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Abstract

Kinetic energy release measurements have been performed following the metastable and infrared photoinduced decay
SF.(CgHg), cluster ions. Using a model due to Klots [J. Chem. Phys. 58 (1973) 5364], photofragment kinetic energy release:
have been predicted on the assumption that energy from the phe@&0(cm * deposited into the, of the SK, moiety) is
partitioned statistically throughout the cluster ion. However, a comparison between experimental and calculated result
suggests that incomplete energy randomisation may be taking place, and a better description of the photofragmentation proc
is provided on the assumption that the excited vibrational mode undergoes partial relaxation to either themodes. The
energy difference-{300 cnm %) 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 with that calculated from a model due to Klots [3].
; + +
In two previous publications [1,2], we have shown The examples studied were &, and Sk (NO),

how the infrared photoexcitation of SEontaining [1,2], and in both cases it was shown that excitation of
I : —1
cluster ions can lead to incomplete energy transfer (e vs vibrational mode in Sf-at 950 cm * leads to
between the chromophore (§Rand the cluster heat incomplete energy randomization. These observations
sink. In these experiments, the kinetic energy release ¢0uld be accounted for by assuming thag SiRder-
associated with the metastable decay of each ion has3°€s Vibrational relaxation from; to either thew, or
been recorded and used to establish an internal energy?s Vibrational levels, and that the energy difference is
and temperature. The process was then repeateodissipated to the internal modes of the heat sink. Since
following laser-induced infrared photodissociation, the €nergy sialparatmn between iheandv, modes is
and the new kinetic energy release used to record a®nly ~30 cm 7 the resolution of the experiment was

temperature increase which in turn was compared not sufficient to give a precise identification of the
final vibrational state.

- In the examples studied thus far, the heat sinks
* Corresponding author. . N _ have contained a limited number of internal degrees
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outstanding contributions for many decades to gas-phase ion of freedom. In the experiments reported here we have

chemistry and physics. extended the range of measurements to include the
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system SE(CgHg),, which complements the earlier combination of cooling the reservoir with ice together
results in that the cluster component now consists of with an argon backing pressure of 35 psi were found
molecules which have large numbers of internal to provide the optimum conditions necessary for
degrees of freedom. However, there is a further reasonproducing intense SECgH¢), signals. As in previ-

as to why the SE(C¢Hg). system is of interest.  ous studies [4-7], the presence of argon as the carrier
Following the isolation of a single size of cluster ion, gas was found to be essential to the success of the
two metastable fragmentation routes are observed [4] pick-up procedure. It is thought that an important
intermediate step is the formation of mixed
(CgHe)nAry, clusters which then undergo the ex-

SF.(CeHe)t — (CeHe)it + SFy 2) change reaction

SFs(CsHe)n — SFs(CeHe)n—1 + CeHs (1)

The loss of a benzene molecule via reaction (1), is by (CeHe)nArm + SFs — SFs.(CsHg)nAry
far the more dominant metastable dissociation pro-
cess, with intensities six to eight times those observed
for the loss of SE[4]. Part of this difference could be  with the argon acting as an energy sink in the
attributed to reaction path degeneracy. However, fol- exchange reaction.

lowing excitation with an infrared photon from a GO lonisation was achieved using 70 eV electrons and
laser, the only photoinduced fragmentation route ob- at that stage any remaining argon atoms are assumed
served is the loss of §Fvia reaction (2). This  to be lost from the mixed cluster ions. For this series
complete reversal of reaction probability is unusual of experiments an accelerating voltage of 7 kV was
when compared with the pattern of behaviour seen in used to extract ions from the source. The resolution of
similar systems studied thus far [4-7]. Only three the mass spectrometer was increased to the highest
other mixed cluster ions have been observed to lose practical level while still maintaining a level of signal
SF; following photoexcitation, and these very specific adequate for quantitative measurements. In this way,
examples are: SKr; [8], SF.(NO); [6], and any contribution that the spread in parent ion kinetic
SF:(NO)s [6]. However, all of these ions also exhib-  energy makes to the metastable and laser-induced
ited the same loss channel under conditions of meta- kinetic energy profiles could be kept to a minimum.
stable decay. 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 0¥10%.

Neutral clusters of the form QKCgHg), were The masses of any ionic photofragments were
prepared using the “pick-up” [9] technique on an determined using the electrostatic analyser in the
apparatus that consists of a pulsed supersonic nozzlemass-analysed ion kinetic energy spectra (MIKES)
coupled to a modified double focusing, reverse geom- mode [10]. To separate laser-induced fragmentation
etry, high resolution mass spectrometer (VG ZAB-E). processes from either metastable decay or collision-
Benzene clusters were produced by partly filling a induced dissociation (CID), the laser beam was mod-
stainless steel reservoir with the liquid (5 rldrich ulated at half the nozzle frequency and foreground-—
99.99% spectroscopic grade) and using argon as abackground subtraction performed on photofragment
carrier gas to transport the vapour into the nozzle signals. Two data collection techniques were em-
assembly. Following collimation throbhga 1 mm ployed: photodissociation and unimolecular (metasta-
diameter skimmer, the benzene cluster beam entered ale) decay signals at a single kinetic energy were
flight tube approximately 70 cm long, in which the recorded using gated photon counting via a scintilla-
background pressure had been increased tG frbar tion (Daly) ion detector; mass spectra were recorded
through the introduction of SFvia a needle valve. A using phase-sensitive detection in conjunction with

+ (m— K)Ar (3)

2. Experimental
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analogue output from the ion detection system. To performed over all vibrational frequencies of the
keep CID processes to a minimum, the background products (withy; being the harmonic frequency of the
pressure in the flight tube was maintained at 80 ° ith mode, andg is Boltzmann’s constant). In some
mbar. Photodissociation signals were betweerd 10 respectsT* could be considered as the temperature of
and 16 counts min* against a background signal of  the reaction transition state [3]. A second relationship

<10? counts min *. A typical error bound on photo-  defines the connection betwedh and the average
fragmentation signal intensity at a given laboratory kinetic energy releases() as [3]

frame kinetic energy ist5%. Power-dependence

studies showed that most photodissociation steps weree; = KgT*. (5)

single photon events, and none of the processes

discussed here showed any dependence on the angld hus a measurement ef can establisi™*, which in

of polarisation of the laser radiation. turn can be used to calculaie from Eq. (4). If the

For each mass-selected cluster ion, the width and “temperature” of the cluster ion is now increased

intensity of any underlying metastable or unimolecu- through the addition of an infrared photon, there will

lar decay product was recorded at the same time as thebe a new excess energy (namety + E;) which can

laser signal. Because the average kinetic energy re-pe equated with an increase in temperature ffoto

lease associated with each metastable process is useqd + AT as follows:

to define the initial temperature of a cluster ion, the

simultaneous recor.ding_ of both signals served _to E* + Eyp = (R-1) Ke(T* + AT} + kg{T* + AT}

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 SEfrom each cluster ion (as opposed to i

the metastable loss of benzene), the corresponding (6)

kinetic energy profiles exhibit some noise. This was

accentuated as a result of the increase in mass spectraivhereE, = hv (the energy of the photon). In Egs.

resolution required by this particular series of exper- (4) and (6) it is assumed that angular momentum

iments. conservation does not constrain either the energy
accessible to th® rotational degrees of freedom or
the relative kinetic energy of the reaction products.

hy,
[exp (hy/kg{T* + AT}) — 1]’

3. Calculation of cluster temperature If Eq. (6) is rewritten in the form
From earlier work by Klots [3], the relationship ~(R=1 . .

between the excess energy of a cluster ion abovef(AT) 2 kelT* + AT} + ke{T* + AT}
threshold, E*) and a temperaturelt) for the disso-
ciating products can be derived from statistical me- + > hy,
chanics as follows: ~ [exp (hyi/kg{T* + AT}) — 1]

R - 1 . * +
E* = ( 5 ) kgT* + kgT* (E Eor) (7)

then the Newton—Raphson approximation
hVi
2 fexp (hukeT) — 1] () AT, = AT, — fAT)/F(AT) ®)

where R is the number of rotational degrees of can be used to findT in the limit f(AT;)/f' (AT;) —
freedom in the reaction products and the summation is 0, where
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of(AT) same time, the presence of a charge used to size-select
OAT, (©) individual species. With the present constituents,
sulpher hexafluoride (IE= 13.5-15 eV [11-13]) and
andAT,; andAT,,, refer to the results of successive anzene (IE= 9.2 eV), the large difference in

interations. Typically, Eq. (8) converges to within jgnisation energies ensures that the charge will be
0.01% in less than five iterations. The new tempera- |5cated on the cluster component.

f'(AT;) =

ture of the cluster ion is thef* + AT and the Neutral SE has an infrared active, triply degener-
associated kinetic energy release should be ate (T,,) vibrational mode #,) which gives a very
£ipn = ke{T* + AT} (10) strong absorption feature in the gas phase at 948'cm

and falls within the 1@ branch of a line-tuneable
In the approach outlined above, the theory is used COz 1aser. The infrared excitation of the SeHe)n

to calculate an increase in kinetic energy that should ClUSter ion Series, as a functlor? of laser wavelength,
result from the addition of a fixed amount of energy to "2 been the subject of an earlier study where results

each ion. Thus, even if the estimatesTof[Eq. (5)] were presented fon in the range 1-25 [4]. By
are not strictly correct, the route tAT via the monitoring reaction (2) as a function of cluster size
quantum mechanical partition function for a collec- and laser wavelength, it was possible to determine
tion of harmonic oscillators, should rescale each Ndividual infrared (IR) absorption profiles by sum-
kinetic energy release from, to &, by the correct Mg fragment ion intensities. Two examples are
magnitude. The broader implications of this approach S1oWn in F+|g. 1, where proflles have been recorded for
are that within the time scale of a reaction (which in SFe(CeHe)s and Sl (CeHe)s . The general shape and
this case is the loss of SFall or part of the energy of position of each absorption profile is characteristic of
the photon is equipartioned among the available the v mode in neutral SE and similar profiles have

+ +
degrees of freedom in the cluster. In effect we are PEeN :ecorded for %IECOZ)n [5], SFs(NO), [6],
attempting to “warm up” the clusters and use kinetic SFeATn [7], and SEKr, [8]. In addition, Scoles and

energy release as a measure of the efficiency of that_co—workers have observed similar absorption fee_ltures
process. in neutral SEAr, 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-
4. Results and discussion sponsible for perturbing the; vibrational mode in
SF; when the molecule is trapped in and on a cluster.
We begin with a brief summary of those properties Benzene and benzene clusters also exhibit an infrared
of SF; which are responsible for the success of this absorption which falls within the 1I® branch of the
series of experiments, where we have been able to CO, laser [16], however, the infrared mode(s) respon-
undertake an extensive study of the photofragmenta- sible has a much smaller infrared transition dipole
tion spectra of single chromophores in association than that seen in $Fand the frequency maximum is
with size-selected cluster ions [4—8]. The general shifted well away from the prominent laser lines used
approach requires generating heterogeneous clustersn these experiments.
of the formY X, for which the ionisation energy (IE) Laboratory-frame kinetic energy profiles were re-
of the chromophord is greater than that of either the corded for SE(CgHg),, cluster ions for the range =
cluster, X, or a single constituent. Under these cir- 2-8, andwith the laser operating on the PQ8
cumstances, the mixed cluster may be ionised in the transition at 945.98 cit. Due to small shifts in the
knowledge that the charge will reside ofy,; the infrared absorption profiles across the size range
implication being that the spectroscopy of a neutral under study, the above frequency proved to be most
cluster-bound chromophore can be studied and, at theappropriate. From Secs. 2 and 3, it follows that each
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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.

photofragmentation experiment at the above laser Table 1. The data show a gradual increase as a
frequency, consists of the following steps. A metasta- function of cluster size, which is similar to the pattern
ble peak profile for the unimolecular decay of a
size-selected SKCgHe),, cluster ion is recorded and,
from Egs. (1) and (2), the measured kinetic energy Spectra showing MIKE scans of the loss of SF¢
releaseg,, is used to establisi* and E*. The cluster from the (C (Hy), "SF series
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 |, ' - T ' "
decay of SE(CgHg), from both metastable and laser  os} il
excitation [reaction (2) in each case]. 0.6¢
To extract accurate kinetic energy releases all %4f
laboratory-frame profiles, both metastable and photo- gz L
induced, were modeled using a Monte Carlo simula- o5 BP
tion program which provides a complete numerical Lol
description of the apparatus [17]. No a priori assump- 4l
tion is made in the simulation regarding the nature of s}
the kinetic energy distribution required to fit the o4t
experimental data, i.e. Rice—Ramsberger—Kassel— °2f
Marcus (RRKM) or phase space theory; the purpose *°L™
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, Fig. 2. Laboratory-frame kinetic energy measurements for reaction

together with the experimental data points (2) following the metastable and photoinduced fragmentation of
) SF;(CeHe)3 —SFs(CgHe)a cluster ions. The symbols denote exper-

The centre of mass kinetic energy releas_es e)_(' imental data and the computer simulated fits are shown as solid
tracted from the metastable peak profiles are given in lines.

4305 4310 4315 4320 4325

4750 4755 4760 4765 4770 4775 4780 4785

Laboratory Frame kinetic energy / eV
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Spectra showing MIKE scans of the loss of SF¢
from the (C 6H6)n+SF6 series.

5080 5085 5090 5095 5100 5105

5330 5335 5340 5345 5350

5520 5525 5530 5535

5515
Laboratory Frame kinetic energy / eV

5505 5510 5540

Fig. 3. As for Fig. 2, but for cluster ions in the range
SFG(CGHG);_SFG-(CGHG);'

observed previously for metastable kinetic energy
measurements on Ar[18,19] and (CQ), [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

Table 1

Experimental kinetic energy releases énde,,,,) recorded for
the metastable and laser-induced decay qf(S8FHg), cluster
ions; the CQ laser wavelength was 947 crh

n Metastable £,/meV) Laser €,,/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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a sector mass spectrometer, is the lifetime window,
which is of the order of 10* 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.s,,(CO, laser)> g(metastable); however,
beyond n = 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.

Egs. (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 10# 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 ofthe
distinction between experiment and theory is less
marked, but this probably reflects the fact that the
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[1,2], and support the conclusion that, following
photoexcitation, vibrational energy in the, mode
undergoes partial relaxation to either thg or v,
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 CGO, laser excitation [25,26], it was ob-

kinetic energy release / meV
o
1

B -~-A;‘,;l"“ eemin served that collisional relaxation from thg (v = 1)

6 M e * A resticted enrgy randomsation state of Sk can proceed through a rapi-V transfer

s1 ‘ i . . . i process involving either the, vibrational level [26]
2 3 4 5 s 7 8 at 625 cm* or the vg level [25] at 363 cm™. In

n, number of benzene molecules

addition, the latter state was found to act as a
Fig. 4. Comparison between the experimental centre of mass kinetic Pottleneck with subsequeM-T energy transfer act-
energy releases and results calculated assuming either complete oring as a rate-determining step to total relaxation of the
partial photon energy randomisation. The assumptions behind both SE. molecule [25] A similar conclusion regarding the
calculations are discussed in the text. 6 . o .

relaxation mechanism was reached following a ma-

trix-isolation study of SE by Boissel et al. [27].
magnitude of the heat sink increases quite rapidly as Relaxation of the excited molecule was followed as a
a function of cluster size. Also presented in Fig. 4 are fynction of time in matrices consisting of,NNe, Ar,

o 1 : :
results calculated on th? assumption 300 cm Kr, and Xe. The results were interpreted in terms of a
of the photon’s energy is randomised to the benzene re|axation process which proceeds via a rapid cascade
cluster. The agreement with experiment is now excel- (nanosecond time scale) from — v, to be followed
lent, and in particular, the results match the experi- by a much slower decay from thg vibrational level.
mental trend seen in the smaller clusters. For the \jeaqred time scales for the subsequent dissipation
larger clusters f = 5) the uncertainties in the of 15 (v = 1) into the lattice phonon modes ranged
experimental data are such that the evidence for from <10 ns (N to 1850 ns (Xe). Relaxation times
partial energy randomisation is less conclusive. The in benzene could be longer than those seen in the inert
calculated kinetic energy releases are also given in gases, in which case they could approach the duration
TaPl'lr?eié results are consistent with those recorded of the experiment {10°° s). The results of Bates et
: N N . al. [25] would certainly provide some justification for

earlier for small SE(NO),, and SKAr, cluster ions . . .

selectingy, as the intermediate state for the purposes

of accounting for the restricted relaxation step iden-
;ab'e 2 et (ures derived for the, @EHL). tified here and in other related experiments [1,2].

ummary of the temperatures derived for the.&He), ions . o .

and the predicted kinetic energy releaseg, for the .From .th.et calculations it is also possible to deter-
photodissociation channel mine an initial temperaturer¢) for the clusters and a
temperature increas@() resulting from photoexci-

n T*/K AT/K gpmeV? . A )

tation, and these results are given in Table 2 and
2 49 33 7.1 — ) .
3 59 23 71 plotted in Fig. 5. Compared with previous results
4 66 17 7.2 [1,2], the initial temperatures are, as expected, signif-
o 94 12 9.1 icantly larger than those determined for the smaller
6 110 10 10.4 . o . L
7 128 8 116 heat sinks of argon and nitric oxide. Likewise, the
8 143 6 12.7 increases in temperature, observed as a result of

2Kinetic energy releases calculated from the restricted energy photoexcnanon, are con5|derably smaller for benzene
randomisation model presented in the text. than for the other two examples [1,2].
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Fig. 5. Calculated initial temperatures for theg8EHg), cluster
ions plotted as a function of cluster size. Also shown are temper-
ature increases predicted as a result of photoexcitation followed by
partial vibrational energy relaxation.

5. Conclusion

Results have been presented of kinetic energy
release measurements following the photoexcitation
of small SK.(CgHg), cluster ions. A comparison
between experimental and calculated energy release
for n = 4 shows evidence of incomplete energy
randomisation, in the sense that the excited vibra-
tional mode in SEundergoes 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 cm
lower in energy (eithew, or v,). The excess energy
(~300 cmY) 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 SEAr,, SK;,(NO),,, and SE.(CgHg),, are
compared. In the larger SECgHg), 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 SE(CgHe), clusters [4], that SE
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

Mass Spectrometry 179/180 (1998) 253-260

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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