10032 J. Phys. Chem. A998,102,10032-10040
Spectroscopic Observation of Isomerization Kinetics in Isotopically Labeled (Benzeng)
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Isotopically labeled (benzeng)lusters, (GHs)(CsDe)12, generated in supersonic expansion, were studied by
resonance-enhanced two-photon ionization (R2PI) spectroscopy as a function of nozzle-to-laser distance using
two distinct sets of expansion conditions. In this report we present spectroscopic evidence for both evaporation
and isomerization within the supersonic jet. The observeti{{CsD¢)1> population initially undergoes a
fluxional-to-rigid transition; this transition is followed by isomerization within a subpopulation of the ordered,
rigid clusters, in which the unique¢Hs moiety migratesrom the surface to the interioof an otherwise
homogeneous D cluster. These experiments are unique in that analogous isomerization dynamics have
never before been spectroscopically observed. The observed kinetics are generally insensitive to differences
between the benzene:helium ratio in the expansion mixture.

I. Introduction Easter and co-workers have experimentally investigated
. . fluxional-rigid transitions in (GHe)(CsDg)12,1>18 while Bartell

¢ Sdlze-seltetl:ted cqusters Za(;/e oftgn b.?ﬁ.n f‘f’tF'td'Ed :O prolbeet al. have studied the (benzepeyystem by Monte Carlo
undamental properties and dynamics within finite Systems. I g 1ation17.18 In earlier work, Bartell et al. originally ap-

pnnmple, a unique molecular chro_mophore, _when embedded proached the experimental investigation of phase in very large
in a cluster and probed spectroscopically, provides data that may,

X e . benzene clusters using electron diffraction technigé@smost
lead to the |dent|f|cat|'on of the structure’and the dynamlcal cases they found that clusters in their supersonic flow revealed
processes that occur in the chromophore’s local environment.

o a local molecular order indicative of supercooled bulk ligd#tis.

Resonance-enhanced two-photon ionization (R2PI) SPectros- ., addition. the (benzeng)cluster has been the focus of a
copy has proven to be a successful tool for the study of benzenetheoretical ’study by Stace et#l
clusters. Smalley et al. introduced the application of this )

technique to small benzene clusters several years Sgbse- Spectroscopic experiments have proved the possibility of
quently, Schlag and co-workers reported R2PI experiments generating benzene clusters with a significant fraction in stable,

focusing primarily on (benzeneind (benzeng}-34Using the rigid isomeric forms. Under favorable conditions, supersonic
technique of isotopic labeling, they explored the nature of the cluster jets contain a few, at most, significant rigid isomers of

— _ 22,23,24 i i i
intermolecular interactions within the dimer, trimer, and tetramer (P€nzene) n = 12-15: In isotopically labeled studies
clusters, and used spectroscopic data to infer cluster structure$When the clusters are interrogated 1000 nozzle diameters from

based on a weak-interaction model. The structure of the benzend"€ expansion origin), it ils observed that a single, sharp feature
dimer has also been investigated by Felker, et al., using dominates the B A4 6% absorption when the chromophore,

stimulated Raman spectroscopy. CsHe, is monitored in cold (gHe)(CsDe)n-1 Clusters ( = 12—
From the theoretical perspective, both Willighamd van de 19). For each of these cluster sizes, the sharp feature originates
Waal © have computed structures for small benzene clusters, oM @ GHe chromophore localized in the cluster's interior

ita24
Their calculations involve minimization of the cluster’s potential site: ) _
energy, derived from intermolecular ateratom pair-potential An experiment reported by Easter, Baronavski, and Hawley
functions. Both calculations for (benzengyield a quasi- took advantage of the simplicity of this spectrum and monitored

icosahedral structure, in which the twelve surface molecules its evolution as a function of expansion tirfeThe first
are divided into two symmetry-distinct sets, each set having €xperimental evidence for a fluxional-rigid transition in a single
six members. size molecular cluster was presented in that report. In the first
Several studies of fluxional-rigid transitions within finite- 50 uS of expansion, the (benzenefluster population under-
sized clusters have been reported. The (benzepsystem has ~ Went transformation, from being entirely nonrigid to having a
been a common focus for both experimentalists and theoreti- Substantial population in rigid form.
cians, particularly because of the system’s promise for correlat- The data presented in this report significantly extend previ-
ing theory with experiment. Hahn and Whetten introduced the ously reported results. The laser-to-nozzle distance range in these
first potential evidence for such a transition based ogDg5> experiments has been extended by a factor of 4 compared with
Ar, ultraviolet spectrd; Adams and Stratt have undertaken the studies in ref 16: from a maximum of 184 to 804 D, where
extensive theoretical studies on the “phase” question in benzeneD represents one nozzle diameter (0.50 mm). Here we present,
argon clusterd? 1 further results of spectroscopic studies have under two sets of expansion conditions, spectroscopic evidence
been published by Felker et &. Knochenmuss et a3 and for isomerization within a subpopulation of the rigid (benzegne)
Easter et al? cluster.
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Il. Experimental Approach

Neutral (GHs)(CsDe)n Clusters are formed by free jet expan-
sion through a pulsed molecular beam valve (R. M. Jordan
C-211) into high vacuum (background 10T orr), using a 0.50
mm diameter valve orifice, and a conically diverging nozzle
(30° measured wall-to-wall, 3 mm length). The benzehelium
expansion mixture is created by flowing He (10 atm) through
the benzene sample, with the valve at ambient temperature. Two
sets of data are collected. For the first, the benzene solution is
at 298 K (He:benzene 120); for the second, the sample is LR

h1d13 40.2 cm

273K

Relative Intensity

maintained at 273 K (He:benzere360). The benzene sample hich, A \ Mde
is a 5% solution of @Hg in C¢Dg, which is statistically expected

to generate a ratio, @)5)13:(CGHG)(C6D6)12:(CeHe)z(CeDe)lli

(CsHe)3(CeDeg)10, Of 51:35:11:2. Because the experiments are T . !
undertaken in a regime where thgOlg molecule is spectro- -240 -220 200 -240 220 -200
scopically transparent-250 to —140 cnt?! shift, relative to Spectral Shift (cm™)

the GHe molecular resonance at 38608.5 Cjp the relevant  Figure 1. (Left). Exploratory one-color spectra of ¢8s)(CsDe)2 and
(CeHe)(CsDe)12:(CeHe)2(CsDe)11:(CeHe)3(CsDe) 10 ratio is 72:23: (CeHe)(CeDg)13, labeled hdi2 and hdys These are collected over a
4. (The molecular gHg—C¢Ds isotope shift is 179 cm; the narrow spectral range{240 cnt! to —200 cnt! shift), at a scan-step
same shift is observed betweensig)1s and (GDe)13 clusters?d) limited resolution of 0.35 crrt, a_nd with the bgnzene solution-atl5

The (benzene) mass peak is windowed such that intensity of °C. These compare favorably with fragmentation-free two-color spectra

o . . (ref 24). (Right). Direct comparison of a lower resolution rendition of
the latter 70% of the peak is recorded. Although it is likely that the exploratory (@He)(CsDe)12 Spectrum (bottom) with data from the

some _Contribution from (§e)2(CeDe)11 remains, it is reasonable 40.2 cm (273 K) spectrum in the same wavenumber region (top).
to estimate that more than 995% of the collected signal
derives specifically from (§He)(CsDe)12. Any (CeHe)2(CeDe)11 R2PI spectra are generated by sequentially stepping the
present will affect the spectra by causing an overestimation of grating of the dye laser while, at each wavelength, averaging
the integrated area of feature B, described below (see ref 24).the jon signal (normalized by the square of the laser intensity)
The gas mixture expands supersonically into the vacuum over mass-specific windows, using a digital oscilloscope
chamber, and passes, at a variable distance dOWﬂStream(LeCroy 9310AM). Spectra are obtained by recording the
unskimmed through the extraction plates of a time-of-flight mass normalized ion intensity (averaged over 75 laser shots) at each
spectrometer (R. M. Jordan C-677). The time-of-flight (TOF) wavelength. The spectral resolution is limited by scan step size
extraction plates are configured such that the TOF axis is (0.75 cntl). The experimental process is controlled by PC-
perpendicular to both the cluster beam and the laser beam. Eaclhased data acquisition software, operating on a Windows-based
10 Hz pulse of the valve signals the digital delay generator LabView (National Instruments) platform. Several scans are
(Stanford DG535), which synchronizes the laser and the recorded at the same distance with the benzene sample at 298
oscilloscope. The required wavelength60 nm) is produced K and the average is reported; the benzene sample is then cooled
by generating the second harmonic of a YAG-pumped dye laserto 273 K, and the system is allowed to equilibrate before three
(Lambda Physik LPY 150, ScanMate2C, BBO I) operating on or more additional data scans are collected. The experimental
coumarin 503. The laser ionizes the clusters through the B setup requires that scans taken at different distances be recorded
A.4 6% vibronic transition of the gHs moiety via a one-color  on different days.
1+1 multiphoton ionization scheme. Figure 2 presents the velocity profile for (benzesé) the
Cluster fragmentation is expected to have some effect on thejet, demonstrating that the clusters are expanding with the
one-color data presented in this study. In preparation for thesevelocity of a neat helium free jet. The delay times) is plotted
experiments, we tested for such fragmentation by simultaneouslyvs nozzle-to-laser distance (cm); the distance, in units of nozzle
measuring the spectra of {8s)(CsDe)12 and (GHe)(CsDe)13 diametersD, is indicated on the top axis. The delay (between
at an expansion distance of 840 nozzle diameters (42 cm), withthe nozzle and laser-trigger pulses) is optimized to maximize
the benzene sample atl5 °C, at a scan step size of 0.35cin the (benzene) signal. The (benzeng)clusters are detected only
and over a limited spectral range240 to —200 cnt? shift. in the highest density regions of the free jet pulse, and the
The results, shown in Figure 1 (left), compare favorably with observed fwhm of the (benzengpacket is éus, compared to
fragmentation-free two-color spectra (ref 24), and show very the total gas pulse fwhm of 3&s. (The timing jitter between
little evidence of fragmentation. On the basis of these explor- the nozzle and laser triggers+sl00 ps.) Experimental errors
atory spectra, we estimate that no more thar18% of the associated with the delay time-8 us, corresponding to 50%
signal recorded in the (benzepgnass channel originates from  of the fwhm of the (benzeng)cluster packet) and the nozzle-
higher clusters, primarily (benzeng) Fortunately, a small  to-laser distancef0.25 cm) form the boundaries for each data
amount of fragmentation does not negatively impact the results. point in Figure 2. The data are fit to the linear expressidvrs
Previous experiments have established that the spectratd)(C div + to, whered is the experimental nozzle-to-laser distance
(C6Dg)12, (CsHe)(CsDg)13, and (GHe)(CsDg)14 all have important in the expansiont* is the optimized delay time between the
commonalities: all have a prominent feature ne@20 cnt?! nozzle and laser triggers,is the velocity of the center of the
that derives from the cluster’s interior site, and their spectral (benzene) packet, and, is a constant specific to the machine.
shifts differ from each other by no more than a few wavenum- The slope is determined to be 5.H8 0.05 us/cm, with a
bers?* Because the dynamics are qualitatively similar for all regression coefficient? = 0.9994. The expansion time for the
cluster sizes in this region, the presence of a small amount of center of the cluster packet center is then taken tb bel/v,
fragmentation does not significantly affect either the analysis shown on the right axis of Figure 2. Because the arrival time
or the interpretation. of the (benzeng) cluster packet is so narrow at all nozzle-to-
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Figure 2. Velocity profile for (benzeng) in the helium free-jet 240200160
expansion. The profile is determined by measuring the optimal delay

time between the pulsed valve and the laser trigger at the nozzle-to- Spectral Shift (cm™)
laser distances used in the experiment. Uncertainties in distance (0.25_. . .
cm) and time (s) are reflected by the size of the data points. (The Figure 3. Experl_mental data_ for spectra collected at each of eight
uncertainty in time is taken to be 50% of the cluster packet's fwhm; NoZZle-to-laser distances, with the benzene sample at 273 K. The
this is distinct from the timing jitter;-100 ps.) The right axis indicates expansion distance (in cm) identifies each spectrum.

the expansion distance in units of nozzle diameters (D), and the top

axis indicates the expansion time of the (benzen@gcket. i.e., in the vicinity of feature A. The data collected at 40.2 cm

(273 K) are presented as a solid line in the upper trace, and a
laser distances, (there is no measurable broadening as thdower-resolution reproduction of thedi, exploratory spectrum
expansion distance increases), the rate of expansion is knowns reproduced in the lower trace. This is generated by sequen-
within 1%. tially pairing and averaging data in the originatity exploratory

This expansion rate corresponds to a velocity of 193R0 spectrum; in effect, this reduces the number of data points by
ms L. This magnitude is somewhat surprising in light of 50%, resulting in an effective resolution similar to that of the
theoretical calculations that identify the terminal velocity of neat 40.2 cm data. Direct comparison reveals that differences between
helium expansions either as 1360 ther 1760 ms1.2526|t is the two are limited to the fine structure of feature A. These
worth noting that empirical measurements have demonstratedmay be attributed to different (benzene:helium) ratios in the
that expansion velocities increase in some fashion as thetwo expansions+3 times larger in the 40.2 cm data, compared
stagnation pressure is increased: specifically, a velocity of 400 to the exploratory spectrum) and to different laser-to-nozzle
ms1 is reported with a stagnation pressure of 1 atr360 distances.
ms ! at 5 atm?® 1780 ms! at 7 atm?® and 1900 ms! at 9 Quallitative trends observed in the spectra as a function of
atm15 (Within experimental error, our present measurement is nozzle-to-laser distance include: (i) narrowing of the two
identical to the latter.) Our attempts to devise a compelling sharper features (A and B) as the distance is increased, each
theoretical argument for the observed velocity have thus far having a minimum Gaussian width of cni?; (i) an increase
fallen short; nevertheless, the independent experimental mea-n the integrated area of feature A relative to that of feature B;
surements referenced above demonstrate that the helium freend (iii) a decrease in the relative area of feature C over a short
jet velocity increases in some way with stagnation pressure, atdistance range (136200 D), with a leveling out at further

least to pressures of 9 atm. distances.
Ill. Experimental Results IV. Analysis and Discussion
Figure 3 shows the spectra ofdls)(CsDs)12 cOrresponding A. Spectral Deconvolution. Given appropriate expansion

to eight different nozzle-to-laser distances with benzene at 273 conditions, it has been shown that benzene clusters in the 13
K; Figure 4 shows the same series of distances with the samplemolecule range are produced and detected with a significant
at 298 K. In each spectrum, relative intensity is plotted vs fraction in rigid isomeric forms; the resulting electronic spectra
spectral shift from the § CsHe molecular resonance (38608.5 vyield specific, reproducible featuré%.2* Previously reported
cm™1). Each of the eight spectra, represented by the data pointsspectra are consistent with a quasi-icosahedral geometry for
in Figure 4, consists of exactly three features: feature A, a sharp(benzene), as predicted by van de WaalA single interior
absorption neat-220 cnt? shift, which originates from the rigid ~ molecule with lower thanCsz symmetry is solvated by two
cluster’s interior moleculé324feature B, a second sharp feature structurally distinct sets of surface molecules; each set contains
near—180 cnt? shift, which originates from gHg on the rigid six members. The clusters presumably exist in two enantiomeric
cluster's surfacé??*and feature C, a broad underlying absorp- forms, the “average” of which yields loc&l; symmetry for
tion originating from (GHe)(CsDs)12 Clusters in a fluxional state  the cluster interior. Isotopically labeled studies ofglg)-
and/or in multiple disordered isomeric forrifs. (CsDg)12, In which only the GHg moiety is probed 1000 D from
Because the similarities between the exploratory spectrum, the expansion origin, reveal a dominant sharp feature-n2a0
hids2 (Figure 1, left, bottom) and the data presented in Figures cm™t shift, assigned to §s in the cluster interior (feature A),
3 and 4 may not be immediately obvious, we provide a direct and a second sharp but less intense feature r&80 cnr?,
comparison between the two in Figure 1 (right), where the assigned to €He on the cluster surface (feature B). The
spectral range plotted is limited t6240 to—200 cn1? shift, assignment of these two features is supported by the spectrum
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Figure 4. Experimental data and their mathematical fits for spectra collected with the sample at 298 K. The expansion distance (in centimeters)
is shown in the upper right corner of each spectrum. Each spectrum monitorsHbenGiety’s absorption within a (§1s)(CsDe)12 Cluster and is

plotted as relative intensity vs spectral shift relative to thidd®nolecule’s gas phaségabsorption at 38608.5 crh Experimental data is represented

by dots. Three Gaussian features (labeled A, B, and C in the 7.8 cm plot) comprise each spectrum. The solid line through the data represents the
sum of the three features. The position, width, and integrated area of each Gaussian feature are determined by a best fit to the data.

of (CeHe)2(CsDe)11, Which has two corresponding sharp features be observable by spectroscopic measureniérits.the same
of nearly equal intensity* A broad feature underlying the two  analysis, Bartell draws the conclusion that evaporation (not
sharp features is inferred from all the neat benzene spectra ancluster collisions with the carrier gas) is responsible for effecting
is observed in all isotopically labeled cluster studies (feature the transition. One motivation for the present study was to
C). Easter, Baronavski, and Hawley argued that this feature canexpand the dynamical range of the report in ref 16. Our present
be interpreted as the manifestation of disordered, fluxional data confirms the early-time evolution in feature C; however,
clusterst® the evolution of this feature at expansion distances beyond 15
Because the (§16)(CsDe)12 spectra measured at all eight ¢m (300 D) cannot be described by extrapolation of the simple
nozzle-to-laser distances used in this experiment are well first-order decay, determined by the-200 D data. Bartell's
described as a sum of the three previously assigned featuregontention, coupled with our most recent data, have drawn us
described above, we have determined the best fit to eachto the conclusion that evaporation is central to the mechanism
experimental trace based on a sum of the three Corresponding,lndeﬂying the fluxional-rigid transition observed within the first
Gaussian waveforms, using the curve fitting routine in Jandel 300 D of expansion.
Scientific’s SigmaPlot. For each Gaussian, we determined the To evaluate the time dependence of feature C's relative
integrated peak ares the mean spectral shiit and the width integrated intensity, we consider the following evaporation
0. Results of those fits are incorporated into Figure 4. In all reactions:
cases, feature A is found at a mean spectral shift223.2+
1.1 cm! and feature B is at+179.8+ 1.6 cn1l. Feature C,

the broad feature, is centered-at98 + 9 cn1?, with a width evaporation reaction faefiﬁﬁgg

of 38 £ 5 cml. Positions of the two sharp features are in —

excellent agreement with previous repdft$iowever, feature E:I)) ((:;'g 14; ]f:ﬂi _ EEB”; ;:ﬂi i B i’:]?:rr‘:ase
. . . 13, 12,

Cis shlft_ed 40 cm! to th_e red and is only half as broad as (i) (HD 1) flux — (benzene) products+ (Hor D)  decrease

reported in ref 16. The differences may be related to a couple (i)  (HDys) flux — (HDy) rigid, disorderedt D increase

of factors: the previous experimental design employed a

different molecular beam valve and used slightly different The effect of each elementary reaction on the integrated intensity
expansion conditions; in addition, previously reported spectra of feature C, the broad feature in the 13-cluster mass channel,
were complicated by interference frongl absorption, because s indicated to the right. Reactions i and ii represent a sequence

they did not exclude the range spanning frerh40 cnt? shift in which a fluxional cluster of a specific size loses ongdg

to —120 cnt! shift, where GDg is not spectroscopically  molecule, producing a fluxional cluster of the next lower size.

transparent. Reaction iii represents the evaporation of fluxional (benzgne)
B. Evaporation Kinetics: The Evolution of Feature C.The without respect to the products of evaporation. Reaction iv

fluxional-rigid transition in (benzeng) has already been represents evaporation of a monomer from fluxional (benzgne)
experimentally observet¥;Bartell’s Monte Carlo studies have  resulting in an assortment of rigid, but disorderecsHg)-
placed this interpretation of the data on solid theoretical ground, (CsDg)12. The latter are stable to further evaporation because
verifying that the fluxional-rigid transition in (benzeag$hould the cluster’s closed-shell configuration implies a large activation
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expansion time (microseconds). The 298 K data are represented

§ ;'z i k,i’g_é’f?y s °=0 by circles and the 273 K data by squares. Three fits are shown:
5 the upper line represents a fit to only the 273 K data, the lower
.5 0.8 line corresponds to the 298 K data, and the middle line is a fit
S 07 4 to the combined data. Although there are small differences
£ 06 1 between the two temperature-specific fits, experimental uncer-
O 05 tainties are large enough that putting any emphasis on those

’ ‘ ‘ ‘ ‘ differences is unwarranted. These results indicate that the

0 40 80 120 160 200

o experimental kinetics are generally insensitive to the differences
Expansion Time (us) between two sets of expansion conditions that differ in their
Figure 5. Plot of the fractional area of Feature C vs expansion time. benzene:helium expansion ratios by a factor of 3. Consequently,
The 298 K data is represented by circles, 273 K data by squares. Theg|| discussion that follows is based on the combined results.
best fits to the model described in the text are shown. The 273 K data The analysis underlying Figure 5 leads to the conclusion that

fit is the upper line and the 298 K fit is the lower line; a fit to the v all fi f fl | (b Iti id
combined data is represented by the center line. Derived parametersneary allevaporations from fluxional (benzengjesult in rigi

for the combined data ae= 0, d = 0.69, andk = 2.6 x 10% s benzeng), i.e.,c ~ 0, that the evaporative rate constaat=
these values foc andd imply that evaporation of a monomer from 2.6 x 10*s 1+ 0.7 x 10*s1, and that the fraction of fluxional

fluxional (benzena) results almost exclusively in rigid (benzeng) clusters solidifying into rigid, disordered clusteds= 0.69 +
clusters, the majority of which are disordered. 0.03. In subsequent calculations these values will be used
without modification.

To estimate a temperature for this evaporation-driven transi-
tion, we use the rate constant formalism derived by Ki&8s:

energy. (See further discussion in section C of this report.)
Furthermore, the contribution of these rigid, disordered clusters
to the (GHe)(CsDg)12 spectrum will be broad, and spectroscopi-
cally indistinguishable from their fluxional counterparts. As a _ 3 2/ 1
reszlt, featurge C is interpreted as a spectroscopic guperposition Kevad TS ) (3 10" 3)exp(6h a)exp( AE/kT)
of both fluxional and rigid, disordered (benzepgjlusters. ©)
To derive an analytical expression for the relative integrated
intensity of feature C as a function of time, we employ three
assumptions: (1) neighboring cluster sizes have nearly equal;
initial populations; (2) evaporation from fluxional clusters of
neighboring cluster sizes occurs at nearly equal rates; and (3) _ 1
given fixed expansion conditions, the stoichiometric ratio of AB, = ABeapt kg T )

evaporation products is constant. The first assumption is Using the eneraies of rigid (benze
. . . . . ng)(benzengy, and
supported by nearly equal intensities of neighboring-sized (benze?wa)zl as calgulated b?/ B{grtell and)(DuIIes—2Q8>B4.209
clusters, both in the mass spectra and the optical spectra. —324.915, and-352.903 kJ/mol, respectively th'e experi:
¢ l'll'he_ st0|ch|omet|_r|c ratlos;_a( b ¢,andd) are defined by the mental evaporation temperature is found to be 137 K. This is
ollowing evaporation reaction: in good agreement with Bartell's theoretically determined
. temperature of 140 K for the fluxional-rigid transitid#.
(HDg)flux = a[H][D 5] + b[D],“__'D 1]]. + o(HDyp)flux + In summary, the solidification process observed in the
d{HD,}rigid, disorderedt CDg (1) (benzeng) mass channel within the first 200 D of expansion,
- - . is driven by evaporation of (benzeagnt a temperature near
Specifically, ¢ represents the probability that evaporation of 137 k. while virtually all fluxional (benzeng) cluster evapora-
fluxional (HDi3)ux cluster will yield a fluxional HQ» cluster,  tions result in the formation of rigid (benzerg)he data reveal
(HD1y)flux, upon evaporation of £Ds, while d represents the  that a significant percentage (69%) of the product rigid clusters
probability that the product will be a rigid, disordered 13-cluster, gre, in fact, disordered.
{HD12}rigid, disordered. In this equation, the notation, [H}P C. The Evolution of Feature B: Evaporation or Isomer-

indicates a highly ordered, rigid cluster withig in the cluster  jzation? For the purpose of discussion, we define the fraction
interior, while [D][HD11] denotes an ordered, rigid cluster with ¢ by

CsDg in the interior, and therefore, the uniqueHg chromophore
is located within the first solvation shell, (i.e., on the cluster [B]
surface). f= m
The derived analytical expression for the time-dependence
of the relative integrated intensity of Feature C is given by  where [B] and [A] represent the integrated areas of the sharp
features. From the preceding discussion, it follows that
[C] + [D] — d + (1 _ (d) )exp( 1-okt) (2 represents the fraction of ordered, rigicskig)(CsDe)12 Clusters
[Cl, 1-c 1-0 in which the unique gHg chromophore isot located in the
cluster interior, but rather on the surface.
where [C] represents the concentration of @fux, [D] Two competing hypotheses may be set forth to explain the
represent§HD1 5} rigid, disordered, and [Gfepresents the initial ~ time-dependent decay of the fractibrThe first proposes that
concentration of fluxional (6Hs)(CsDe)12. The term on the left evaporations from rigid (benzeng)re sufficient to describe
side of the equality represents the relative integrated intensity the data; the second proposes that a subpopulation of ordered,
of feature C;ki represents the first-order rate constant for rigid (benzene) clusters isomerize, where the uniqugHg
evaporation of fluxional benzene clusters in the 13-molecule moiety migrates from the cluster surface to its interior. Both
cluster size range; andd are the ratios defined in eq 1. hypotheses presuppose the evaporation dynamics of fluxional
A best-fit of the data to eq 2 is shown in Figure 5, where the clusters (discussed above); at issue is what happens to the
fractional area (integrated intensity) of Feature C is plotted vs ordered, rigid clusters after they have solidified.

In this expressiom represents the number of molecules in the
cluster, andAE4(n) is the Arrhenius activation energy, related
in the hard sphere model to the energy of evaporation by

(%)
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1. The Kinetics of Subsequentdporation. To investigate including, (benzeng). (Because of its closed-shell stability, rigid
whether evaporation from rigid, ordered clusters can account (benzene) behaves as a “magic number” cluster with respect
for the observed evolution df the evaporation reactions that to evaporation on the time scale of the experiment.)
may potentially affect either feature A or feature B in the Derived expressions for the relative integrated areas of

(benzene) mass channel must be considered. features A and B based on the evaporation model are as follows:
. [Ale a ak.
timescale —— = (akt) + — 1—exp(1— o)kt
evaporation reaction (us) comments [Clo @k 1-c a- C)2|<f ( PE( D)
N L TP — ®
Vi H][D 12D — [H][D 17 + D 130 increases feature A
(vii) [DJ[HD 1] — [D][D14] + H 10 [Ble _ ( b pbk Bbk B
(viii) [D][HD 11] —[D][HD1q] + D 10 T — — 2 1
(ix) [D][HD 14)D —[D][HD1] + D 130 increases feature B [Clo =0k —k (1-9k-(1-0ok
Bok ok,
Using the cluster energies derived by Bartell etatyaporation m exp(—kt) + 1— %k — (1— -
time scales can be estimated within the formalism of é§ 3. ( )k — ( Ok
For reactions vi and ix, where the reactant is (benzanehly
three nearest-neighbor interactions need be overcome and the 1—oc exp(—(1 — o)kt) (9)
time scale is relatively short(130us). This stands in contrast
to reactions v, vii, and viii, where the reactant is (benzene) Ineq 9,5 ~ 0.92, and corresponds to the fraction of ordered,

Because of the large activation energy associated with therigid [D][HD i that evaporate to yield a ¢Ds (not GsHe)
(benzeng) closed-shell structure (six nearest-neighbor interac- monomer. When eqs 8 and 9 are combined to determine an
tions), rigid (benzeng) clusters at 130 K are stable to expression fof, a fit to the experimental data is possible, treating
evaporation on the 10fs time scale (evaporation time scale b andk; as parameters. (Values of d, and ks are used as
~107 us). Thus, the observed evolution in the rdtid caused determined above.) The resulting “best-fit" parameters are
by evaporation, must result exclusively from an increase in physically unreasonable. In particular, the hypothetical rate of
(benzene) signal that derives from the evaporation of rigid evaporation from rigid (benzeng)k = 2.5 x 10’ st + 0.5
(benzenegy, not from a decrease of signal accompanying x 107s™™. This is 3 orders of magnitude larger thanimplying
evaporation from rigid (benzeng) that evaporation from rigid (benzeng)lusters is far more
Further analysis, however, reveals that the evaporation spontaneous than evaporation from fluxional (benzgne)
stoichiometry cannot be reconciled with the data. The two sharp  On the basis of these considerations, we rule out evaporation
spectral features are initially formed in approximately a 6:5 ratio. from rigid (benzene) as the primary mechanism driving the
On the time scale of the experiment, rigid [HIEID may evolution of f. While it is possible, even probable, that
undergo evaporation, increasing the relative intensity of feature background evaporation does occur, a different primary mech-
A (reaction vi). Remaining rigid (benzengklusters may also  anism is required to account for the experimental kinetics.
undergo evaporation, most resulting in the increase of feature 2. The Kinetics of Subsequent Isomerizatibhe alternate
B (reaction ix). (When the s moiety is lost to evaporation =~ mechanism advanced to explain the evolution of the fradtion
from [D][D 12]H, however, the (benzeng)mass channel is not  involves isomerization of
affected.) Consequently, evaporation from rigid (benzge)l
initially affect the spectrum of (benzengjn approximately the [D][HD 4] — [H][D 4] (x)
following manner: 55% of rigid (benzeng)evaporations
increase the relative area of feature A, 41% increase the relativewhere, within a subpopulation of 13-clusters, thgHgEmoiety
area of Feature B, and 4% have no effect on the spectrum.migrates from the rigid, ordered cluster’s surface to its interior.
Although these considerations predict a gradual decreage in We designatek as the isomerization rate constant for this
over time, the corresponding reaction rates are physically process. This transformation effects an increase in feature A,
untenable. If evaporation were the sole mechanism, the datadirectly coupled to a corresponding decrease in feature B.
could not be explained unless the fundamental rate of evapora- Analytical expressions for the relative integrated intensities
tion from rigid (benzena), were several orders of magnitude of feature A and feature B, derived within this model, are
faster than the corresponding rate of evaporation from warmer,
fluxional (benzeng), clusters. (Al | a bk bk
To quantify this further, the rates of appearance of the featuresﬁ) T l1-c + (1 - ok — k N 1- c)zkf —(1- 0k o
A and B, within the evaporation hypothesis are given by

bk B
(1-0% — (1— ok

a
d[B] 11— C)eXIO(—(l — Okit) (10)
ot~ Pl(HD 19)qud + KIIDIHD 1,]D] ()

Bl _ bk

Equation 6 is derived from eq 1 and reaction vi; eq 7 comes [Cl, (1 — ok — Kk
from eq 1 and reaction iX; is the rate constant for evaporation
from arigid, ordered (benzeng)kluster. To develop analytical The expression forf is determined from these equations,
expressions for the time-dependent absorptions of features Aapplying the definition in eq 5. The best (two-parameter) fit of
and B, we assume that rates of evaporation are approximatelythe resulting prediction to the (combined) experimental data is
equal for neighboring-sized rigid clusters larger than, but not shown in Figure 6. In the figure, the 298 K data are represented

bk
d (_—__)exp(—ht) + (
% = ak{(HD 13)qx] + KI[[H][D 4,]D] (6) 1-ok —k

(exp(kit) — exp(—(1 — o)kdt)) (11)
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0.7 considerations, rules out evaporation from rigid benzene clusters
0.6 - b=0.14 as the primary mechanism.
0.5 - k=16x10"s" The isomerization of [D][HRy] to [H][D17] is a direct
04 4 ' transformation that affects both feature A and feature B
- 03 simultaneously. Such an isomerization might involve only a
02 1 fraction of the energy required to evaporate a molecule from
' the rigid cluster surface. Furthermore, the preferenceebfsC
0.17 for the center of the (§s)(CsDe)12 Cluster has been well-
0.0 1 documented* These considerations, in concert, lead to the
0.1 | . ‘ x conclusion that isomerization occurs on a time scale-66
0 50 100 150 200 us, resulting in the direct transformation of spectroscopic feature
Expansion Time (us) B to feature A.
Figure 6. Plot of the fractionf = [B]/([A] + [B]), as a function of If eq 3 is used as an approximation to describe the isomer-

expansion time. The 298 K data is represented by circles, 273 K dataization rate constank; is equivalent to the evaporative rate
by squares. The solid line represents a best-fit to the combined dataconstant for a process involving the breaking of 3.5 (7.7 kJ)
based on the isomerization mechanism. (A similar fit attempted within nearest-neighbor interactionsrigid (benzene) at 130 K. Each
the evaporation mechanism yields highly nonphysical parameters.) L L
Parameters determined from the isomerization mechanisimn=ai@. 14 Surface molecule in ”9"_‘ (ber?zer_jehas a IOt‘T’Il of six nearest
andk = 1.6 x 10* s, neighbor contacts, so this activation energy is much lower than

would be needed for evaporation. A concerted isomerization,

T 0.40 the activation of which requires the breaking of three or four

% nearest neighbor interactions, is a physically realistic mechanism

E: 0.30 7 consistent with the data.

2020 | Though no theoretical studies to date unambiguously prove

® 0.10 4 the isomerization hypothesis, the proposed mechanism is

= completely consistent with published theoretical work. It fits

o0y £ well with Bartell's calculations, where it was concluded that
0 40 80 120 180 200 benzene clusters in the 13-cluster size range solidify below

temperatures of 140 K; between 85 and 140 K, (benzene)

’«?0'12 exists in several, rather rigid, equivalent structural isomers,

% 0.8 which interconvert® The implication is that not all molecular

T motion is frozen in the temperature range from 85 to 140 K,

S even though the clusters are “rigid.” Because Bartell's calcula-

80'04 i tions were designed to study an isotopicalpmogeneous

= system, the specific forces that drive theslig) moiety to the

By 0:00 7 . . . ‘ ‘ cluster interior were not examined. Without inclusion of those

40 80 120 160 200 driving forces, the specific isomerization we report will not be
observed in simulations.

D. Limitations of the Data. As a consequence of the

o

Expansion Time (us)

Figure 7. Plot of the fractional integrated areas of feature A (top) and aynerimental design. the spectrum for only one expansion
feature B (bottom) as a function of expansion time. The 298 K data is h an, P Y P

represented by circles, 273 K data by squares. The solid lines corresponcfjlstance is collected O.n an.y given ‘?'f"‘y' While every effolrt IS
to predictions of the isomerization mechanism, determined from eqs Made to operate under identical conditions, there are unavoidable

10-11 and the parameters derived in Figures 5 and 6. day-to-day fluctuations, primarily stemming from the laser and
from the molecular beam valve. These fluctuations are the
by circles and the 273 K data by squares. The analysis yields primary source of random experimental error in this study and
=0.1440.02, andk; = 1.6 x 10*s 1+ 0.6 x 10*s~ 1. Because are probably responsible for the majority of scatter that is
the suma + b + ¢+ d = 1, and previous analysis gaee= observed in Figures-57. A second experimental complication,
0 andd = 0.69, it follows thata = 0.17, and the ratioa:b = the presence of some residuak{g)2(CsDs)11 in the measured
1.2. The ratioa:b is significant because it estimates that the (CsHe)(CesDs)12 Spectrum, causes a slight overestimation of the
unique GHe moiety’s preference for the rigid, ordered cluster’s integrated area of feature B in all the spectra. The overestimation
interior site is~15 times greater than what is expected on purely should be relatively constant, (i.e., independent of expansion
statistical considerations. distance), so the data is affected most noticeably at the larger
As a further validation of eqs X011, we have used the expansion distances, where the contribution to feature B from
parameter values just determined to calculate separately the(CsHg)(CsDg)12is at @ minimum. A third potential problem arises
predicted contributions of these two features to the overall from the use of an unskimmed cluster beam, as dictated by
absorption. The results are shown in Figure 7, where the solid physical constraints of the machine (which prevent expansion
lines indicate the model’s prediction. In both cases the model’s distance measurements shorter tha&Bicm when the skimmer
prediction reasonably describes the data. is installed). While the use of an unskimmed beam could result
To summarize, the data suggest that feature A results fromin slightly different cluster subpopulations being sampled at
~17% of fluxional (benzeng) evaporations, while~14% of different expansion distances, we have not observed any
such evaporations result in feature B; the initial appearance of measurable differences between several sets of spectra taken in
both sharp features occurs on a time scale-86 us. After our lab, differing only by the presence or absence of a skimmer.
their initial appearance, feature B is observed to “transform” Though a small overestimation of the integrated intensity of
into feature A on a longer~55 us) time scale. The experi-  broad feature C at shorter nozzle-to-laser distances cannot be
mentally observed time scale, in conjunction with stoichiometric completely ruled out, this appears to be a minor complication
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relative to data scatter resulting from day-to-day machine CgHg molecule migrates from the cluster surface to its interior
fluctuations (discussed above). In view of these limitations, a site; these experiments represent the first spectroscopic observa-
brief discussion of the degree of confidence that can be placedtion of isomerization in this kind of molecular cluster. The
in the results is warranted. clusters are first generated in fluxional form near 137 K and
Emphasizing that the present report relies to a great extentare then subject to evaporation. Products of (benzgne)
upon previous experimental results is important. Relevant resultsevaporation include a significant fractiom~§9%) of rigid
have been summarized throughout the discussion, but theclusters in a disordered state, along witkv&1% population of
supporting data and arguments have not been restated in theiordered, rigid clusters; the majority of the ordered, rigid clusters
original detail. To be specific, results which the present analysis (~55%) has the unique ¢Els) chromophore in the cluster
supports (but does not independently prove) include: (1) a interior. These ratios were found to be relatively insensitive to
high-symmetry, quasi-icosahedral low-energy structure of a tripling of the benzene:helium expansion ratio. Following
(benzeng);?2-24 (2) a clear, nonrandom preference aHg to evaporation/solidification, the subpopulation of rigid clusters
occupy the interior site of the ¢Els)(CeDe)12 clusteri’:?4(3) having GHe on the surface isomerizes, withlds migrating to
two distinct, sharp spectral features, one correspondingtig C  the cluster interior. Initial evaporation of fluxional (benzene)
in a surface site (feature B), and one correspondingstts @ occurs on a time scale 6f35 us, while subsequent isomer-
the cluster interior (feature AY:18and (4) an evolution in feature  ization of rigid (benzeng} takes place on a longer-g5 us
C over the first 5Qus of expansion, indicative of a nonrigid- time scale). The latter time scale is consistent with an isomer-
rigid cluster transformation occurring in the observed (ben- ization mechanism involving the initial “breaking” of-3}
zene)s populationt”1829These four conclusions have been in nearest-neighbor molecular interactions (or equivalent) at 130
the published record for over half a decade. Together, they K. While background evaporation from rigid (benzeaepnnot
constitute a fundamental foundation for the present discussion.be ruled out, such evaporation contributes only insignificantly
The evolution off as a function of expansion distance, never to the experimental data. These conclusions are fully consistent
before reported, is unambiguously observed in the data. A with extant theoretical studies; nevertheless, unambiguous
change in the ratio of the integrated intensities of two spectral confirmation will require additional simulations that specifically
features is proportional the change in the relative populations include the forces responsible for driving theHg moiety to
of the physical species responsible for those features. Thisthe interior of the (€Hg)(CeDe)12 Cluster.
general principle calls for the conclusion that the population of ~ The isomerization process, observed for the first time within
rigid, ordered clusters with ¢Els on the surface (feature B)  an intermediate-sized molecular cluster, is of significant interest.
decreases with time relative to the population of clusters with Without specific consideration of these results, future theoretical
CgHe in the cluster interior (feature A). As the primary Studies designed to elucidate the fundamental nature of the
mechanism underlying this population shift, evaporation is CeHe—CsDs interactions within isotopically substituted benzene
eliminated because the required evaporation ratedsorders clusters will be hobbled. Eventually, such studies may yield
of magnitude too large, and is not physically realistic. While significant new insights into the fundamental nature of nonchem-
the isomerization analysis does not provide rigorous proof, ical interactions occurring within isotopically inhomogeneous
isomerization is determined to be consistent with the data; systems.
furthermore, the derived rate constant, temperature, and activa-
tion energy are all physically reasonable. Given the unavail- ~Acknowledgment. This research was supported by the
ability of a third mechanism that is both physically realistic and Robert A. Welch Foundation [Al-1392]; appreciation is also
capable of explaining the data, isomerization is the only apparenteéxtended to the donors of the Petroleum Research Fund,
viable mechanistic option. The experimental observation of administered by American Chemical Society [ACS-PRF Grant
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