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We have measured the photoabsorption spectra of mass selected Ar," clusters, n = 3-40, from
355-1064 nm. The smaller clusters, n < 15, display a visible photoabsorption spectrum similar
to Ar;", i.e., a broad, intense band peaking near 520 nm. From n = 15-20 this photoabsorption
band shifts smoothly to a longer wavelength, peaking near 600 nm for Ar,f,. This band does
not change appreciably as n increases from 20 to 40. These results clearly demonstrate that the

Ar,” clusters have photophysical properties quite different from those of Ar,' . We have also
studied the photoabsorption and subsequent photofragmentation of Ar," cluster ions, #n = 3—
60, at selected visible wavelengths. The ionic photofragment distributions both indicate that
photofragmentation proceeds through the loss of individual Ar atoms and place an upper
bound of 90 meV on the cluster ion binding energy in the large cluster limit.

I. INTRODUCTION

Investigations of rare gas clusters have been prevalent
since cluster investigations began several decades ago.'™
The closed shell nature of the rare gas atom constituents
create an inviting cluster for both theory and experiment.
Unfortunately, the ionization of neutral clusters, which is
required to mass analyze them, generally results in fragmen-
tation,*” thereby placing only a lower limit on the mass of
the neutral cluster. Indeed it has been amply demonstrated
that the abundance anomalies, or magic numbers, in neutral
cluster mass spectra are principally due to the ions formed
prior to mass analysis and not the distribution of neutral
clusters.”~'® Thus, although neutral rare gas clusters are well
suited to theoretical studies, they are somewhat problematic
for detailed experiments on the transition from gas phase to
condensed phase behavior. This has led to both experimen-
tal®>~'? and theoretical'**" interest in the rare gas cluster ions
themselves.

One of the unresolved questions regarding the Ar,"
cluster ions is that of the basic electronic structure of the
clusters, viz., what is the extent of charge delocalization?
Most calculations have assumed that Ar," is the ionic core of
the clusters,'*'*"'7 although one study has suggested that
Ar™ is the ionic core.'® Recently DIM (diatomics-in-mole-
cules) calculations have been presented'®'® which indicate
that Ar;" is the core of the cluster ions smaller than Ar ;.
Experimental evidence regarding this question is indirect;
typically mass spectra have been interpreted using hard
sphere packing models under the assumption that Ar," is the
core. In this work we employ a direct method to examine the
electronic structure of the Ar,' cluster ions, namely mea-
surement of the photoabsorption spectra. As the photoab-
sorption spectra of Ar*,?' Ar,",”* and Ar;" *° are all
known, measurement of the photoabsorption spectra of the
large cluster ions can provide an answer to this question.

Photofragmentation studies of cluster ions can offer in-
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sights into the energetics of the cluster ions and the unimo-
lecular decay dynamics of the energized cluster. Several pho-
tofragmentation studies of cluster ions have appeared re-
cently.”’*® In all the cases studied photofragmentation pro-
ceeds via the loss of monomers or small neutral clusters.
Some of these data have been interpreted as evidence that the
abundance anomalies in ionic cluster mass spectra are due to
the energetics of the cluster ions.*® In addition, in some cases
the X,” —X dissociation energy for the large cluster ions has
been estimated.?*’

In this work we present an extensive set of measure-
ments on the photophysical properties of the Ar,' cluster
ions. The data are obtained by mass selecting the cluster ion
of interest prior to interaction with laser radiation, and mass
analyzing and detecting the resulting ionic photofragments.
Laser wavelength and initial cluster size are independently
variable offering unique information regarding the transi-
tion between gas phase and condensed phase behavior.

Il. EXPERIMENTAL METHOD

Figure 1 displays a schematic of the apparatus employed
in these experiments. A detailed description appears else-
where’®*’, therefore, only a brief description is given here.
The Ar,! cluster ions were created by crossing a pulsed free
Jjet expansion of argon with a continuous 1 keV beam of elec-
trons. Expansion conditions were chosen such that neutral
clustering is not extensive. The primary ions formed follow-
ing electron beam excitation were Ar™, Ar,",and Ar,". The
larger clusters grew by sequential ion-molecule association
reactions while drifting with the unskimmed expansion.?’
The stagnation pressure of neat Ar gas behind the 0.8 mm
diameter orifice was 2 atm. The pulsed valve (General Valve
series 9) was cooled to 200 K by four thermoelectric coolers
(Melcor series FC). Typically, the valve pulse length was
500 ps. The 1000 eV, 200 1A electron beam intersected the
pulsed expansion «<0.1 cm below the valve orifice. Place-
ment of the electron beam in the high density region of the
expansion, where growth via nucleation about the initially
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FIG. 1. Schematic diagram of the cluster ion source and tandem TOF mass
spectrometer. Ions are separated in time according to their mass at SF1,
where they interact with the pulsed laser. The reflectron field is adjusted to
refocus either the initial ions or ionic fragments of a selected mass at SF2
where the ions are detected by a particle multiplier.

formed ions can occur and inelastic collisions can effect re-
laxation of the cluster ions, was crucial for the production of
large cluster ions. In this configuration large cluster ions,
n< 60, were produced with high intensity.

The ions drift 20 cm from the valve orifice before pulse
extraction into a tandem time-of-flight (TOF) mass
spectrometer. Mass selected ions are intersected by laser
pulses from a Nd:YAG laser or a Nd:YAG pumped dye
laser (Quanta Ray DCR-3 and PDL-1) at the spatial focus
of the primary TOF mass analyzer (SF1 in Fig. 1). Follow-
ing the laser interaction, a reflectron®' type secondary TOF
mass analyzer is employed. By adjusting the reflectron field,
the initial ions or ionic fragments of a selected mass can be
refocused at SF2 (see Fig. 1) and detected by the particle
multiplier located there. Neutral fragments, which are not
affected by the reflectron, traverse it and strike a separate
particle multiplier.

Photodissociation cross sections were measured via the
photoinduced depletion of the mass selected ions. Depletion
measurements are less sensitive and more difficult than cross
section measurements based on the appearance of photo-
fragments, but were employed here to eliminate systematic
effects due to the mass dependent detection efficiencies of the
particle multipliers. Photodissociation cross sections were
obtained by refocusing the initial ions onto the particle mul-
tiplier at SF2 and measuring the photoinduced depletion of
the mass selected ions. The observed depletion was normal-
ized to the laser pulse energy on every valve opening. These
data were collected with a multichannel gated integrator
(LeCroy 2249SG) for 200 valve openings with the laser
striking the selected ions and 200 with the laser blocked. All
cross section data were obtained with the laser fluence select-
ed to limit the depletion of the mass selected ion to less than
20%. The laser fluences used varied from 0.05 to 1.5 mJ/cm®
depending on the wavelength.

The photofragmentation data were obtained by measur-

ing the production of the mass selected ionic photofrag-
ments. The reflectron was adjusted to refocus the selected
ionic photofragments at SF2 and the photoinduced fragment
ion current was measured there by the particle multiplier.
These data were collected with a transient digitizer/signal
averager (Transiac 2001S/4100) for 300 valve openings
with the laser striking the selected ions and 300 with the laser
blocked for each mass selected ionic photofragment. The
photofragment mass peaks were integrated and normalized
to the total photofragment ion intensity from a given mass
initial ion to yield relative branching ratios. Multiphoton
effects were easily identified as laser fluence dependent frag-
mentation patterns, allowing the extent of multiphoton pro-
cesses to be determined accurately (see Sec. III B). All pho-
tofragmentation data were obtained with the laser fluence
selected to minimize multiphoton effects. The laser fluences
used varied from 1 to 15 mJ/cm? depending on the wave-
length.

tll. RESULTS AND DISCUSSION

Figure 2 displays a mass spectrum of Ar,” clusters gen-
erated under the conditions described above. While these
conditions can be adjusted to move the envelope of the distri-
bution of cluster ions to smaller or larger cluster sizes, the
intensity anomalies (relative to neighboring peaks) ob-
served in the mass spectrum in the region from Ar; to Arsj
(e.g., high at n = 14, 16, 21, 27, very low at n = 20) are
independent of these conditions. These intensity anomalies
occur at the same cluster sizes as those reported in the elec-
tron impact ionization of neutral Ar, clusters in a collision-
less region,>®%'"** but differ from those reported in the gen-
eration of Ar,” clusters in a high pressure corona discharge
source'’ (e.g., high at 19,23, 26, and 29). The reason for this
difference is not known at present.

Two distributions of cluster ions appear in this mass
spectrum. The primary, most intense, distribution is com-
prised of the Ar,' cluster ions of interest. The decay of meta-
stable cluster ions produces a second distribution of mass
peaks; the ionic decay products appear visually as a weaker
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FIG. 2. TOF mass spectrum of the initial Ar,” cluster ions. The mass spec-

trum was obtained under conditions described in the text. The signal arises
from ions striking the particle multiplier located at SF2.
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distribution, peaking near Ar,},. These ions result from the
loss of a single Ar atom from the following cluster ion in the
primary distribution, the dissociation occurring in the field
free region of the first TOF mass analyzer. For example, the
largest peak between Ar,}; and Ar;}; results from the decay
of metastable Ar,}, into Ar;}, and an Ar atom after accelera-
tion but prior to entering the reflectron. The remaining
peaks in the mass spectrum are due to various impurities
with Ar atoms clustered to them, not to the loss of more than
one Ar atom from metastable Ar, clusters. Mass peaks at-
tributable to doubly or triply charged argon clusters have
not been observed with this apparatus. In Secs. III A and
III B, we describe in some detail the photoabsorption and
photofragmentation studies on selected Ar," ions from such
a mass distribution.

A. Photoabsorption cross section

Photodissociation cross section measurements of sever-
al selected Ar," cluster ions from Ar;" to Ar,;, were made at
various wavelengths from 355 to 1064 nm. The photodisso-
ciation cross sections of these Ar," cluster ions at 510, 575,
and 620 nm are shown as a function of cluster ion size in Fig.
3. There is a substantial variation of the photodissociation
cross section with cluster size at all of these wavelengths.
The data at 575 and 620 nm show a sharp increase in the
photoabsorption cross section occurring between Ar,t and
Ar;f . If the change in photodissociation cross section were
due to an additive solvation shift of the Ar;" band from Ar;"
to Ar,, the range of cluster sizes over which the large
change in cross section occurred would be wavelength de-
pendent. This is clearly not in consonance with the data pre-
sented in Fig. 3. We conclude from these data that the photo-
dissociation cross section remains relatively invariant from
Ar;" to Art, changes from Ar,} to Ar,,, and remains con-
stant for cluster ions from Ar,}, to Ar,,,.

A detailed photodissociation cross section was mea-
sured for Ar,}, chosen as representative of the photodisso-
ciation cross section of the large Ar," clusters. It is displayed
in Fig. 4 along with our previously reported®® photoabsorp-
tion cross section of Ar;", which is representative of the pho-
todissociation cross section of the small Ar," cluster ions.
The °2,} —*3 . dissociative transition™*** of Ar," is also
displayed. Ar," also has a’%,} 11, dissociative transition
which s too weak (2 X 10~ '? cm?at the peak near 720 nm )22
to be visible in this figure.

These measurements of the photodissociation cross sec-
tion can be used to infer the absolute photoabsorption cross
section of the cluster ions. Two conditions must be met for
this inference to be valid. First, the quantum yield for photo-
dissociation (i.e., the photodestruction of the initial ion)
must be known at all wavelengths of interest. The energy of a
visible photon is certainly much larger than the energy bind-
ing an Ar atom to the cluster and the transition is probably to
a repulsive surface (in analogy with Ar;" ).'** We suggest
that the absorber is photodissociated within the cluster and
that the nascent fragments either escape or are captured by
the cluster. Clearly escape is equivalent to dissociation and
capture will result in energy redistribution followed by uni-

200 S ——
sof || ]
. Lo ]
]
100 | . | ]
[ i : ]
[ . 1
so [ ]
& ]
€ A = 510 nm
(8]
) Aoi ol 1 " PE L Al ] PR
N n= 10 20 30 40
o
= 200 S — —
s J
2
o 10 | | | .
@ b . ‘
(7] | e L .
» | 4 | ) | ]
o w0 | lll . :
s | T
F I !
< + PO 4 I . |
e sop *o P 1
- [
o It A =675 nm
Q
o P P o 1 rr 1 .
o n= 10 20 30 40
2
2 S T A T T ™ T
5 I
£ 150 |- | -
a | | )
!
IR LR S

100 o ! [

I b
!

50 |- 1 1%' 1
L T A=620nm ]
Ll .

n= 10 20 30 40

Ar} Cluster

FIG. 3. Absolute photodissociation cross section of Ar,' as a function of
cluster size at 510, 575, and 620 nm. The error bars indicate one standard
deviation statistical uncertainty. The uncertainty in the absolute cross sec-
tion is a factor of 2. All of these data were taken using the depletion method
described in the text.

molecular dissociation. Thus, we contend that the quantum
yield for photodissociation is unity throughout the visible
region.

The second requirement is that dissociation must occur
prior to mass analysis in the secondary TOF mass spectrom-
eter. Given the large excess energy in the cluster following
photoabsorption, dissociation (i.e., the loss of at least one Ar
atom) is very likely to occur within the approximately 1 us
between the spatial focus of the first TOF mass analyzer and
the entrance of the reflectron. If dissociation occurred while
the initial ions were in the reflectron, i.e., on a microsecond
time scale, some of the ionic fragments would arrive at SF2
later in time due to their increased residence time in the
reflectron. This would lead to a time asymmetry in the ionic
photofragment signals. Since we have not observed any
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asymmetric line shapes in the photofragment mass spectra
we infer that dissociation is complete on a submicrosecond
time scale. Indeed, an RRK model calculation predicts that
the loss of one Ar atom will occur on a picosecond time scale
for =2 eV of excess energy. Having satisfied both criteria we
conclude that the measured photodissociation cross sections
are equivalent to the absolute photoabsorption cross section.

From the photodissociation data (Figs. 3 and 4) and the
discussion above we conclude that the absolute photoab-
sorption cross section of Ar," remains relatively constant
from Ar;" to ArL; the peak shifts smoothly 2300 cm™! to
lower energy from Ar% to Ar,), and is constant for cluster
ions between Ar,i and Ar,}. Furthermore, the photoab-
sorption spectra for n = 20-40 are broader than the pho-
toabsorption spectra for n = 3-15 (4500 cm ™' FWHM vs
2600 cm ™' FWHM).

Consideration of the diatomics-in-molecules calcula-
tions on Ar, clusters by Kuntz and Valldorf'® provides
some insight into the change in electronic structure which
occurs as a function of cluster size. The major finding of the
calculations is that the ground states of the Ar," cluster ions
consist of a small ionic molecule, trimer, or tetramer ion,
surrounded by nearly neutral atoms. Thus, Ar," is not the
core of the cluster ion and the charge does not spread over
the entire cluster ion as the cluster size increases. From Ar,"
to Ar;} the charge is calculated'® to be localized on a linear
symmetric trimer ion core. At Ar,} the positive charge be-
gins to delocalize onto a fourth atom, creating a linear asym-
metric tetramer ion surrounded by neutral Ar atoms. The
calculations indicate that further delocalization onto the
fourth atom continues until Ar . This range of cluster ions
is approximately the same range over which we observe the
shift in photoabsorption cross section. The calculations also
predict that the large clusters have many more electronic
states than the smaller clusters, which may explain the
broader photoabsorption band we observe for the larger
clusters. The DIM calculations further indicate that the ex-
cited electronic states of the clusters do not, in general, cor-
respond to an electronically excited trimer ion interacting

350 300 250 200

with the surrounding Ar atoms but to clusters with a some-
what delocalized positive charge. Based on the similarity of
the photoabsorption cross sections of Ar;" through Ar % it
appears that at least some excited electronic states exist in
these clusters which resemble an excited trimer ion sur-
rounded by neutral Ar atoms. Our data do not allow us to
comment on the extent of delocalization in the excited elec-
tronic states of the larger clusters. Overall, our measure-
ments are consistent with the predictions of the DIM calcu-
lations, and indicate that caution is warranted in the use of
the model of Ar," clusters based on Ar," surrounded by
neutral Ar atoms.

It is also interesting to consider the properties of holes in
rare gas crystals in relation to the properties of the Ar,'
clusters. LeComber e al.** interpret the extremely low hole
mobilities measured in rare gas crystals as an indication of
the existence of self-trapped holes. In general, a hole in a
pure crystal will be self-trapped, or localized, when the gain
in energy due to localization is larger than the strain energy
induced by the displacement of the nearby atoms from their
equilibrium lattice sites. Calculations confirm that holes are
localized in rare gas crystals and further predict that they
can be localized on either dimer*** or trimer*® centers.
Umehara*® predicts that the holes localized on trimer
centers are slightly more stable than those localized on dimer
centers, and furthermore that holes localized over larger
centers are unstable relative to free holes. This result is attri-
buted to an increased strain energy rather than a decreased
localization energy for these large centers. Large clusters,
however, may be able to support charge localization on
centers larger than three atoms since the strain energy is
reduced relative to that in the Ar crystal. As discussed
above, our data do not allow us to comment on the extent of
delocalization in the excited electronic states of the larger
clusters.

B. Photofragmentation studies on Ar}

Photofragmentation studies were conducted on Ar;"
through Arg; at three different photon energies, 2.33 (532
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Arl, + h(532 nm) — Ar. + neutral products
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FIG. S. The ionic photofragments from the photodissociation of Ar,; at
2.33eV (532 nm). Absorption of a second photon results in the appearance
of ionic fragments much smaller than, and easily distinguishable from, the
fragments shown here.

nm), 1.77 (700 nm), and 1.55 eV (820 nm). The ionic pho-
tofragment distribution resulting from absorption of one
2.33 eV photon by Ar,; isshownin Fig. 5. At increased laser
fluence, absorption of a second 2.33 eV photon results in the

Levinger et al.: Photofragmentation of Ar; cluster ions

appearance of a distribution of ionic fragments centered near
Arg , much smaller than, and easily distinguishable from,
the fragments observed from one photon absorption. A rep-
resentation of the ionic photofragment distribution from
each initial cluster ion following absorption of one 2.33 eV
photon is displayed in Fig. 6. Also represented in Fig. 6is the
ionic photofragment distribution from each initial cluster
ion following absorption of one 1.55 eV photon. The frag-
ment ions are recorded on the horizontal axis and the initial
cluster size is displayed on the depth axis of the figure. Data
corresponding to excitation at 1.77 eV are similar to the data
in Fig. 6, with the ionic photofragment distributions occur-
ring between those resulting from 2.33 and 1.55 eV excita-
tion.*°

There are three prominent features of the data presented
in Fig. 6. First, the average size of the photofragment ions
resulting from photodissociation increases with the size of
the initial cluster ion. Second, of the photofragment ions
which could be formed from the photodissociation of an ab-
sorbing cluster ion (limited by energy and particle number
conservation ), only a narrow distribution is observed. Final-
ly, the Ar,; photofragment is much less intense than the
other ionic photofragments. This behavior results in a
prominent “valley” in the photofragment distributions, the
position of which is clearly independent of photon energy.
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FIG. 6. The ionic photofragments
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Each of these features must be explained by any mode! of the
photofragmentation process.

There are two limiting processes by which photofrag-
mentation can occur. In an evaporative mechanism®® the
ejection of the neutral atoms is determined principally by the
total energy content of the cluster. This mechanism resem-
bles the RRKM model for unimolecular dissociation and is
based on the concept of energy randomization in the cluster
unrestricted by dynamical effects. The other possible limit is
impulsive, or direct, fragmentation and involves the simulta-
neous dissociation of the energized cluster ion into multiple
fragments. In the direct process, dynamical effects dominate
the fragmentation with the total energy content playing a
secondary role. The actual mechanism is likely a combina-
tion of these two limiting cases. For example, it is possible
that, following excitation, the initial atoms are ejected simul-
taneously by an impulsive mechanism, while the final atoms
are lost sequentially via evaporation.

Both limiting cases have been reported in the photofrag-
mentation behavior of large ionic clusters. The principal dif-
ference in the cases is the ratio of the excitation energy to the
strength of the interaction between the monomers. Thus
weakly interacting monomers, e.g., CO, molecules, appear
to be ejected individually in an evaporative mechanism fol-
lowing visible and near UV excitation,”®** while strongly
interacting monomers, e.g., C atoms, appear to be ejected
impulsively in various forms, e.g., as C atoms, C, or C,,>*%*
following visible and near UV excitation. Argon atoms are
only weakly interacting and are therefore expected to be
ejected individually via an evaporative mechanism following
visible excitation. Careful consideration of the data is re-
quired, however, since recent work on Br, and Br; photo-
dissociated within clusters®**"*? suggests that the detailed
dynamics may be important in the photofragmentation pro-
cess.

5659

In order to elucidate the photofragmentation mecha-
nism, it is useful to characterize the ionic photofragment
distributions by the average number of neutral atoms ejected
following photoabsorption. This quantity is plotted in Fig. 7
as a function of absorbing cluster ion size for the three differ-
ent excitation energies employed. For the large cluster ions
the average number of neutral atoms ejected is independent
of cluster size and linearly dependent on the photon energy.
This behavior indicates that the photofragmentation of large
clusters is controlled principally by the amount of energy
deposited in the cluster and therefore suggests that an evapo-
rative mechanism governs photofragmentation in the large
clusters. For the smaller cluster ions the average number of
neutral atoms lost is roughly proportional to the size of the
initial cluster ion and is independent of the photon energy.
This behavior does not eliminate an evaporative mechanism
from consideration, however, since for the small clusters the
effects of particle number conservation dominate the ionic
fragment distributions. Thus, following excitation, the small
clusters eject Ar atoms until Ar;" or Ar," is reached. Given
their relatively large dissociation energies (0.22°* and 1.28
eV,* respectively) these fragments can store energy effec-
tively. The data support this explanation: the major ionic
photofragments from clusters smaller than Ar % are Ar," or
Ar;", independent of photon energy. Obviously if the ionic
fragments remain nearly the same while the initial cluster
size increases, the average number of neutral atoms lost will
be roughly proportional to the size of the initial cluster ion.

Although we do not mass analyze the neutral photofrag-
mentation products, examination of the ionic photofrag-
mentation products allows us to demonstrate that the domi-
nant photofragmentation pathway involves the loss of
individual Ar atoms. If the loss of small neutral Ar clusters
were a major decay channel the ionic fragment distributions
would be modulated rather than smooth. For example, if

TV rrrT lTrll LR IIITIIT_TI TrerTT [l T r]l“rIlTl LB LR IT_]'IﬁIT_‘_I
50000 ]
+U_i 25 o‘-"c’°oo ]
I oo°°o .
o [ o o ]
L 5o safens—sgeReon—n-1
n °o° DDD ] b
£ 20 ¢ 0000 momne” . .an,a o
'e) B OOD o Walel AplT ATRE o
- oC Aapad
- ° 00aa2 4
L 15 - o° Duﬂﬁl“ -] FIG.7. The average number of neutral
< - o° UDEAAA 4 Ar atoms lost by Ar, following ab-
e [ OE?EAA ] sorption of a 2.33, 1.77, or 1.55 eV
o | QR © 332 nm ] photon as a function of initial cluster
H= 10 |- ﬂ o 700 nm —1 size. The horizontal lines indicate the
© 5 gg A 820 nm { asymptotic value at two excitation en-
i 1 ergies.
o) [ gt ]
O i m
L g [ a
5 Sp ]
2 4
I I ]
| i
AL?IJ;IIJ_I IJ_I Ll L 2 L1 l_l_lj_Lll_l_Ll_uLuiIlllllIlIllllIlLI_llIllllllll
n= 10 20 30 40 50 60

Ar: Cluster

J. Chem. Phys., Vol. 89, No. 9, 1 November 1988

Downloaded 11 Jan 2008 to 128.138.107.158. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



5660 Levinger et al.: Photofragmentation of Ar} cluster ions

photoexcited Ar,; decayed primarily through the loss of ar-
gon dimers, the fragment ions with an even number of atoms
would be much more abundant than those with an odd num-
ber of atoms. The modulation would also be expected to be
independent of excitation energy. It is apparent from Fig. 5
and the other ionic photofragmentation data that there is no
modulation of the ionic fragment distributions. There is
some irregularity in the distributions, but it is excitation en-
ergy dependent and due to the energetics of the ionic photo-
fragments. This will be discussed in detail later in this sec-
tion.

While we cannot rule out the loss of neutral clusters as a
minor channel in the decay process, we can place an upper
limit of 5% on the loss of neutral clusters. As discussed
above, the only channel we observe in the decay of metasta-
ble Ar,” clusters is the loss of the single Ar atoms. The prod-
ucts from this decay channel are observed with a signal-to-
noise ratio of 20, which limits the occurrence of unobserved
channels, e.g., the loss of Ar dimers, to < 5%. Detailed ex-
periments on the decay of metastable Ar; clusters''>® are
also consistent with the loss of single atoms. The excitation
energy in these metastable clusters is small compared to the
excitation energy of the photoexcited clusters. This suggests
that the metastable ionic clusters are more likely to eject
neutral clusters than the photoexcited ionic clusters. Since
the loss of neutral clusters is not observed from metastable
clusters, the decay of the photoexcited clusters via neutral
cluster ejection is highly unlikely.

The data in Fig. 7 also provide a basis for obtaining an
upper limit to the Ar;” —Ar dissociation energy in the limit of
large k. In the cluster size regime where the average number
of neutral atoms lost is both cluster size independent and
linearly dependent on the excitation energy, we can safely
assume that the dynamics of fragmentation are independent
of initial cluster size. Therefore, we can determine an upper
bound to the dissociation energy in this regime. The average
number of neutral atoms lost reaches an asymptotic value of
21.8 for 1.77 ¢V (700 nm) excitation and 19.4 for 1.55 eV
(820 nm) excitation. The slope of a line connecting these
two points is 90 meV per Ar atom lost and predicts that the
asymptotic value of the average number of neutral atoms lost
for 2.33 eV (532 nm) excitation is approximately 26. The
average number of neutral atoms lost following 2.33 eV exci-
tation never exceeds this value, indeed the data appear to be
leveling off at this value above Ar.; . An asymptote similar to
those seen for the lower energy excitations is not apparent
because the largest cluster ion studied in these experiments
was Argf, . We conclude that 90 meV is an upper bound to the
Ar;” -Ar dissociation energy.

The upper limit to the Ar,f —Ar dissociation energy ob-
tained above is a convolution of the cluster ion binding ener-
gy and the kinetic energy of each departing neutral atom.
Experimentally we cannot deconvolute these two compo-
nents. Engelking’’ has used a statistical (RRK) model to
interpret the photofragmentation behavior of (CQO,)," clus-
ters®® (behavior similar to that reported here) and obtains
qualitative agreement with the experimental results. Of par-
ticular relevance here is the value obtained for the average
kinetic energy of each departing molecule in the photofrag-

mentation of (CO,)," clusters, 45 meV. Since the model
ignores both the rotation and internal vibrations of the CO,
molecules, we can use 45 meV as an estimate for the average
kinetic energy of neutral atoms evaporating from the Ar,"
clusters. This places the Ar;" —Ar dissociation energy at ap-
proximately 45 meV. The average binding energy of neutral
Ar, clusters has been calculated to be approximately 50
meV for # > 20.>® Comparison of these two dissociation en-
ergies suggests that for cluster ions larger than Ar,;, and
perhaps even for smaller cluster ions, the charge does not
have a major effect on the Ar;" —Ar dissociation energy and
that the forces involved in binding are similar to those in a
neutral cluster.

The Engelking model*’ also offers a convincing expla-
nation for the observed width of the ionic photofragment
distributions. The model relates the width of the fragment
distribution to the ratio of the thermal energy carried off per
monomer (at a temperature characteristic of the photoexcit-
ed cluster) to the monomer binding energy. Thus the width
of the photofragment distribution should increase with in-
creasing excitation energy. This prediction is confirmed by
examining the distributions following 2.33 and 1.55 eV exci-
tation (see Fig. 6), where the distribution is approximately
6(5) monomers wide (FWHM) for 2.33(1.55) eV excita-
tion. Comparison of the widths of the ionic photofragment
distributions from Ar," and (CO,)," at the same excitation
energies (2.33 eV) also supports this explanation. The
(CO,) —CO, dissociation energy is approximately 150
meV,*’ three times that of Ar;”~Ar. Assuming equivalent
heat capacities for the two systems, the ionic fragment distri-
bution would be expected to be larger from the Ar,’ clusters
asis observed [about two monomers wide for (CO,),’ vssix
for Ar," ].

Examination of the abundance anomalies present in the
ionic photofragment distributions (e.g., Ar,;, in both Figs. 5
and 6) offers some insight into the abundance anomalies
present in the initial mass spectrum (Fig. 2). The utility of
such a comparison has been previously demonstrated on
(CO,),7 clusters.’ Since the photofragmentation of each
initial cluster ion yields only a single photofragment ion, we
sum all of the ionic photofragments from a// of the initial
cluster ions to compare with the initial mass spectrum, viz.,

+

where 1, is the total intensity of the Ar,; photofragment, 7,
is the intensity of Ar,, from initial cluster ion Ar,* and the
summation index j runs over the entire initial cluster ion
distribution. A plot of the total photofragment intensity vs
cluster size is displayed in Fig. 8. A representation of the
initial mass spectrum of Fig. 2 is also shown in Fig. 8. This
representation was generated by fitting the envelope of in-
tensities in Fig. 2 to a Gaussian and normalizing it to the
total photofragment intensity at Ar,; . The two mass spectra
have similar abundance anormalies, as is especially clear for
the region near Ar,;.

The similarities in the initial and regenerated mass spec-
tra can be readily understood by examining the formation
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FIG. 8. Summed photofragment mass spectrum and initial cluster ion mass
spectrum. See the text for details.

mechanisms for both distributions. As discussed above, the
larger cluster ions are formed only when the electron beam
intersects the expansion as close to the nozzle orifice as pos-
sible. This observation and earlier experiments*’ indicate
that the large cluster ions are formed primarily by sequential
ion—-molecule association reactions while drifting with the
free jet expansion. We have also demonstrated that photo-
fragmentation proceeds primarily via single atom evapora-
tion. Since the abundance anomalies generated by both pro-
cesses are similar, it is virtually certain that they are
determined by the energetics of the cluster ions and are not
limited by any kinetic processes. If there were a kinetic bar-
rier to the formation of a specific cluster ion, different abun-
dance anomalies would result depending on whether the
cluster ion was nucleating or evaporating. This interpreta-
tion can also explain the mass spectra observed in the elec-
tron impact ionization of neutral Ar, clusters in a collision-
less region.>®%!"4? In these cases ionization causes sufficient
fragmentation to yield a distribution of cluster ions deter-
mined by the relative stability of the ions: a distribution
largely insensitive to the distribution of neutral clusters.

V. CONCLUSION

We have presented an extensive set of measurements on
the photophysical properties of the Ar,' cluster ions. The
data were obtained by mass selecting the cluster ion of inter-
est prior to interaction with laser radiation, and mass analyz-
ing and detecting the resulting ionic photofragments. Inter-
pretation of the data yields the following conclusions:

(1) Thesmall Ar," (n = 4-15) cluster ions have photo-
physical properties resembling those of Ar,", while the larg-
er Ar," (n =20-40) cluster ions exhibit different photo-
physical properties, possibly attributable to a central te-
tramer ion. The transition in the photophysical properties
occurs smoothly over a relatively narrow cluster size range
(n = 15-20). In particular, none of the cluster ions studied
have photophysical properties which resemble those of
Ar,t.

(2) Photofragmentation proceeds via the photodisso-

ciation of the central ion within the cluster, followed by the
capture of the nascent fragments to effect energy redistribu-
tion. At least for the large cluster ions, energy redistribution
leads primarily to the sequential loss of Ar atoms via an
evaporative mechanism. From this model we determine that
the Ar' —Ar dissociation energy is <90 meV. An estimate of
the kinetic energy of the ejected atoms yields a value of ap-
proximately 45 meV for the dissociation energy. This value
is comparable to calculated values for the neutral Ar,—Ar
dissociation energy. It therefore seems likely that atoms on
the surface of large (#:>20) ionic clusters do not interact
strongly with the central ionic core.

(3) Examination of the ionic photofragment distribu-
tions shows that the abundance anomalies in the initial mass
spectrum are determined by the energetics of the cluster
ions. The photoabsorption cross section measurements also
exhibit “‘anomalous” behavior near Ar,! (the most obvious
abundance anomaly), indicative of the intimate connection
between the changes in electronic structure and in bond
strength as a function of cluster size.

Finally, we emphasize that the large change in photoab-
sorption cross section occurs over a relatively narrow range
of cluster size. We have observed similarly abrupt changes in
photofragmentation behavior vs cluster size in the photo-
fragmentation of (CO,), and Br, (CO,), clusters.’*?®
These results demonstrate the importance of measurements
on mass selected clusters, since such abrupt transitions,
which are clearly important to an understanding of the tran-
sition from gas phase to condensed phase behavior, would
most likely be heavily smoothed by experiments employing
limited mass selectivity.
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