Two broad
absorption maxima were found at 208 and 185 nm and were as-
signed to the S, and S3 absorption systems of the clusters, respec-
tively. Resonance enhancement via the S, state is considered to
be independent of the cluster size, because only broad bands were
found in the S,«Sp excitation spectra.‘“) Here, we used 210-nm
light to ionize the neutral clusters non-selectively. The S; state of
the clusters has been extensively studied by several groups. For
small clusters with n=2—35, discrete sharp features were observed
in the S; <8y spectra.'®*“® Resonance enhancement of particular
ion signals is possible when the laser frequency is tuned exactly
to the known S7+-S¢ transition of the corresponding neutral clus-
ters. For larger clusters, the spectra are broader and less structured.
The central positions of the broad 6' band near to 260 nm undergo
a gradual shift toward longer wavelengths with increasing cluster
size.*”” When we operate the laser at wavelengths slightly longer
than the sharp S; Sy transitions of the small clusters, we can record
the mass spectra of all cluster ions simultaneously.

The ionization potential (IP) for the benzene monomer is 9.243
eV.*® The following IP’s for neutral clusters are reported:*”
8.654+0.01 eV for the dimer, 8.58+0.02 eV for the trimer,
8.5540.02 eV for the tetramer, and 8.504-0.02 eV for the pen-
tamer. A comparison of these five values shows that a substantial
stabilization is achieved for the dimer, whereas further stabiliza-
tion is small for up to the pentamer. For this reason, the IP’s of
larger clusters are presumed not to change drastically with increas-
ing cluster size. Thus, 1-color R2PI via the S state at A =260 nm
(2hv =9.54 eV) produces an excess energy of 0.89-—1.04 eV for
the dimer through the pentamer and ca. 1.1 eV for larger clusters.
The excess energy is partitioned between the kinetic energy of the
electrons and the internal energy of the ions. We may assume that
the cluster ions are originally produced with an energy content be-
tween null and the maximum excess energy, since no information
is available about the internal-energy distributions of the ions. This
assumption was recently verified for the dimer by a measurement
of the photoelectron spectra after R2PI of the neutral dimer.'” Hot
ions with large internal energies may cool via successive evapora-

tion of neutral molecules. For example, the hottest (C¢Hg)s" ions, -
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having an initial excess energy of 1.1 eV, can eject up to 3 neutral
molecules. Rather cold ions will not have sufficient internal en-
ergy to dissociate within the time window of the detection scheme.
According to the time evolution described by the evaporative en-
semble model,28_3°'33) the cluster set will relax toward an ensemble,
the average temperature of which decreases with time. On the other
hand, 1-color R2PI via the S, state at A =210 nm (2hv=11.80
eV) leads to excess energy as large as 3.15 eV, even for the dimer.
The nascent cluster ions probably have an internal energy content
ranging from O to ca. 3.3 eV. We suppose that almost all cluster
ions under study are smaller than the originally ionized clusters as
a result of the rapid cooling processes.

Results and Discussion

Magic Numbers in Mass Spectra.  Figure 2 shows a
conventional TOF mass spectrum of benzene cluster ions,
which is recorded with a detector behind the ion reflector by
setting Ut = U =0. In this mode, fragment ions originating
from dissociations in the drift region are not distinguished
from their precursors because the dissociations do not change
the velocity of ions. Consequently, we measure the distribu-
tion of the ion population at the entrance of the drift region
(at t=1,). Here, the cluster ions are produced by 1-color
R2PI via the S, state (A =210 nm). The intensity of the
ions smoothly decreases along with increasing cluster size,
except for magic numbers at =14 and 20. Schriver et al.'¥
observed magic numbers at n=14, 20, 24, and 27 in the
mass spectrum of (C¢Hg),* produced by R2PI via the S3
state (1 =193 nm). Recently, Ernstberger et al.”¥ compared
the mass spectra obtained at high (ca. 107 W cm™2) and low
(< 10° W em™?) laser intensities, following R2PI via the S,
state (A =260 nm). Athigh laser intensity, the cluster ions up
to n~2120 were observed and the ion signal decreased mono-
tonically with increasing cluster size. Magic numbers were
observed at n=14, 20, 24, and 27. These positions agree with
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Fig. 2. A conventional time-of-flight mass spectrum of ben-
zene cluster ions after resonant 2-photon ionization at A =
210 nm. The spectrum of the larger clusters (n>10) is
recorded with increased sensitivity of the detector. The
mass peaks of (CsHs),™ with n=5, 10, 14, and 20 are
labeled.
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those found in previous studies. Although the excess ener-
gies upon ionization at 2-photon levels differ considerably
(4.20, 3.15, and 0.91 eV for R2PI of the dimer via the S3,
S», and S state, respectively), the same intensity anomalies
were observed independent of the excitation conditions.

Using a reflecting potential screen at the detector end of
the mass spectrometer, Schriver et al. found that the ben-
zene cluster ions at the magic numbers are particularly stable
with respect to evaporative decay.!® They concluded that
these features result from the high stability of the respec-
tive cluster ions, and supposed icosahedral structures about
a central dimer ion. Ernstberger et al.'"¥ pointed out that the
small cluster ions with » < 30 cannot survive R2PI without
fragmentation, even at low laser intensities, and that the frag-
mentation processes of the ions destroy the initial distribution
of neutral clusters. Therefore, evaporative stabilization af-
ter ionization is the most likely origin for the occurrence of
the intensity anomalies in the mass spectra; also, the magic
numbers should reflect the stability of the cluster ions. In
the following sections quantitative data are presented for the
rates of the evaporative decay processes in two different time
windows of the experiment.

Fast Decay in the Ion Source.  Hot cluster ions with
extremely large internal energies dissociate instantaneously
by ejecting neutral molecules. With the present experimental
setup, however, we cannot identify the dissociation occur-
ring in the focus of the ionizing laser (we call this process
“prompt dissociation” hereafter). A part of the less hot ions
dissociate while traveling in the ion source of the mass spec-
trometer. This delayed dissociation process on the time scale
of 1077—107° s leads to a flight-time asymmetry in the ion
signals on the mass spectrum.***? Figure 3 shows a monomer
region of a partially corrected TOF mass spectrum of ben-
zene cluster ions formed via the S, state. All of the ions
that survived delayed dissociation in the ion source are elim-
inated from the spectrum by using a suitable set of reflector
voltages. The signal consists of a late-arriving tail due to
the delayed dissociation of (C¢Hg)," into C¢Hg* + C¢Hg in
the ion source. We can simulate the profile of the tail by
converting the dissociation time into the arrival time.*® Each
of the three theoretical curves in Fig. 3 represents the peak
shape calculated for a single exponential decay with a dif-
ferent rate coefficient (kgsr). Although the decay process
under consideration is not necessarily the single exponential
decay, the observed shape can be reasonably reproduced by a
theoretical curve with kg, =6x 10 s~1. The discrepancy at
around 31.4—31.6 s is simply due to the signal of 1*C ben-
zene molecules, which interferes with the experimental peak
shape. A similar procedure follows for the decay process:

(CsHe)™ “% (CeHeg)n1" + CsHe, ey

with n=2—->5; the values of kg, are plotted in Fig. 4. The
observed values of kg, decrease along with increasing clus-
ter size. At first glance, this tendency concerning the size
dependence is in accordance with a prediction by unimolec-
ular rate theories. In this measurement, however, we see the
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Fig. 3. Monomer region of a partially corrected reflectron

mass spectrum of the benzene cluster ions after resonant 2-
photon ionization at A =210 nm. The late arriving tail is
due to the fast dissociation of (C¢Hs),»* into CsHg* + CsHs
in the ion source. The experimental profile is compared
with three theoretical curves with different values of the
rate coefficient kg,. The discrepancy at around 31.4—31.6
us is due to the signal of 3C benzene molecules, which
interfere with the experimental peak shape.
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Fig. 4. Rate coefficients for the fast decay processes (kast)
of (C¢Hg)n"* into (CeHeg)n—1* and CsHe for n=2—5. The
(CsHs)r" ions are prepared by resonant 2-photon ionization
via the S state at 1 =259.4 nm (squares) and via the S,
state at A =210 nm (circles). The error bars indicate experi-
mental uncertainties determined from a series of individual
measurement.

dissociation of only those ions with lifetimes comparable to
the time window of the observation. The magnitude of kg, is
governed not only by the microcanonical rate coefficient, but
also by the internal-energy distribution of the cluster ions.
In order to properly discuss the size dependence of the rate
coefficient, we should perform measurements for a series of
the clusters with well-defined internal energy.

We restrict ourselves here to a consideration of the excess
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energy dependence of the observed values of kg,g. The val-
ues for ions prepared via the S, state agree with those for
ions via the S; state within the experimental uncertainties,
although the excess energies at the 2-photon levels differ con-
siderably from each other (3.15 vs. 0.91 eV for the dimer).
Although one may suppose that the difference in the excess
energy is simply balanced by the kinetic energy of the pho-
toelectron, we speculate that prompt dissociation processes
lead to a similar internal energy distribution regardless of
the excess energy. The initial internal energy distribution
for an ensemble of ions with a given size is certainly de-
pendent on the excess energy; R2PI via the S, state leads
to a distribution which is broader than that after R2PI via
the S; state. However, the ions with large internal energies
cannot remain intact without dissociation, and are eventu-
ally removed from the ensemble. Thus, the upper limit of
the distribution is expected to depend only on the time scale
of the observation.?* =% As a result of prompt dissocia-
tion, similar distributions of internal energies are achieved
independently of the excitation conditions.

In order to examine the effect of prompt dissociation,
which we cannot detect directly, on the consecutive fast-
decay process under the observation, we compare the decay
rate (kgs) of (CgHg)o™ produced by size-selective R2PI at
A =259.0 nm with that by non-selective R2PI at 4 =259.4
nm. The wavelength of 259.0 nm exactly coincides with the
sharp 6! band of the S; S, transition for the neutral dimer:
the resulting (C¢Hg),* ions are formed from (CgHg), with-
out fragmentation. At 259.4 nm, on the other hand, larger
clusters are mainly ionized; the (C¢Hg)," ions are formed
from larger clusters through the fragmentation. The observed
value of kg, for (CgHg),* from (CgHg), is (8.3+1)x 106 s~ 1,
which is larger than that for (C¢Hg),* from the larger clus-
ters (indicated in Fig. 4). For (CgHg),™ from (CgHg),, a
larger fraction of the ensemble remains hot, since cooling by
prompt dissociation is not possible.

Metastable Mass Spectra. The prompt dissociation
in the laser focus (k>108 s™!) and the fast decay in the ion
source (kg ~2107—10° s~ 1) determine the upper limit of the
internal energies of cluster ions. As the cluster ions evapora-
tively cool through these processes, the dissociation extends
to longer times. The measurement is then directed to the
metastable dissociation processes in the field-free drift re-
gion of the mass spectrometer. Figure 5 shows the reflectron
TOF mass spectra of benzene cluster ions in a partial correc-
tionmode. The lower spectrum is obtained by R2PT at A =210
nm (via the S, state); the upper spectrum is recorded under
the same conditions as the lower one, but with A =259.4 nm
(via the S state). The essential features of the two spectra
are similar to each other. The spectra comprise a series of
two or three slightly shifted peaks, because the ion signals
resulting from the metastable dissociation in the drift region,

(CeHe)n" % (CsHg)n—m” +mCsHs, @

can be distinguished in partially corrected mass spectra. The
abscissa of the figure stands for the size of the product ions
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Fig. 5. Partially corrected reflectron mass spectra of ben-

zene cluster ions after resonant 2-photon ionization via the
S, state (lower) and via the S; state (upper). The spectra
are composed of a series of two or three slightly shifted
peaks resulting from the metastable dissociation in the drift
region, (C¢He)n"—(CeHg)n—m" +mCsHs. The abscissa of
the figure stands for the size of the product ions. The first
peak (marked with @) is due to the stable ions that remain
intact in the drift region. The strong second peak is due to
the metastable ions originated from the loss of one neutral
benzene molecule (m=1). The third peak (marked with O)
at cluster sizes n—m>14 is resulting from the loss of two
neutral molecules (m=2).

(n—m). The first peak (marked with @) is due to “stable ions”
that have not undergone any metastable dissociation in the
drift region. The strong second peak is due to the metastable
ions resulting from the loss of one neutral benzene molecule
(m=1) during field-free flight. Metastable decay processes of
this type (loss of one neutral molecule) have been found for
many cluster ions.'™ At cluster sizes n—m>14, the third
peak (marked with O) can be identified, which originates
from the loss of two molecules (m=2). These assignments
are made by calculating the flight time of the metastable
ions, where the only unknown parameters are the sizes of the
precursor and product ions.

A sudden drop is seen in the intensity of stable ions (@)
between the cluster sizes n=14 and 15. Being complemen-
tary to this drop, there is a growth in the metastable ion
signal of 14«15 with respect to the neighboring 13+14
and 1516 signals. These features point to an anoma-
lously high efficiency for the metastable decay process,
(CgHg)15*—(CgHg)14™ +CsHg. For the precursor (CgHg),*
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ions with n—2< 14, ion signals corresponding to the loss
of two molecules are very weak and just on the order of the
noise level. This result suggests a large stability of (CsHg)14*
compared to larger cluster ions.

Rate Coefficients of Metastable Dissociations. We
calculate the apparent dissociation rates,>>'" assuming an
exponential decay behavior within the time window. The
rate coefficients can be derived from the integrated inten-
sities of the stable (parent) and metastable (daughter) ions
in the mass spectrum. There are several problems which
cause an inaccuracy in the measurement of the rate coeffi-
cients. First, peaks of the stable and metastable ions overlap
with each other (as shown in Fig. 5) when we operate the
ion reflector in a mode close to a complete correction.**!
In this case, the peak profile is fitted with appropriate func-
tions to decompose the overlapped peaks. Second, we use
the ion reflector in the partial correction mode to separate
the metastable ions and the stable ions. This operational
mode leads to different flight paths and different collection
efficiencies of the detector for the metastable and the stable
ions.’" Therefore, a pair of mass spectra is recorded for the
metastable and corresponding stable ions, where the volt-
ages on the ion reflector are carefully controlled in order to
force the metastable ions to follow the same flight path as
the corresponding stable ions.>”

The effective rate coefficient of the metastable decay proc-
esses in the drift region (kgow) is then given by

I
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where I; and I, stand for the integrated intensities of the sta-
ble and metastable ions, respectively. When there exist two
dissociation channels, a sequential evaporation mechanism

.is assumed, i.e., the n—2+«—n ions are assumed to grow up at
the expense of the n—1«—n ions. Then, the metastable inten-
sity (I,) is calculated from the intensities of both the n—2«—n
and the n— 1+—n ions. Figure 6 displays the rate coefficients
(ksiow) as functions of the cluster sizes for (CgHg),,* prepared
via the S, and the S states. The general tendency is that the
rate increases with increasing cluster size. However, the rate
stays almost constant in the interval 10<n<14 and suddenly
increases from n=14 to n=15. This anomaly corresponds to
an intensity anomaly in the mass spectra (Fig. 5); the inten-
sity drop of the stable ions after n=14 is caused by the high
dissociation rate of the next cluster ion (n=15).

In experimental studies concerning the metastable decay of
rare-gas cluster ions, it was found that individual decay rates
depends strongly on the cluster size.*~'" For xenon clus-
ter ions, Xe,* with n=10—79, Kreisle et al. measured the
dissociation rate on a microsecond time scale.'” An anoma-
lously high dissociation probability was found for Xei4™,
which is one atom larger than the complete first shell of an
icosahedron (n=13). One additional atom put on a closed
shell is particularly unstable with respect to evaporation.
Schriver et al. explained the difference in the magic num-
bers for benzene and rare gases (14, 20, 24, 27 vs. 13, 19,
23, 26) by considering a tightly bound benzene dimer ion
as the core of an icosahedron.!® The proposed stable struc-
ture of (CgHg) 4" is then that of a dimer ion with 12 nearly
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Fig. 6. Rate coefficients for the slow decay processes (kgow) Of benzene cluster ions as functions of sizes of the precursors. The ions
are prepared by resonant 2-photon ionization via the S, state at A =210 nm (a) and via the S; state at 4 =259.4 nm (b). The error
bars indicate experimental uncertainties determined from a series of individual measurement. The solid curve in the left panel is
drawn through the theoretical values of kqow calculated with the characteristic temperatures of the precursor ions determined by

using Eq. 6.
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equivalent surrounding molecules. The size dependence of
the dissociation rates shown in Fig. 6 also suggests a clos-
ing of the first shell at n=14. It should be noted that, in
contrast to benzene, no dynamical signature of shell clos-
ing has been found for alkylbenzenes (methylbenzene and
ethylbenzene)®” and fluorobenzenes (fluorobenzene, 1,4-di-
fluorobenzene, and hexafluorobenzene).”?

We now turn to the excess energy dependence of the rate
coefficients. It is natural that the values of kg, for the jons
prepared via the Sy state agree with those for the ions via the
S, state. As noted in the preceding sections, the large excess
energy leads to prompt dissociation processes within the laser
focus and/or fast decay processes in the ion source; each
dissociation step is accompanied by a cooling of the resulting
cluster ion. We suppose that almost all cluster ions entering
the drift region originate from evaporative cooling processes
and that the sizes of the ions are smaller than those of the
originally ionized clusters. As a consequence, the internal-
energy distribution of these cluster ions is independent of the
excitation conditions.

Statistical Theory for Metastable Dissociation.  The
rate coefficients for the metastable dissociation of cluster ions
usually show a monotonic increase with increasing cluster
size.'~ The behavior is understood within the framework of
the evaporative ensemble model developed by Klots.” % In
this model, the time evolution of an ensemble of clusters is
described by the characteristic temperature of the ensemble
and the binding energy and heat capacity of each cluster. In
order to estimate unknown parameters in the model, the theo-
retical prediction is often compared with the experimental ob-
servation in terms of the decay fraction, (I, /(Is+I,)), rather
than the rate coefficient. The decay fraction can be calculated
theoretically from the probability distribution (P(Ej,)) that
the ions have an internal energy of Ej,, and the microcanon-
ical decay rate (k(Eiy)) as a function of Ej,. Emstberger et
al.' extracted the dissociation energies of benzene cluster
ions from a quantitative analysis of the decay fractions using
the evaporative ensemble model. The decay rate (k(Ein))
was calculated using a restricted RRKM model using the re-
duced phase space of the van der Waals modes. They solved
coupled differential rate equations to yield P(Eiy).

‘We analyze our results in a similar way to estimate the
internal energies of the cluster ions. Strictly, an evaporative
ensemble cannot be characterized by a single, well-defined
temperature, as noted by Klots.?® For our purpose, how-
ever, it is convenient to describe the energy distribution of
the ensemble in terms of the temperature. Therefore, the
distribution is mimicked by the Boltzmann distribution,

P(Ein) = (1/N)p(Eine) €xp (—Eine / ks T), C))

where N is the normalization factor, kg the Boltzmann con-
stant, and 7 the characteristic temperature of the ensemble.
Only the intermolecular modes are taken into account in cal-
culating the density of states p(Ei). The modes include
rotations and translations of each monomer unit, providing
6n—6 (=s) degrees of freedom within a (C¢Hg),* cluster.
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The frequency (@) of every 6n—6 mode is set to 20 cm™!
for all cluster sizes, since the shape of P(Ej,) is found to be
only weakly dependent on the value of w. The calculated
distributions for (CgHg),* with n=6, 10, and 14 are displayed
in Fig. 7a. The temperature of each cluster is chosen so that
the theoretical prediction reproduces the experimental decay
fraction. According to the evaporative ensemble model, the
width of the energy distribution is approximately equal to the
binding energy. The widths of the calculated distributions
are 0.09, 0.15, and 0.20 eV for n=6, 10, and 14, respectively,
and close to the binding energies of the respective clusters
(0.13,0.18, and 0.21 eV)."¥

The microcanonical rate coefficient (k(E;y)) is calculated
using a modified RRK theory of Engelking,”>*¥

(Eint — Evina — Exin)* ™

(Eint)s_ ! ’ (5)

ker (Eint) = 8@ (s — Dugo
where u, g, and o are the reduced mass, channel degeneracy,

and geometrical cross section of the cluster, respectively.
Eping is the binding energy of a monomer to the cluster ion
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Fig. 7. (a) Internal energy distributions P(Eiy) for (CsHs)n"
with n=6, 10, and 14 calculated by assuming Boltzmann
distributions with 7=85, 102, and 112 K, respectively. The
temperature is chosen so that the theoretical prediction re-
produces the experimental decay fraction (see text). (b)
Microcanonical rate coefficients krrx as functions of Eiy
for (CsHe)," with n=6, 10, and 14. The rate coefficients
are calculated according to a modified RRK theory by using
Eq. 5. Two broken lines indicate the range of the rate that
leads to the metastable dissociation in the drift region. The
shaded areas show the internal energy range leading to the
dissociation within the metastable time window.
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and Ej, is the kinetic energy released during dissociation.
The w and s terms have their previous meanings. We assume
that all molecules but two in (C¢Hg),™ are available for decay;
the remaining two are expected to form a dimeric core that
would remain intact.. Thus, the channel degeneracy (g) is
taken to be n—2. The geometrical cross section (o) is set to
(150x10~16)#2/3 cm?. The binding energies are taken from
the literature.'® The average kinetic energy release is reported
to be 10—30 meV'* and can be neglected here. Figure 7b
demonstrates the calculated rate coefficients for (C¢Hg),*
with #=6, 10, and 14. The time zone from 7, to #3 determines
the range over which the metastable decay will be observed.
Because of the relationship between this time zone and the
rate coefficient, 1/k must lie between #, to £3. For (C¢Hg)10* as
an example, f,~1us and 3/47us as listed in Table 1. Thus,
the range of the rate that leads to the metastable dissociation
in the drift region is 6>log (k/s~ 1y>4.3; the two broken lines
in Fig. 7b indicate this range of k. Due to the different values
of 1, and 73 for different sizes, this range shifts slightly to a
lower decay rate with increasing size. However, the amount
of the shift is very small for the cluster sizes of interest here.
What is important in determining the decay fraction is the
internal-energy dependence of the slope of k(Eiy) within the
metastable time window and how k(Ei) overlaps with the
internal energy distribution (P(Ej,;)). As can be seen in
Fig. 7b, the k(E;,;) curve rises steeply for small cluster sizes,
whereas the rise of the curve becomes gentler for larger sizes.
The shaded areas in Fig. 7b indicate the internal energy range
leading to decay within the metastable time window. The
range is broader for larger cluster ions. As a consequence, a
general increase of the metastable fraction is observed with
increasing cluster size.

Quantitatively, we can describe the decay fraction in terms
of P(Ein) and k(Einy),

In
L+1n

[ PEw[1—exp {~KEw - )] 4B ©)

Equation 6 is the point of contact between experiment and
theory. In a calculation of the right-hand side of Eq. 6, we
vary the characteristic temperature in order to achieve opti-
mum agreement with the experimental decay fraction on the
left-hand side. The solid line in Fig. 6a is drawn through
the theoretical values of ko at the temperatures determined
here. Figure 8 shows these temperatures of cluster ions as a
function of the cluster size in the range 4<n<14. The tem-
perature characterizes the ensemble of the cluster ions at the
entrance of the drift region (at r=t,). The (CgHg)s™ ion shows
the lowest temperature because it has the smallest binding
energy among these sizes. The temperature smoothly rises
from 80 K at n=5 to 110 K at n=14. This behavior is prob-
ably due to an increase in the binding energy from 0.12 eV
for n=5 to 0.21 eV for n=14." Owing to the nature of the
evaporative ensemble,”® the “temperature” is to understood
only to signify the energy for these small clusters. Klots also
proposed a complementary form of thermometry,> which is
best applicable to small clusters. The average kinetic energy
with which a monomeric unit leaves the surface of a clus-
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Fig. 8. Characteristic temperatures 7 (open squares) and av-

erage internal energies (Ein) (open circles) of (C¢He)n'
with n=4—14 at the entrance of the drift region (at t=1,).
These values are determined by comparing the calculated
decay fractions with the observed ones. The closed circles
at n=5—=8 stand for the average internal energies derived
from photofragmentation data (see text).

ter can measure the temperature. Lifshitz and Louage have
suggested that the binding energies of the cluster ions can be
obtained from accurate measurements of the kinetic energy
release.” Experiments are now underway on the determi-
nation of the kinetic energy released during the metastable
dissociation of (CgHg),*.

Internal Energies of Cluster Ions. The average internal
energy ((Eiy)) of cluster ions at the entrance of the drift
region is also indicated in Fig. 8 (open circles). The average
internal energy increases almost linearly from 0.14 eV at
n=5 to 0.66 eV at n=14. The internal energy is shared
among van der Waals modes of the clusters. The number
of these modes increases with increasing cluster size; the
larger clusters accommodate a larger energy content, even
if the temperatures of the clusters are the same. We should
be careful concerning the size-dependence of the internal
energy content when we discuss any property of cluster ions
as a function of size.

Finally, let us use a different approach to estimate the
average internal energy of the cluster ions. In recent
publications,**® we reported on photofragmentation stud-
ies concerning cluster ions from (C¢Hg)s* to (CgHg)s* at
photon energies of between 0.5 and 3.0 eV. The size dis-
tributions of the fragment ions were determined and charac-
terized by the parameter (N), the average number of neutral
molecules ejected following photoexcitation. For (C¢Hpg),*
with n=5—38, the (N) values increase linearly with increasing
photon energy (hv). Extrapolation of the lines for n=5—8
to hv=0 eV gives an idea about the internal energies of the
parent ions. If we regard the value of (N) at Av=0 eV as
the probability that the parent ions have internal energies
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larger than the binding energy, we can then estimate the in-
ternal energies of the ions. The average internal energies
obtained in this way are also plotted in Fig. 8 (closed cir-
cles). These values are in agreement with those determined
from the metastable decay fractions using Eq. 6. We will
use the information obtained here to analyze the previous
photofragmentation data in further detail.

Conclusions

A major problem inherent in studies using cluster ions
is the difficulty to measure the internal energy of size-se-
lected ensembles. Cluster ions are often generated with a
large amount of excess energy upon ionization, and cool by
subsequent evaporation. We have encountered this situation
as usual in our photofragmentation studies of size-selected
benzene cluster ions. In this paper, we have shown that the
characteristic temperature of the cluster ions can be extracted
from a measurement of the rate of metastable dissociations.
The average internal energy is shown to increase almost
linearly with increasing cluster size from n=5 to 14. The
density of states at a given energy increases with the num-
ber of modes and, thus, the cluster size. Consequently, the
internal energy content greatly changes with the cluster size,
even if the clusters have a common temperature. We should
be careful concerning the size-dependence of the internal en-
ergy content when we discuss any property of cluster ions as
a function of size.

Studies on the metastable dissociation of benzene clus-
ter ions were started in collaboration with Professor H.
Shinohara (Nagoya University). We thank Professor H.
Shinohara for his helpful suggestions.
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