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Abstract

Kinetic energy release measurements have been performed following the metastable and infrared photoinduced decay of
SF6z(C6H6)n

1 cluster ions. Using a model due to Klots [J. Chem. Phys. 58 (1973) 5364], photofragment kinetic energy releases
have been predicted on the assumption that energy from the photon (;950 cm21 deposited into then3 of the SF6 moiety) is
partitioned statistically throughout the cluster ion. However, a comparison between experimental and calculated results
suggests that incomplete energy randomisation may be taking place, and a better description of the photofragmentation process
is provided on the assumption that the excited vibrational mode undergoes partial relaxation to either then2 or n4 modes. The
energy difference (;300 cm21) is then randomised and is reflected in the magnitudes of the measured kinetic energy releases.
(Int J Mass Spectrom 179/180 (1998) 253–260) © 1998 Elsevier Science B.V.
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1. Introduction

In two previous publications [1,2], we have shown
how the infrared photoexcitation of SF6-containing
cluster ions can lead to incomplete energy transfer
between the chromophore (SF6) and the cluster heat
sink. In these experiments, the kinetic energy release
associated with the metastable decay of each ion has
been recorded and used to establish an internal energy
and temperature. The process was then repeated
following laser-induced infrared photodissociation,
and the new kinetic energy release used to record a
temperature increase which in turn was compared

with that calculated from a model due to Klots [3].
The examples studied were SF6zArn

1 and SF6z(NO)n
1

[1,2], and in both cases it was shown that excitation of
the n3 vibrational mode in SF6 at 950 cm21 leads to
incomplete energy randomization. These observations
could be accounted for by assuming that SF6 under-
goes vibrational relaxation fromn3 to either then2 or
n4 vibrational levels, and that the energy difference is
dissipated to the internal modes of the heat sink. Since
the energy separation between then2 andn4 modes is
only ;30 cm21, the resolution of the experiment was
not sufficient to give a precise identification of the
final vibrational state.

In the examples studied thus far, the heat sinks
have contained a limited number of internal degrees
of freedom. In the experiments reported here we have
extended the range of measurements to include the
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system SF6z(C6H6)n
1, which complements the earlier

results in that the cluster component now consists of
molecules which have large numbers of internal
degrees of freedom. However, there is a further reason
as to why the SF6z(C6H6)n

1 system is of interest.
Following the isolation of a single size of cluster ion,
two metastable fragmentation routes are observed [4]

SF6z(C6H6)n
13 SF6z(C6H6)n21

1 1 C6H6 (1)

SF6z(C6H6)n
13 (C6H6)n

1 1 SF6 (2)

The loss of a benzene molecule via reaction (1), is by
far the more dominant metastable dissociation pro-
cess, with intensities six to eight times those observed
for the loss of SF6 [4]. Part of this difference could be
attributed to reaction path degeneracy. However, fol-
lowing excitation with an infrared photon from a CO2

laser, the only photoinduced fragmentation route ob-
served is the loss of SF6 via reaction (2). This
complete reversal of reaction probability is unusual
when compared with the pattern of behaviour seen in
similar systems studied thus far [4–7]. Only three
other mixed cluster ions have been observed to lose
SF6 following photoexcitation, and these very specific
examples are: SF6zKr3

1 [8], SF6z(NO)3
1 [6], and

SF6z(NO)5
1 [6]. However, all of these ions also exhib-

ited the same loss channel under conditions of meta-
stable decay.

2. Experimental

Neutral clusters of the form SF6z(C6H6)n were
prepared using the “pick-up” [9] technique on an
apparatus that consists of a pulsed supersonic nozzle
coupled to a modified double focusing, reverse geom-
etry, high resolution mass spectrometer (VG ZAB-E).
Benzene clusters were produced by partly filling a
stainless steel reservoir with the liquid (5 cm3, Aldrich
99.99% spectroscopic grade) and using argon as a
carrier gas to transport the vapour into the nozzle
assembly. Following collimation through a 1 mm
diameter skimmer, the benzene cluster beam entered a
flight tube approximately 70 cm long, in which the
background pressure had been increased to 1025 mbar
through the introduction of SF6 via a needle valve. A

combination of cooling the reservoir with ice together
with an argon backing pressure of 35 psi were found
to provide the optimum conditions necessary for
producing intense SF6z(C6H6)n

1 signals. As in previ-
ous studies [4–7], the presence of argon as the carrier
gas was found to be essential to the success of the
pick-up procedure. It is thought that an important
intermediate step is the formation of mixed
(C6H6)nzArm clusters which then undergo the ex-
change reaction

(C6H6)nzArm 1 SF63 SF6z(C6H6)nzArk

1 ~m 2 k!Ar (3)

with the argon acting as an energy sink in the
exchange reaction.

Ionisation was achieved using 70 eV electrons and
at that stage any remaining argon atoms are assumed
to be lost from the mixed cluster ions. For this series
of experiments an accelerating voltage of 7 kV was
used to extract ions from the source. The resolution of
the mass spectrometer was increased to the highest
practical level while still maintaining a level of signal
adequate for quantitative measurements. In this way,
any contribution that the spread in parent ion kinetic
energy makes to the metastable and laser-induced
kinetic energy profiles could be kept to a minimum.
Typically, the parent ion kinetic energy spread [full
width at half maximum (FWHM)] was of the order of
1.5–2.0 eV in the laboratory-frame, which led to a
parent ion contribution of,10%.

The masses of any ionic photofragments were
determined using the electrostatic analyser in the
mass-analysed ion kinetic energy spectra (MIKES)
mode [10]. To separate laser-induced fragmentation
processes from either metastable decay or collision-
induced dissociation (CID), the laser beam was mod-
ulated at half the nozzle frequency and foreground–
background subtraction performed on photofragment
signals. Two data collection techniques were em-
ployed: photodissociation and unimolecular (metasta-
ble) decay signals at a single kinetic energy were
recorded using gated photon counting via a scintilla-
tion (Daly) ion detector; mass spectra were recorded
using phase-sensitive detection in conjunction with
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analogue output from the ion detection system. To
keep CID processes to a minimum, the background
pressure in the flight tube was maintained at 63 1029

mbar. Photodissociation signals were between 103

and 105 counts min21 against a background signal of
,102 counts min21. A typical error bound on photo-
fragmentation signal intensity at a given laboratory
frame kinetic energy is65%. Power-dependence
studies showed that most photodissociation steps were
single photon events, and none of the processes
discussed here showed any dependence on the angle
of polarisation of the laser radiation.

For each mass-selected cluster ion, the width and
intensity of any underlying metastable or unimolecu-
lar decay product was recorded at the same time as the
laser signal. Because the average kinetic energy re-
lease associated with each metastable process is used
to define the initial temperature of a cluster ion, the
simultaneous recording of both signals served to
reduce any uncertainty imposed by instrumental drift
during the 2–3 h it took to record each result. As a
result of the very weak metastable signal observed for
the loss of SF6 from each cluster ion (as opposed to
the metastable loss of benzene), the corresponding
kinetic energy profiles exhibit some noise. This was
accentuated as a result of the increase in mass spectral
resolution required by this particular series of exper-
iments.

3. Calculation of cluster temperature

From earlier work by Klots [3], the relationship
between the excess energy of a cluster ion above
threshold, (E*) and a temperature (T*) for the disso-
ciating products can be derived from statistical me-
chanics as follows:

E* 5
~R 2 1!

2
kBT* 1 kBT*

1 O
i

hn i

@exp ~hn i/kBT* ! 2 1#
, (4)

where R is the number of rotational degrees of
freedom in the reaction products and the summation is

performed over all vibrational frequencies of the
products (withn i being the harmonic frequency of the
i th mode, andkB is Boltzmann’s constant). In some
respects,T* could be considered as the temperature of
the reaction transition state [3]. A second relationship
defines the connection betweenT* and the average
kinetic energy release («t) as [3]

«t 5 kBT*. (5)

Thus a measurement of«t can establishT*, which in
turn can be used to calculateE* from Eq. (4). If the
“temperature” of the cluster ion is now increased
through the addition of an infrared photon, there will
be a new excess energy (namelyE* 1 Eph) which can
be equated with an increase in temperature fromT to
T 1 DT as follows:

E* 1 Eph 5
~R 2 1!

2
kB$T* 1 DT% 1 kB$T* 1 DT%

1 O
i

hni

@exp ~hni/kB$T* 1 DT%! 2 1#
,

(6)

whereEph 5 hn (the energy of the photon). In Eqs.
(4) and (6) it is assumed that angular momentum
conservation does not constrain either the energy
accessible to theR rotational degrees of freedom or
the relative kinetic energy of the reaction products.

If Eq. (6) is rewritten in the form

f~DT! 5
~R 2 1!

2
kB$T* 1 DT% 1 kB$T* 1 DT%

1 O
i

hn i

@exp ~hn i/kB$T* 1 DT%! 2 1#

2 ~E* 1 Eph! (7)

then the Newton–Raphson approximation

DTi11 5 DTi 2 f~DTi!/f9~DTi! (8)

can be used to findDT in the limit f(DTi)/f9(DTi) 3
0, where
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f9~DTi! 5
f~DTi!

DTi
(9)

andDTi andDTi11 refer to the results of successive
interations. Typically, Eq. (8) converges to within
0.01% in less than five iterations. The new tempera-
ture of the cluster ion is thenT* 1 DT and the
associated kinetic energy release should be

«tph 5 kB$T* 1 DT%. (10)

In the approach outlined above, the theory is used
to calculate an increase in kinetic energy that should
result from the addition of a fixed amount of energy to
each ion. Thus, even if the estimates ofT* [Eq. (5)]
are not strictly correct, the route toDT via the
quantum mechanical partition function for a collec-
tion of harmonic oscillators, should rescale each
kinetic energy release from«t to «tph by the correct
magnitude. The broader implications of this approach
are that within the time scale of a reaction (which in
this case is the loss of SF6) all or part of the energy of
the photon is equipartioned among the available
degrees of freedom in the cluster. In effect we are
attempting to “warm up” the clusters and use kinetic
energy release as a measure of the efficiency of that
process.

4. Results and discussion

We begin with a brief summary of those properties
of SF6 which are responsible for the success of this
series of experiments, where we have been able to
undertake an extensive study of the photofragmenta-
tion spectra of single chromophores in association
with size-selected cluster ions [4–8]. The general
approach requires generating heterogeneous clusters
of the formYXn, for which the ionisation energy (IE)
of the chromophoreY is greater than that of either the
cluster,Xn or a single constituent. Under these cir-
cumstances, the mixed cluster may be ionised in the
knowledge that the charge will reside onXn; the
implication being that the spectroscopy of a neutral
cluster-bound chromophore can be studied and, at the

same time, the presence of a charge used to size-select
individual species. With the present constituents,
sulpher hexafluoride (IE5 13.5–15 eV [11–13]) and
benzene (IE5 9.2 eV), the large difference in
ionisation energies ensures that the charge will be
located on the cluster component.

Neutral SF6 has an infrared active, triply degener-
ate (T1u) vibrational mode (n3) which gives a very
strong absorption feature in the gas phase at 948 cm21

and falls within the 10P branch of a line-tuneable
CO2 laser. The infrared excitation of the SF6z(C6H6)n

1

cluster ion series, as a function of laser wavelength,
has been the subject of an earlier study where results
were presented forn in the range 1–25 [4]. By
monitoring reaction (2) as a function of cluster size
and laser wavelength, it was possible to determine
individual infrared (IR) absorption profiles by sum-
ming fragment ion intensities. Two examples are
shown in Fig. 1, where profiles have been recorded for
SF6z(C6H6)3

1 and SF6z(C6H6)5
1. The general shape and

position of each absorption profile is characteristic of
the n3 mode in neutral SF6, and similar profiles have
been recorded for SF6z(CO2)n

1 [5], SF6z(NO)n
1 [6],

SF6zArn
1 [7], and SF6zKrn

1 [8]. In addition, Scoles and
co-workers have observed similar absorption features
in neutral SF6Arn clusters [9,14], and a detailed
theoretical analysis of this work has been presented by
Eichenauer and Le Roy [15]. In particular, these
authors provide a description of the interactions re-
sponsible for perturbing then3 vibrational mode in
SF6 when the molecule is trapped in and on a cluster.
Benzene and benzene clusters also exhibit an infrared
absorption which falls within the 10P branch of the
CO2 laser [16], however, the infrared mode(s) respon-
sible has a much smaller infrared transition dipole
than that seen in SF6, and the frequency maximum is
shifted well away from the prominent laser lines used
in these experiments.

Laboratory-frame kinetic energy profiles were re-
corded for SF6z(C6H6)n

1 cluster ions for the rangen 5
2–8, andwith the laser operating on the 10P18
transition at 945.98 cm21. Due to small shifts in the
infrared absorption profiles across the size range
under study, the above frequency proved to be most
appropriate. From Secs. 2 and 3, it follows that each
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photofragmentation experiment at the above laser
frequency, consists of the following steps. A metasta-
ble peak profile for the unimolecular decay of a
size-selected SF6z(C6H6)n

1 cluster ion is recorded and,
from Eqs. (1) and (2), the measured kinetic energy
release,«t, is used to establishT* andE*. The cluster
ion is then photoexcited and the corresponding pho-
tofragment peak profile recorded in order to measure
any increase in kinetic energy brought about as a
result of additional internal energy contributed by the
photon. Figs. 2 and 3 show examples of fragmentation
peak profiles, plotted as a function of the laboratory
frame kinetic energy and recorded following the
decay of SF6z(C6H6)n

1 from both metastable and laser
excitation [reaction (2) in each case].

To extract accurate kinetic energy releases all
laboratory-frame profiles, both metastable and photo-
induced, were modeled using a Monte Carlo simula-
tion program which provides a complete numerical
description of the apparatus [17]. No a priori assump-
tion is made in the simulation regarding the nature of
the kinetic energy distribution required to fit the
experimental data, i.e. Rice–Ramsberger–Kassel–
Marcus (RRKM) or phase space theory; the purpose
of the simulation is merely to determine an accurate
value for the average energy release. The simulated
results are presented in Figs. 2 and 3 as solid lines,
together with the experimental data points.

The centre of mass kinetic energy releases ex-
tracted from the metastable peak profiles are given in

Table 1. The data show a gradual increase as a
function of cluster size, which is similar to the pattern

Fig. 1. Two examples of infrared absorption profiles recorded by summing all fragment ion intensities as a function of laser wavelength. The
points are the experimental data and the solid line is a fitted Lorentzian profile.

Fig. 2. Laboratory-frame kinetic energy measurements for reaction
(2) following the metastable and photoinduced fragmentation of
SF6z(C6H6)2

1–SF6z(C6H6)4
1 cluster ions. The symbols denote exper-

imental data and the computer simulated fits are shown as solid
lines.
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observed previously for metastable kinetic energy
measurements on Arn

1 [18,19] and (CO2)n
1 [20]. This

behaviour has been attributed to a combination of
instrumental effects and an increase in the internal
energy content of the cluster ions as a function of size
[18–20]. The principal factor influencing the internal
energy content of an ion that fragments in the 2ffr of

a sector mass spectrometer, is the lifetime window,
which is of the order of 1024 s. For an ion with a small
number of degrees of freedom, the excess energy has
to be very low if it is to live long enough to reach the
2ffr and, as their size increases, ions which fit within
the lifetime window are able to accommodate more
energy. However, these changes do not necessarily
imply a linear increase in the kinetic energy release
because larger ions have more degrees of freedom
over which energy can be partitioned.

Table 1 also presents the kinetic energy releases
recorded following laser-induced fragmentation. The
results for small cluster ions follow the expected
trend, i.e.«tph(CO2 laser). «t(metastable); however,
beyond n 5 5 the laser and metastable results
converge rapidly. This is most likely due to the fact
that the energy from each photon represents a dimin-
ishing fraction of the total internal energy available
for fragmentation.

Eqs. (4)–(10) have been used to calculate the
kinetic energy releases based on the assumption that
some or all of the energy available from the photon is
equipartioned among all the internal degrees of free-
dom. It is assumed that prior to photon excitation any
internal energy the ions might have received as a
result of electron impact ionisation, is completely
randomised. The reason being that these ions are
approximately 1024 s “old” when they reach the point
where they interact with the laser, which is more than
sufficient time for complete energy randomisation.
Furthermore, the ions will have undergone numerous
evaporative steps whilst in the ion source, and there-
fore form part of an “evaporative ensemble” for which
a temperature can be defined [21–24].

It is evident from the calculated results presented
in Fig. 4 that the assumption of complete photon
energy randomisation, predicts energy releases that
are much larger than those recorded in the experi-
ment. This observation is particularly true of those
measurements made for the smaller clusters contain-
ing 2–4 benzene molecules, and is also consistent
with previous results [1,2]. At larger values ofn the
distinction between experiment and theory is less
marked, but this probably reflects the fact that the

Fig. 3. As for Fig. 2, but for cluster ions in the range
SF6z(C6H6)5

1–SF6z(C6H6)7
1.

Table 1
Experimental kinetic energy releases («t and«tph) recorded for
the metastable and laser-induced decay of SF6z(C6H6)n

1 cluster
ions; the CO2 laser wavelength was 947 cm21

n Metastable («t/meV) Laser («tph/meV)

2 4.2 6.7
3 5.2 6.6
4 5.9 6.7
5 8.1 9.6
6 9.5 9.4
7 11.0 11.6
8 12.3 12.2
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magnitude of the heat sink increases quite rapidly as
a function of cluster size. Also presented in Fig. 4 are
results calculated on the assumption just;300 cm21

of the photon’s energy is randomised to the benzene
cluster. The agreement with experiment is now excel-
lent, and in particular, the results match the experi-
mental trend seen in the smaller clusters. For the
larger clusters (n $ 5) the uncertainties in the
experimental data are such that the evidence for
partial energy randomisation is less conclusive. The
calculated kinetic energy releases are also given in
Table 2.

These results are consistent with those recorded
earlier for small SF6z(NO)n

1 and SF6zArn
1 cluster ions

[1,2], and support the conclusion that, following
photoexcitation, vibrational energy in then3 mode
undergoes partial relaxation to either then2 or n4

modes. The energy difference is then partitioned to
the remainder of the cluster and some fraction appears
as kinetic energy release. In two gas phase studies
involving CO2 laser excitation [25,26], it was ob-
served that collisional relaxation from then3 (v 5 1)
state of SF6 can proceed through a rapidV–V transfer
process involving either then4 vibrational level [26]
at 625 cm21 or the n6 level [25] at 363 cm21. In
addition, the latter state was found to act as a
bottleneck with subsequentV–T energy transfer act-
ing as a rate-determining step to total relaxation of the
SF6 molecule [25]. A similar conclusion regarding the
relaxation mechanism was reached following a ma-
trix-isolation study of SF6 by Boissel et al. [27].
Relaxation of the excited molecule was followed as a
function of time in matrices consisting of N2, Ne, Ar,
Kr, and Xe. The results were interpreted in terms of a
relaxation process which proceeds via a rapid cascade
(nanosecond time scale) fromn33 n6, to be followed
by a much slower decay from then6 vibrational level.
Measured time scales for the subsequent dissipation
of n6 (v 5 1) into the lattice phonon modes ranged
from ,10 ns (N2) to 1850 ns (Xe). Relaxation times
in benzene could be longer than those seen in the inert
gases, in which case they could approach the duration
of the experiment (;1025 s). The results of Bates et
al. [25] would certainly provide some justification for
selectingn4 as the intermediate state for the purposes
of accounting for the restricted relaxation step iden-
tified here and in other related experiments [1,2].

From the calculations it is also possible to deter-
mine an initial temperature (T*) for the clusters and a
temperature increase (DT) resulting from photoexci-
tation, and these results are given in Table 2 and
plotted in Fig. 5. Compared with previous results
[1,2], the initial temperatures are, as expected, signif-
icantly larger than those determined for the smaller
heat sinks of argon and nitric oxide. Likewise, the
increases in temperature, observed as a result of
photoexcitation, are considerably smaller for benzene
than for the other two examples [1,2].

Fig. 4. Comparison between the experimental centre of mass kinetic
energy releases and results calculated assuming either complete or
partial photon energy randomisation. The assumptions behind both
calculations are discussed in the text.

Table 2
Summary of the temperatures derived for the SF6z(C6H6)n

1 ions
and the predicted kinetic energy releases («tph) for the
photodissociation channel

n T*/K DT/K «tph/meVa

2 49 33 7.1
3 59 23 7.1
4 66 17 7.2
5 94 12 9.1
6 110 10 10.4
7 128 8 11.6
8 143 6 12.7

a Kinetic energy releases calculated from the restricted energy
randomisation model presented in the text.
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5. Conclusion

Results have been presented of kinetic energy
release measurements following the photoexcitation
of small SF6z(C6H6)n

1 cluster ions. A comparison
between experimental and calculated energy releases
for n # 4 shows evidence of incomplete energy
randomisation, in the sense that the excited vibra-
tional mode in SF6 undergoes only partial relaxation.
Consistent with earlier measurements on other mixed
cluster systems, the photoexcited mode is found to
relax to a vibrational level approximately 300 cm21

lower in energy (eithern2 or n4). The excess energy
(;300 cm21) is partitioned to the cluster, and as
expected, the magnitude of the heat sink has a
measurable effect on kinetic energy release when the
results from SF6zArn, SF6z(NO)n, and SF6z(C6H6)n are
compared. In the larger SF6z(C6H6)n clusters, experi-
mental uncertainties mean that the evidence for partial
energy relaxation is not so conclusive.

Finally, it was concluded from an earlier spectro-
scopic study of SF6z(C6H6)n

1 clusters [4], that SF6
occupied a surface site, which was probably respon-
sible for the continued prominence of reaction (2),
even in the very large clusters. However, we might
also have expected the very specific nature of the
photodissociation channel to have been reflected in
the energy release process. The fact that the com-

plexes appear to participate in the restricted energy
randomisation process, suggests that subtle differ-
ences in the unimolecular rate constant as a function
of internal energy may be responsible for the observed
photofragmentation pattern.
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