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Thermal Isomerization in Isolated Cesium-Halide Clusters
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We have used photoelectron spectroscopy to observe thermal isomerization in cesium-halide cluster
anions. In many of th€CsX),Cs,” (X = CI,Br,l; n = 2-7; m = 0,1) systems we have studied,
small changes in the source nozzle temperature produce dramatic changes in the distribution of
cluster isomers. When specific isomers are selectively photodepleted, isomer interconversion quickly
reestablishes the thermal isomer distribution, even though the clusters are isolated in a cluster
beam. [S0031-9007(96)01845-5]

PACS numbers: 36.40.Ei, 36.40.Sx

Phase transitions in finite systems have attracted con- The cesium-halide clusters are produced in a laser
siderable interest in recent years [1]. Several theoreticalaporization cluster source [14,15]. Pulsed light from an
investigations have analyzed the thermodynamic propetArF excimer laser (193 nm) strikes the surface of a cesium-
ties and structural transformations of clusters undergoingalide disk, sending a plume of vapor into a narrow,
solidlike to liquidlike transitions [2—9]. These transitions helium-filled channel. The helium, released by a pulsed
are marked by an increase in the frequency with whichvalve, cools the vapor and sweeps it through a temperature
a cluster visits various minimum energy geometries. Atcontrolled nozzle into the surrounding vacuum chamber.
the transition, this frequency approaches that of vibration&lthough the clusters are not in the nozzle long enough
about individual minima. to reach full thermal equilibrium with it [16] and may

Unlike bulk materials, small systems have distinctexperience some cooling as the helium expands into the
melting and freezing temperatures, with phase coexistenagacuum, they emerge from the nozzle with a thermal
in between [2]. The nature of a cluster's interatomicdistribution of internal energies and a temperature that is
bonds plays a major role in the character of solid-liquidlinearly related to the nozzle temperature.
coexistence. Rare gas clusters with weak, short-range After leaving the nozzle, the cluster beam passes
interactions offer a multitude of energetically availablethrough a skimmer to a time-of-flight mass spectrometer
isomers and can exhibit truly liquidlike states [2,3].[14,15]. The pulsed field plates of this spectrometer direct
However, alkali halides have strong ionic bonds, whichcluster anions toward a magnetic bottle photoelectron
leave few accessible configurations. In very small alkalispectrometer [17]. When the anions reach the magnetic
halide systems, coexistence is not between solid andottle, they are exposed to 532 nm of radiation from
liquid forms; instead, it is between a countable numbem pulsed Nd:YAG laser, photodetaching electrons which
of distinct isomers [4]. The simple pairwise interactionthen travel through the electron spectrometer to a dual
of pure ionic systems has made the study of coexistenamicrochannelplate detector. From the electron travel
in alkali halides amenable to many molecular dynamicgimes, we determine their kinetic energies. Their binding
simulations [4-9]. energies are found by subtracting their kinetic energies

Few experimental results exist to support these calcurom the 2.33 eV photon energy. We record a large
lations and theoretical predictions. Buck and Ettischenumber of these photodetachment events to obtain a
[10] reported a temperature dependence in the infrareccomplete photoelectron spectrum.
dissociation spectra of methanol hexamers. These spec-The different isomers of a particular cluster anion
tral changes were shown [11] to be consistent with theenerally have different electron affinities and produce
emergence of a second structural isomer at increased nodistinct peaks in that cluster’'s photoelectron spectrum.
zle temperatures. More recently, Ellet al. [12] found  While we have often observed isomers in sodium- and
a strong temperature dependence in the optical absorptigrotassium-halide cluster anions, the abundance ratios of
of small sodium cluster ions, explained by a liquid statethose isomers do not depend on the source nozzle tem-
of the hot clusters. perature (up to 300 K). Evidently their isomer abundance

In this Letter, we report the first direct observation of ratios are established while the clusters are still hot from
thermal isomerization in isolated cesium-halide clustersthe laser pulse and can still sample many configurations.
Not only does the distribution of isomers emerging fromAs the clusters cool in the helium gas, the isomerizations
our cluster source depend dramatically on the temperatuteecome less frequent and finally cease altogether. Be-
of that source, as we observed earlier(@sX);Cs™ [13], low 300 K, the sodium- and potassium-halide clusters no
but the thermal distribution of isomers is maintained inlonger have enough thermal energy to cross the activation
flight by structural interconversions in the cluster beam. barriers between isomers.
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In contrast, the isomer abundance ratios of several.0 eV probably indicates that the electron is localized
cesium-halide cluster anions depend strongly on th&ear a cesium positive ion. An EVBE near 0 eV is most
temperature of the source nozzle. The photoelectrofikely due to a diffuse surface state. An intermediate
spectra of (Csl),~ and (Csl)3sCs™, shown in Figs. 1 EVBE probably reflects partial electron localization in an
and 2, respectively, exhibit this sort of temperatureanion vacancy, analogous to &ncenter in a bulk ionic
dependence. Other cluster anions that behave this wayystal. In general, the lower an isomer’'s EVBE, the more
include(CsX);Cs™ (X =CI,Br), (CsX)s~ (X =Br,1),and delocalized is its weakly attached electron.

(CsX);~ (X =CI,Br). The isomer abundance ratios for Remarkably, in every cluster that exhibits a tempera-
(CsChs~ and(Csl);~ may also be temperature dependentture dependent photoelectron spectrum, it is the isomer
but these species are too rare in the cluster beam to produadth the lowest EVBE that becomes dominant at low tem-
reliable spectra. perature. This result suggests that isomers with relatively

Unfortunately, the isomer abundance ratios are alsdelocalized electrons are favored at low temperature while
somewhat sensitive to the source conditions, indicating thahose with relatively localized electrons are favored at
the clusters are not always in perfect thermal equilibriurrhigh temperature.
with the nozzle. While we thus cannot determine the ex- This behavior is clearly seen fofCsl),~ (Fig. 1).
act internal temperatures of the clusters, we normally keept low temperature, the most abundant isomer has an
the source conditions constant and vary only the nozzl&VBE of only 0.18 eV, indicating a delocalized electron.
temperature while producing the different photoelectronThe eight ions in this isomer are probably arranged in
spectra. However, reaching the lowest nozzle temperature, 2 X 2 X 2 cube with the weakly attached electron
130 K, requires the use of liquid nitrogen with the source, alistributed over its surface. At high temperature, the most
change that may affect the source conditions. Since thesbundant isomer has an intermediate EVBE of 0.90 eV,
spectra are quite reproducible as long as the source cotypical of an electron in a lattice vacancy. The eight ions
ditions do not change, we are confident that the clustein this isomer probably form an octagonal ring with the
internal temperature depends linearly on the nozzle tenelectron localized in the vacancy at the center of that ring.
perature. We hope that further source development willThese observations are consistent with calculations for
allow us to establish the cluster temperature exactly. (NaCl,~, which predicted the low temperature form to

The center of each low-energy peak in a photoelectrobe a cube with a surface electron and a high temperature
spectrum is the electron vertical binding energy (EVBE)form to be a planar octagon with a central localized
for the associated cluster isomer. All of the clusterelectron [8].
anions studied in this work have at least one weakly For the relative abundances of these two isomers to
bound electron that is accommodated near a cesiufne sensitive to the nozzle temperature, the clusters must
positive ion, in a lattice anion vacancy, or in a diffusebe able to isomerize at temperatures near that of the
surface state. From previous photodetachment studie®zzle. The energy barrier separating the two isomers
[17-19], we have learned to associate certain EVBEs witimust be minimal. One possible isomerization pathway
particular electron accommodation modes. In a clustebegins with the unfolding of th@ X 2 X 2 cube—two
with only one weakly attached electron, an EVBE aboveopposite faces of the cube fold away from one another,
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FIG. 1. Photoelectron spectra @Esl),~ cluster anions taken FIG. 2. Photoelectron spectra dfCsl);Cs™ cluster anions
with 2.33 eV photons at four different nozzle temperaturestaken with 2.33 eV photons at five different nozzle tempera-
The traces are scaled so that the low binding energy peaksires. The traces are scaled so that the low binding energy
have equal heights. As the nozzle temperature is reduced, tipeaks have equal heights. As the nozzle temperature is re-
isomer with the low EVBE increases in abundance relative taduced, the isomer with the lowest EVBE increases in abun-
the isomer with the high EVBE. dance relative to the two other isomers.

4896



VOLUME 77, NUMBER 24 PHYSICAL REVIEW LETTERS 9 BCEMBER 1996

forming a2 X 4 ladder which then pops open to the indicated that both isomers were partially depleted. By

octagonal ring. Several molecular dynamics calculationstudying the dependence of this effect on laser fluence and
have predicted the cube ladder— ring isomerization remeasuring the cluster masses after exposure to light, we
process in neutralMX), systems [4—6] and the presence determined that neither multiphoton processes nor frag-
of an extra electron should not alter this transformatiormentation effects were present in the experiment. Since
significantly. The fact that we see no evidence of a ladde®.65 eV photons have too little energy to photodetach the
isomer in the spectra suggests that the clusters mowing isomer, the decrease in this isomer must have been
through that form very quickly. due to in-flight isomerization. This isomerization reestab-

A similar unfolding pathway may explain the isomeri- lished the thermal distribution of isomers after one isomer
zation of (Csl)3;Cs™ (Fig. 2) [13]. This cluster has two was selectively depleted.
weakly attached electrons [19] that arrange themselves in We also observed this isomer redistribution in
a spin pair. The isomer with a low EVBE of only 0.61 eV, (CsX);Cs  and (CsX);~ cluster anions. We attempted
dominant at low nozzle temperatures, is probably a hexage measure how long the redistribution takes by varying
onal ring of ions, capped by the remaining'dsn and the the delay between the infrared laser pulse that depletes
relatively delocalized electron spin pair. The second isoene isomer and the visible laser pulse that produces the
mer, with an EVBE of 0.97 eV, is probably2ax 2 X 2 photoelectron spectrum of the remaining cluster anions.
cube with the spin-paired electrons occupying a corner latover a delay range from 0 to 100 ns, we observed no
tice site. The third isomer, with an EVBE of 1.28 eV, change in the photoelectron spectra. This result indicates
probably has the spin-paired electrons occupying one pdhat the isomer redistribution is so rapid that our 5 ns
sition in an octagonal ring. The cubic isomer acts as ataser pulses are unable to observe it, and is consistent
intermediate between the two ring forms, allowing isomeri-with molecular dynamics calculations on neut(aX),
zation to proceed by folding and unfolding the cluster. Insystems [4] which predict picosecond time scales for the
both of the higher temperature isomers, the extra electrorisomerization. Observing the isomerization in real time
are more localized than in the lower temperature isomer.will require femtosecond laser pulse-probe experiments.

The easy isomerization in these cesium-halide cluster To demonstrate that the infrared light pulse depletes
anions not only allows their abundance distributions toonly one isomer, we also studied its effect on clusters that
change with temperature, it also allows them to changéo not exhibit thermal isomerization. In such clusters,
form in the cluster beam. To demonstrate that clustersnly isomers with EVBEs below the photon energy
continue to isomerize even in isolation, we selectivelyshowed any depletion. For example, while there are
photodetached electrons from one isomer and observed itwo isomers of(Csl),~, the relative abundances of those
repopulation from the other isomer(s). isomers do not depend on the temperature of the nozzle.

In one such study, we used 0.65 eV photons (thévidently, the barrier to isomerization is large and the
Nd:YAG laser fundamental, Raman shifted in)Ho de- relative abundances of the isomers are established at a
plete the cubic isomer dCsl),~ and then performed pho- temperature well above that of the nozzle. When these
toelectron spectroscopy on the remaining cluster anionglusters were exposed to 0.65 eV light, only the isomer
As shown in Fig. 3, the resulting photoelectron spectrunwith an EVBE of 0.3 eV was depleted (Fig. 4). Similarly,
0.65 eV light depleted only one isomer ¢€sC)Cs™,
which also has isomer abundances that do not depend on
the nozzle temperature.

The relative strengths of the photoelectron peaks pro-
vide information about the time a cluster spends in each
isomeric form. At low temperature, the cluster has little
internal energy and spends most of its time near the global
minimum of the potential energy surface—its excursions
to other local minima are infrequent and brief. But at high
temperatures, its increased internal energy allows the clus-
\ / \ ter to escape from the global minimum frequently and it
R, = A BN AT spends much or even most of its time in other isomeric

05 1.0 15 forms. The spectra we record can be viewed as mea-

Binding Energy (eV) sures of the average time a cluster spends in each isomeric

form. However, because the strength of each isomer’s

FIG. 3. Photoelectron spectra d¢Csl),~ cluster anions at photoelectron peak also depends on its relative photode-

296 K, taken with 2.33 eV photons before and after exposur ; ; ;
10 0.65 eV photons. Although the 0.65 eV photons can depletZachment cross section, we cannot assign exact population

only one of the two isomers, the peaks for both isomersoerqentages W'thOUt further study.- .
decrease. This result indicates that the clusters isomerize in Since the time spent transforming from one isomer to
the beam and repopulate the depleted isomer. another is exceedingly small, on the order of a vibrational
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(CsD),

We have shown that small cesium-halide cluster anions
isomerize easily at temperatures between 130 and 360 K,
and that this isomerization permits the relative abundances
of the isomers to change with the temperature of the
source nozzle. We have also demonstrated that this
isomerization occurs even in the isolation of the cluster
beam. We expect these observations to provide insight
into the potential energy surfaces of these clusters and
into the analogs to phase transitions that are present in

: finite systems such as molecules and clusters. We hope
0.0 0.5 1.0 L5 that future experiments will be able to establish accurate
Binding Energy (eV) cluster temperatures, activation energies of isomerization,
and isomerization rates.

FIG. 4. Photoelectron spectra dCsl),” cluster anions at ; _
296 K, taken with 2.33 eV photons before and after exposure t&‘l‘l]'-glglé\;vork was supported by NSF Grant No. DMR

0.65 eV photons. The 0.65 eV photons can deplete only one
the two isomers. Since no thermal isomerization is occurring in
this cluster, only the peak corresponding to the depleted isomer
is affected.
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