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Photofragmentation studies at 644 nm and 740 nm of ({CD,),, cluster ions(n=0-8 have been
carried out in a tandem time-of-flight mass spectrometer. Photodissociation of these cluster ions at
a wavelength at which bare IClproduces only T results in the formation of three classes of
fragment ions: T, CI™, and ICI" based clusters. The lbased clusters correspond to the direct
photoproduct in which a Cl atom has escaped the cluster ion. Thed@l CI" based clusters are

a result of a nonadiabatic electronic transition to the ground state mediated by the solvent. The
relative importance of these photofragment channels strongly depends on the cluster ion size. An
ICI™ caged product is first observed for [TCO,),, increasing rapidly to a maximum at-6 and

then decreasing. This caging efficiency is dramatically different from t€Q,),, cluster ions

where complete caging was observed for 16 solvent molecules. Thel@itofragment channel
increases smoothly for the cluster size range studied and becomes the dominant chamné&l. for

The relative yields of the ICl and CI' based products reflect the extent to which solvation
influences the photodissociation pathways of ICI © 1996 American Institute of Physics.
[S0021-960696)00526-7

I. INTRODUCTION charge distribution changes in (ICO,),<13 as the degree
of ion solvation increases. Selegue and co-wofers

The chemical properties of the solvent assert a profoungheasured the vibrational spectra of mass selected
influence on chemical reactions, especially those involvingcs*[(CH,),CO],(CH;OH),,, clusters and constructed a hy-
charge transfer and the ensuing solvent rearrangement abeyfogen bonding model between the acetone and methanol
the newly formed ion. The role of solvation can be studiedmglecules surrounding the ionic core. Campagretial®
on a single molecule basis by examining solvent-mediate@ng Donelly and Farraf observed shifts in the absorption
reactions in molecular clusters in the gas phase. This aRspectra ofH,0); and St (NH,),,, respectively, that are de-
proach allows study of the stepwise effects of increasing solyendent on cluster size. These shifts are due to differential
vation on the electronic structure of the chromophdtend  gapilization of the ground or excited states. Our work has

intracluster reactivity.*® Recent investigations of proton focused on ICI photodissociation and cage recombination
transfer reactions show that just a few solvent molecules Caﬂynamics in size-selected IQICO,), clusters
n .

dran:?“%%!ﬁylz?:]fed ttr:f ort]JtcorT(;eth ?f Iath che:‘[mlfcal In this article, we report the results of our ongoing stud-
;?)?\/Celr?tn}noleculezs\?v:rlej rlgsusireogv?o in;u:en yrot:)ene tr?am?s,l;erires of the solvation effects on the photodissociation of ICI
d P A primary motivation for these studies is to investigate the

from the chromophore to the solvent. T
. . . effects of the solvent on the charge distribution in a hetero-
Our approach involves the preparation of an ionic chro- N
nuclear chromophore and compare it with a homonuclear

mophore clustered with a specific number of solvent mOI_ionic chromophore solvated by the same number of solvent
ecules, followed by photodissociatidnl’ of the chro- P y

; 15,16 H
mophore. In order to determine how many solvent moIecuIe@OIGCU!eS' Papamkolget.al. .have studied 21((.:02)“
- r(éluster ions where the ionic core is totally symmetric and the
@arge is shared equally between the two iodine atoms. Their
given cluster to cage the dissociating diatthit,is essential experiments and theoretical calculations showed that the first

to synthesize and isolate clusters of specific compositiors°/Vent molecules pack around the center of mass of the
lonic clusters are ideally suited for these experiments belOniC core. As more solvent molecules are added, they tend
cause size selection of the clusters can be achieved easf§ I0calize toward one end of the diatomic ion, polarizing the
using standard mass spectrometric techniques. Many rdonic charge distribution. This symmetric chromophore of-
search groups have studied the solvation effects in cluster iof§'S no control in the charge localization process. For |CI
systems using this approath?’ For example, Arnold the ionic core is no longer symmetric. The smaller Cl atom is
et al??> have used photoelectron spectroscopy to examingolvated more efficiently, and therefore the first solvent mol-
ecules cluster about the ClI end of the diatom. This preferen-
tial solvation of the Cl atom will enhance the slight asym-

AJILA Visiting Fellow, 1993-1994. Permanent address: Department of . o L . . .
Physics and Astronomy, University of lowa, lowa City, IA 52242. metry in the initial charge distribution in the bare ion.

PElectronic mail:wcl@jila.colorado.edu The photoabsorption cross section for TQTO,), is

and the excitation energy dependence on the propensity of
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on a donor site transfers to a state localized on an acceptor
site. The first theories describing the role of the solvent on
the kinetics of electron transfer processes, derived by
Marcus®® were classical in nature and within the framework
of dielectric continuum theory. Newton and Sdtiprovided

. Cr+r an excellent review of the foundations of electron transfer

° recr theories. Also, extensive theoretical work has been done on
g 05 F+cl problems in which the coupling of the solute electronic struc-

= CT Based Bt ture to the solvent environment plays an important role in

E s Cr+1 determining the outcome of the reaction. Sheu and Rd%sky

s

(a9}

have developed a method to simulate the charge-transfer-to-
solvent spectrum of aqueous. IKeirstead and co-workets
have studied th&,1 ionization reactiofRX—R*+X7) in
solution. As this reaction proceeds, the electronic wave func-
tion evolves from a covalent form to an ionic form. This
‘ ‘ latter form is coupled to the solvent through long-range elec-
e trostatic interaction.
R, Angstroms We report the observation of electron transfer within an
FIG. 1. Potential energy curves for IChs determined by Parson and co- anionic chromophore mediated -by the gurroundlng solvent
worl.<er.s(Ref. 29. Only the 1/2 stategHund’s case(c)) are shown. The _mOI,eCUIeS' In this system, there is very little charge dglogal-
solid arrow labeledPumpindicates the transition used to photodissociate iZation onto the solvent. In contrast, charge delocalization
ICI™. The dashed lines indicate the different photofragmentation pathwaysonto the solvent is often observed in homogenous clusters,
for example, in cluster ions such &3,),,, for which photo-
absorption of the larger cluster results from charge transfer
measured and compared with the bare IChromophore in  between the @ ionic core and the @solvent ligand™*
order to investigate solvation effects on the electronic strucChens and coworketshave studied the heterogenous mo-
ture of the ionic core at internuclear distances close to théecular clusters of benzefg-iodine and other complexes,
equilibrium distance. Comparison of the spectra suggestand have observed charge transfer from the benzene onto the
that the electronic structure of IClis not significantly per- |2. Moreover, photon-assisted charge transfer reactions are
turbed by the solvent at internuclear distances close to theften observed in cationic clustet¥:*® Shen and Farrdt
equilibrium distance. The solvent does, however, perturb th8ave studied the size-dependent effects in the photodissocia-
electronic structure at larger I-Cl distances, as seen in théon spectra of Sr(NHy), and have proposed an intramo-
photofragmentation studies discussed below. lecular electron transfer mechanism to account for the ob-
Detailed photofragmentation studies of TQCO,),,  served spectral features. These charge transfer to salwent
n=0-8, have been carried out at two wavelengf¥4 nm  Vice versa transitions are also common in solutigh:**
and 740 nm These wavelengths were chosen after measur-  In Sec. Il of this article, we provide a brief description of
ing the photodestruction spectrum for bare 1€} At these  the cluster ion machine and tandem time-of-flight mass spec-
Wave|eng'[hs, ICl is excited to a repu|sive Surfa&%leading trometer used for this work. A brief review of previous ex-
adiabatically to T and CI, as shown in Fig. 1. Our results periments with ICT is given in Sec. lll. In Sec. IV, the
show that this continues to be the dominant reaction channégesults of new studies of the photoabsorption and photofrag-
for ICI~ solvated by one or two COsolvent molecules. A mentation of ICT(CO,), cluster ions are presented. Finally,
larger number of C@solvent molecules dramatically affects in Sec. V we summarize the major findings and present pros-
the photofragmentation spectra, resulting in two new producpects for future studies.
channels. In addition to the Ibased direct photofragment, a
solvent-induced recombination is observed to form lGnd || EXPERIMENT
a solvated CI product is also detected. These two new prod- A Overview
uct channels are most likely the result of a nonadiabatic tran--
sition to the ground electronic state. This electron transfer A schematic diagram of the cluster ion source and tan-
process becomes more pronounced as the number of solvedgm time-of-flight(TOF) mass spectrometer is shown in Fig.
molecules is increased, showing that it is a direct result o2. The ICI'(CO,), cluster ions are created by crossing a
the strong coupling between the electronic and nuclear depulsed free jet expansion with a continuou4 keV electron
grees of freedom. The relative yields of the TGind CI' beam. The initially formed ions drift for-15 cm in the cold
based products reflect the extent to which solvation influexpansion while growing a solvent shell. At this point, a
ences the photodissociation pathways of ICl pulsed electric field injects the ions into a Wiley—McLaren
An important aspect of the present studies concerns th€OF mass spectrometer. At the spatial focus of the primary
electron transfer induced by the surrounding solvent mol-TOF, the 3000 eV ions intersect a pulsed laser beam. The
ecules from the iodine atom to the chlorine atom after photomesulting ionic photofragments are analyzed in a single-field
absorption. Electron transfer occurs as an electron localizexkflectron TOF mass analyzéhe secondary TOFand de-

Pump

-0.5 1
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Pulsed effects a 1.5° bend in the ion beam, which separates the fast
vabe Oven® & ﬁl ions from the neutral particles and reduces the background
Fk:"; ﬁ) Detector o R noise at the in-line detector. The ion beam is crossed with a
e T W et InLine pulsed laser beam at the spatial focus of the mass spectrom-
eeon - Meb eter, which occurs at 1.5 m from the entrance of the second
ot M““GC“C / L stage of the TOF and 16 cm before the reflectron entrance
O—I_‘i‘ / : (RZ)-
-1k f

R) R)

C. Photolysis, secondary mass analysis, and
FIG. 2. Schematic representation of the cluster ion source and tandem timgatection

of-flight mass spectrometer.
The ionic clusters arrive at the spatial focus of the pri-

mary TOF at a time determined by their mass. Therefore,
tected at an off-axis detector. Either the precursor ions oadjustment of the time delay between the extraction and
neutral photofragments are detected at the in-line detectonanosecond laser pulses provides unambiguous mass-
Details of the experiment and the data collection procedureselected photoexcitation. The mass gate, two parallel plates
are given below. with one biased at the beam potential and the other one
pulsed to 2300 V, is located just in front of the laser inter-
action region. Its purpose is to reject unwanted precursor
ions, thus reducing the background noise.

ICI~(CO,), cluster ions are formed by passing neat,CO Nanosecond laser pulses are generated by using the 30
at pressures of 1-2 atm through a reservoir containing ICIHz frequency-doubled outpu250 mJ/pulsg of a Quanta
The reservoir consists of a stainless st@&$ bubbler con- Ray GCR3 Q-switched Nd:YAG laser to pump a homemade
taining a glass tube in which the ICl was deposited. Whiledye laser. The dye oscillator was constructed from a Lambda
the bubbler was left at ambient temperature, the SS lineRhysik dye laser, complete with holographic grating, magni-
inside the chamber were mildly heated to a few degreefying telescope, and output coupler. Approximately 10% of
above room temperature to avoid cloggitige melting point  the Nd:YAG energy is used to pump the dye laser oscillator.
of ICl is 27 °C). The ICI/CQ, gas mixture is expanded su- The remainder of the dye laser consists of two amplification
personically through a pulsed val¥&eneral Valve, Series stages. The first stage is side pumped, receiving 20% of the
9) with a nozzle diameter of 80@m. The temperature of the initial pump laser beam energy. The second stage is end
pulsed valve body was kept a few degrees higher than thpumped with 70% of the pump energy in order to improve
connecting SS lines to avoid condensation inside the valvehe laser beam spatial profile. A telescope is used to colli-
The inner parts of the pulsed valve were carefully chosemmate the output laser beam. The output of the dye laser is
because ICl is a corrosive, moisture-sensitive compoundypically 5—-8 mJ/pulse in the near-infrared spectral range of
The armatures were gold plated and poppets were made tfese studies. Exciton dyéBCM, LDS 698, 720, 74Dare
Teflon. The pulsed free jet expansion is crossed with a conrdsed as gain media. The amplified spontaneous emission
tinuous 400uA beam of~1 keV electrons about 7 mm in (ASE) is reduced by placing spatial filters after each ampli-
diameter. The ions of interest are formed by attachment ofication stage, reducing the ASE t02% of the total pulse
secondary electrons to ICI. Larger cluster ions grow vig, CO energy.

B. Cluster ion source and primary TOF mass analysis

condensation around the [Clonic core*? The temperature After photolysis, mass analysis of the ionic photofrag-
of these cluster ions is estimated to b80 K using RRKM  ments is achieved with the secondary TOF reflectron mass
calculations' spectrometet? lonic photofragments are detected at the off-

After the ions drift for around 15 cnf~1 ms9 in the  axis microchannel plate detector. Five grids are located in
expansion, at which point a transverse pulsed electric fieldront of the detector. A small potentiak200 V, is applied to
(=1 keV) injects the negative ions into a differentially the first grid plate to discriminate against low-energy elec-
pumped Wiley—McLaren TOF mass spectrometer. The sedrons. The remaining grids form a post-acceleration stack
ond stage of the TOF consists of an acceleration lens stadkat gives the ions an additional 1000 eV of kinetic energy,
where the ions receive an additional 2500 eV of kinetic enimproving the detector efficiency. The detector gain-is0°.
ergy. The ions thus acquire a kinetic energy(8900+200) The neutral detectd(in-line detector consists of micro-
eV. After this stage, the ions enter the field-free rediBy) channel plates and is located behind both the reflectron and a
where the ions are separated according to their masses. &et of vertical and horizontal deflectors. Both the in-line and
this region, the ions pass through a set of horizontal deflecsff-axis detectors are biased at high voltage, therefore the ion
tors to compensate for most of the axial kinetic energy im-signal is capacitively coupled to the pulse-processing elec-
parted by the supersonic expansion. The ions then pagsonics. The ion signal is pre-amplified by a factor of 10, then
through a set of vertical deflectors for steering, followed byamplified by a variable amplifier and finally sent to a tran-
an einzel lens biased in a mild decelerating mode to providsient digitizer or analog to digital converter controlled by a
a transverse focus at the Wiley—McLaren longitudinal focuscomputer.
of the primary TOF. A second set of horizontal deflectors  Figure 3 shows a parent ion mass spectrum taken under
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: : about 15%. The absolute cross sections are sensitive to sys-
8 10 12 oy, tematic effects such as the laser-ion beam overlap and the
homogeneity of the laser beam. The absolute cross section
measurement uncertainties are approximately a factor of 2.
The photofragmentation data were collected as follows.
A specific precursor ion, for example, [GCO,)g, was se-
lected by using the pulsed mass gate. The laser timing was
adjusted to allow the laser pulses to irradiate the precursor
cluster ion of interest. The reflectron voltage was adjusted to
refocus the photofragment ion of interest and the laser timing
was optimized by observing the production of a given
MUMM mm M photofragment on an oscilloscope. By adjusting the electro-
- o o static potential on the reflectron, the fragment ion of interest
Mass (amu) spent the same time in transit to the off-axis detector as the
precursor ion, providing an unambiguous fragment ion mass
FIG. 3. Negative ion mass spectrum observed with a ICYG&s mixture.  determination. Careful photofragmentation studies were car-
The major species al€0y), and ICI (COy, cluster ions. ried out for each of the two Cl isotopes. No differences were

observed. The results presented below are for the dominant
35,

typical conditions as described previously. The mass spec:—cI i§otope. For data acquisition, we first determineq all the
trum was acquired with a transient digitizer/signal averager.pOSSIbIe photofragment ions for a given precursor ion. We
The mass resolutionm/Am, is around 800. Two classes of then tookn data cycles, where represents the number of
cluster ions dominate the’ mass spectrum:[CIO,), and different photofragments from a precursor ion. The first frag-
(CO,); . In addition, C} (CO,), cluster ions -are prer;sent in ment of the different data cycles was varied to correct for
the IgWer mass re,gion whilne QICO,), cluster ions are any drift in the precursor ion current. The yield of each ionic
] n H

present in the higher mass region. Multiplets due to the iso[ragment in each cycle was averaged for 800 !a;er shots a_nd
topes of chlorine in the ratio oPCI:¥Cl~ 3:1 are easily then the spectrum was integrated. Typical statistical errors in

resolved up to mass 800, making the assignment of this port-he fragment yield are about 3%. Power dependence studies

tion of the mass spectrum especially easy. Although only Avere carried out to avoid saturation limits and multiphoton

segment of the mass spectrum is shown, (CO,), cluster processes.
ions up ton=15 are readily produced.

.
4 6 8 ICI(COy,

Intensity

Ill. PREVIOUS STUDIES OF ICI™

D. Data collection procedures Preliminary work has been carried out on the bare ICI

Two basic types of data are presented in this articleion to characterize the chromophdfdn this section, a brief
photodissociation cross section measurements and iongaummary of these results is provided. Potential energy
photofragmentation yields from the cluster ions. The datacurveg® for ICI~, obtained using all-electron multireference
acquisition methods for these data types are briefly diseonfiguration interactiofMRCI) calculations, are shown in
cussed. Fig. 1. The ion has a formal bond order §fand a total

Relative photodestruction cross sections for iCI0,),  angular momentur(), of 3 for the ground state. The equi-
were obtained by monitoring the appearance of neutrals dibrium bond length and vibrational frequency are calculated
the in-line detector. This neutral signal was normalized to théo be ~2.91 A and~185 cml, respectively. All of the
ICI~(CO,), ion current measured at the off-axis detector andow-lying excited states are either dissociative or have ex-
the laser intensity. Four different dyes were necessary ttremely shallow wells. Photodissociation of ICis more
measure the photodissociation spectrum, and measuremer@mplex than that of;l because of the broken symmetry,
made with a given dye were scaled to the others based omhich provides twice as many distinct exit channels. There
cross sections determined in overlapping regions. An absare four low-lying dissociative excited states: two asymp-
lute photodissociation cross section was determined at 64tbtes correspond to the production of [These surfaces are
nm via photodepleticfi**® of the precursor ion signal moni- separated by the spin-orbit couplfigf the CI atom, 0.11
tored at the off-axis detector, e.gprecursor ioflaser offi—  eV. The other two states correspond to the formation of CI
precursor ioflaser on] and the laser fluence was monitored and | or I, and are splff by 0.94 eV.
with a photodiode. Power dependence studies were carried The potential energy curves provide qualitative informa-
out to avoid saturation limits and multiphoton processes. Théion concerning the electronic structure of solvated |Géar
entire spectrum was then scaled. Cross sections were ettie equilibrium [-Cl distance. In the presence of solvent,
tracted based on the Beer—Lambert law. All of the photodis€aution must be exercised if these curves are extrapolated to
sociation cross section measurements were obtained in a dafrge internuclear separation, where the important dynamics
guence with the laser pulses on and off to provideoccur. The arrow labeleBumpin Fig. 1 shows the expected
background subtraction. The statistical fluctuations in thell; 23], transition for absorption in the re@600—700
relative measurements and in the absolute cross sections arm) spectral region. The visible absorption spectrum of |Cl
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P A. Photoabsorption spectrum and electronic
structure of ICI ~(CO,),

-18

Cross Section ( x 10 cmz)

. ‘:’\ The absorption spectrum of IQICO,), was measured in
- 4'\\*3 order to study the effect of solvation on the electronic struc-
5 ,472 N T&\ ture of the ionic chromophore at internuclear distances close
_// g '\! N to equilibrium distancer,.. Solvent effects may be observed
ﬂ/ Y if the absorption spectrum of the cluster ion shifts with re-
1 s N spect to that of the bare ion. The [TCO,), case was cho-
sen for two reasons. First, the direct photofragments are
0 670 0 10 not observed with this cluster ion. Second, Monte Carlo
 Wavelength (nm) 7 structural calculations suggest that the maximum asymmetric
e -« solvation of the Cl end occurs for about 4—6 solvent
FIG. 4. Absolute ICT and ICI'(CO,), photodestruction cross sections for molecules”® Such structures will have the greater solvent
the transition labeledPumpin Fig. 1. The statistical fluctuations in the electric field perturbation on the IClelectronic states.
relative and ak_)sc_)lute cross sec_tions are about 15%. The absolute measure- The photoabsorption cross sections 0f1@02)4 and
ments uncertainties are approximately a factor of two. ICI~ for the spectral range 630 to 770 nm, corresponding to
the pump transition in Fig. 1, are shown in Fig. 4. The
ICI™(CO,), spectrum extends from620 to~780 nm, peak-

o ] ) ing at around 700 nm with an absorption cross section of
shown in Fig. 4, is a featureless broadband with a FWHM of; 5.3+2.1)x10 8 c?. From these studies, we conclude that

90 nm, peakin? around 700 nm With_a peak7 cross s_ection Ghe visible absorption spectra of [GCO,), and ICI™ are
(3.9+0.3x10"*® e, Throughout this bantf, photodisso- ey similar with a~10 nm red shift, implying that the sol-
ciation of bare ICT produces only T ionic products, al- yent does not significantly distort the [Clpotentials near
though at the red _end of the spectrum, starting at arogpd 74p:re_ The long wavelength edges of both spectra overlap
nm, the products include 3% CI due to a weak transition to5)most exactly, but the clustered [Ctross sections decrease
the lowest: excited state. It is possible that either a solvent-fster along the blue edge. Because the (CD,), absorp-
induced shift in the curves or an enhancement in this transijgp, spectrum is not broader, it does not seem likely that
tion strength due to the electric field of the solvent couldgther excited states are involved, but rather that only the
make this process more important in the clusters. ground and one excited state are slightly distorted. The dif-
The bond strengths of ICland | are(1.07£0.09 eV ference in the relative intensity of the two bands is within the
and(1.24+0.04 eV, respectively, as determined by analyz- grror jimits. Therefore, either the asymmetric C&lvation

ing  the n_eu_traIY fragment  recoil velocity following goes not strongly perturb the electronic structure of the ionic
photodissociatiofi’ The adiabatic electron affinity of ICI is core at internuclear distances close o or the solvent per-

(2.53£0.03 eV as determined from the bond strengths oftrps poth the ground and excited states equally. In either
ICI™ and ICI, and the electron affinity of Cl. The electron c4se it is likely we are accessing the same excited state.
affinity of I, has been determined to (269+0.09 eV from This result suggests that IClremains the ionic chro-
a charge transfer energy threshold experinféioth prop- mophore in the cluster and that there is little charge delocal-
erties are thus comparable for [Cand | . Furthermore, the jzation from ICI onto the CQ solvent. This is not surpris-
charge distributions on the bare ions are similar: for the ing since CQ is unstabld! by 0.6 eV with respect to
Mulliken charge is 0.50 on each atom, whereas for|@he  cQ,+e". For larger clusters, charge delocalization onto the
Mulliken charge is 0.55 on the Cl atom and 0.45 on the lggyent may occur. DeLuca and co-work@risave measured
atom?® The major difference between thg &and ICI” cores  photoelectron spectra ¢€0,); clusters,n=2—13, and ob-
is in the atomic radii. The ionic rad@%for I~ is 2.20 Aand  genved that the electron affinity of the corresponding neutral
that for CI is 1.81 A. The 0.39 A difference in size for the ¢ ster is less thar-2.2 eV. Recent photoelectron spectra of
case of ICT plays' an important role in determining the I7(CO,) show a weak excitation of the GObending
ICI"(CO,), cluster ion structure. motion?2 implying a minimal charge delocalization from |
onto the solvent. Additional measurements on larger clusters
are required before the effect of the solvent on the electronic
structure of ICT can be fully understood.

IV. RESULTS AND DISCUSSION

The experiments described here investigate the effect c%(l)cr:m(coZ)n photofragmentation studies at 644 and
the solvent on the charge distribution in the ionic chro-
mophore, ICT, and the concomitant effect on the photodis- Nanosecond photofragmentation  experiments  of
sociation dynamics. In Sec. IV A, we report the photode-ICI™(CO,), cluster ions(n=0-8 have been carried out to
struction spectrum of ICI(CO,),. The role of the solvent in  probe the “static” aspects of the photoinduced dissociation.
the photodissociation of IC[CO,), cluster ions is discussed In these experiments, the transition labeledPampin Fig. 1
in Sec. IV B. is excited. The excitation energies employed are well above
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12 TABLE I. Summary of the most prominent photofragment ion from
ICI™(CO,), cluster ions after absorption of a 644 nm photon.

ICI(COy, I7(COYn CI™(COy), * ICI"(COy)n 2
2 1 2 0
4 none 3 0
6 none 5 1
8 none 7 2

Fraction

aThe numbers represent the most prominent photofragment ion. This frag-
ment ion is typically near the center of the photofragment ion distribution,
which is two or three C@monomers wide.

first appears at=2 and becomes dominant as the number of
CO, solvent molecules is increased. The fraction of ions that
dissociate by channéB) or (C) indicates the extent to which
the solvent molecules are able to “follow” the charge as it
@ I based 5 CIbased e ICI based migrates from one end of the chromophore to the othe_:r, as
discussed below. Both channels arise solely from the influ-
FIG. 5. Photofragmentation products for IQCO,), cluster ions at 644 nm.  €nce of the solvent on the IClphotodissociation pathways.
They are strongly coupled to each other due to their depen-
dence on the interaction of the ionic core with the solvent
the ICI™ dissociation limit. For example, using 644 nm ex- and they compete with each other. The fractional yields of
citation, there is a 0.8 eV of total kinetic energy release orthe different product channelgbtained by summing all of
the excited state surface. From conservation of linear mothe productsfrom the photofragmentation studies at 644 nm
mentum, as the diatomic ion dissociates, the Cl atom acexcitation energy are summarized in Fig. 5. Table | lists the

Precursor IC1 (CO,),

quires~75% of the total kinetic energy release. major ionic photofragments produced after absorption of a

We have observed three different photodissociatior644 nm photon for precursor ions having up to eight,CO

channels: molecules.

ICI7(COn + hy—17(COJp -+ MCO, +Cl A) 1. Charge transfer induced by the solvent
—ICI7(COYy-k+KCO, (B) A nonadiabatic electronic transition to the ground state
—.CI"(CO,),_,+pCO,+1 (c) ~ Mmust occur in order to produce either Cbr ICI™ based

—p .

_ products after excitation to the repulsive state leadingto |
Each of the channels typically spans a range of about. C|. A plausible mechanism is given below and is shown
two or three solvent molecules and depends strongly on thgchematically in Fig. 6. The initial structure of [GCO,),,

excitation energy. For example, chaniB) for ICI"(CO,)s  has all of the solvent molecules clustered around the smaller
at 644 nm produces ICland ICI'(CO,) in a ratio of ap-

proximately 2:1, but does not produce other cluster sizes.
Channel(A) corresponds to the expected based photo- 2.0
products, and this is the dominant channel for the smaller
ICI™(CO,),<» cluster ions. This direct photofragmentation
pathway was also observed in the(CO,),<15 cluster ion
experiments? and the products were named “uncaged”
products.

ChanneldB) and(C) correspond to the solvent induced
nonadiabatic transition to the ground electronic state, leading
to an asymptote of Cl + |, as shown in Fig. 1. Therefore, 0.0
after excitation to an’1 correlated state, the charge has to : :
transfer from the | to the Cl atom. Chanr(@&) corresponds 0.5 —— ‘ ‘ . —
to solvent-induced recombination of the dissociating™ICI Solvent Coordinate

Cl
molecule, which is the dominant channel for the cluster sizes
4=n<7. This channel leads to ions called the “caged prod-
uct” in the I, studies. The possibility of charge transfer and ‘ .
Cr 1 Cl

subsequent dissociation of the complex is demonstrated by
the appearance of solvated Oproducts, channgC). This _ , , B
type of product might also occur for the symmetrjchased FIG. 6. Schematic representation of the potential energy for({D,), as

. a function of the solvent coordinate, specifically for the cases where the
clusters, but it would not have been observable due to th@narge is localized on the Cl end and on the | end. The dotted line is

indistinguishability of the two iodine atoms. Chann}) intended to show the nonadiabatic transition to the ground state.

Potential Energy (eV)

I
T
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will have a larger solvation energy. Thus, the difference be-
tween the solvation energy of Cland I is largely due to
the 0.39 A differences in ionic radii. The absolute standard
molar Gibbs free energy at 298.15 K for is —283 kJ/mol
and for CI" is —347 kJ/mol in the bulk limif?

Marcus® showed that the rate of electron transfer is de-
pendent on the distance between donor and acceptor, the
reaction exothermicity, the solvent reorganization energy,
and the time scale for relaxation of the solvent coordinate. In
the limit of KT>hw,;, , the Marcus equation for the electron
transfer ratesK gy, is

FIG. 7. Lowest energy structures observed fay ICI"(CO,), and (b)
ICI™(COy)g. 1 ()\‘f’AGO)Z) .

Ker=_ &N~ RT

Cl end, as shown in Fig.(@), inducing some additional lo-
calization of the charge on the Cl atom. The charge, whic
was initially slightly larger on the ClI, transfers to the iodine
following absorption of a red photon. In the limit for which
the dissociating diatom remains at close internuclear dis- (Ae)2 (1 1 2\/1 1
tances, the solvent has time to adjust to the new configura- A= > ( )( )
tion before dissociation by moving toward the newly formed
ion. The interaction between the [Cand the CQmolecules  |n Eq.(3), the electron acceptor and donor of radjiandr 4,
is a strong, long-range attraction, varying as®1Because respectively, are separated by a distancée is the magni-
the larger T ion will be stabilized less by solvation than the tyde of the charge being transferred, arfdand €, are the
CI™, and the electron binding energy is less foy there will  optical and static dielectric constants, respectively. The sol-
be a time late in the solvent reorganization process when it igent reorganization energy results from the response of the
thermoneutral for the electron to transfer back to the Clsolvent localized charge distributiorie.g., solvent dipolés
atom. This curve crossing occurs along the solvent coordito the influence of the static electric field produced by the
nate at a solvent configuration that preferentially stabilizesrewly formed ion. The solvent dipoles will align to counter
the | end and not the Cl end. The rate-limiting step for thethe ion’s electric field, and this interaction will induce an
electron to transfer back to the Cl atom is likely the rate ainternuclear distance-dependent shift in the energy levels of
which the solvent molecules are capable of following thethe ion. This shift in the energy levels of the ions may be
charge and solvating the newly-formed ion. This mechanisngufficient to allow the electron to transfer from the donor to
would lead to ICT or CI” based products at a wavelength the acceptor site. Sometimes, the solvent can reorganize
where the direct photoproduct was.IThese new charge around the newly formed ion in such a way that the electron
transfer channels turn on at-2, as shown in Fig. 5. De- can transfer back to its original positidh® In our case,
pending on the 1-Cl distance at this time, there may be &olvent reorganization results in the electron transferring
significant probability for this curve crossing to occur. The from the nascent1 photoproduct back to the Cl atom in the
experimental data show that this crossing probability isground state surface.
100% for ICI'(CO,), at an excitation energy of 1.93 eV. ICI~ vs CI” production The solvent reorganization is
Another plausible mechanism for the production of Cl responsible for electron transfer from theback to the Cl in
based products will be the coupling of the#Cl with the  the stretched diatom. In this process, the dissociating mol-
upper dissociative ChH-1* state at large internuclear dis- ecule can recombine, forming a solvated 1Cbr can disso-
tance. This mechanism will be explored in a forthcomingciate, forming a solvated Cl The ICI™ branching fraction
paper. reflects the ability of the solvent molecules to effect recom-
The driving force for the nonadiabatic electronic transi- pination of the dissociating molecule. The branching ratio for
tion to the ground state primarily derives from the differen-production of ICI" based fragment ions versus cluster size at
tial solvation energy of Cland I" at large internuclear sepa- two different wavelengths corresponding to 0.8 @44 nm
rations. The Born equatidh identifies the electrical work and 0.6 eV(740 nm of total kinetic energy release on the
required to transfer an ion from vacuum into a liquid me-excited state surface is plotted in Fig. 8. Two distinct behav-
dium treated as a continuum dielectric medium. That is:  jors are apparent in this plot. The fraction caged for small
(ze)? 1 clustersn=<4, decreases significantly with increasing excita-
S ( ) (1)  tion energy. At 644 nm, the caging efficiency for TQCO,),
(8meo)r is around 67%, whereas for 740 nm it is 88%. The caging
where g, is the permittivity of vacuumz is the number of fraction increases as the number of £@olecules is in-
elementary charges, r is the radius of the ion, andis the  creased, reaching a maximum around four or five solvent
relative permittivity of the bulk dielectric constant of the molecules and then rapidly decreasing as the number of sol-
liquid medium. This equation indicates that a smaller ionvent molecules is increased. The decrease in the caging frac-

H/vherers is the time scale for relaxation of the solvent coor-
dinate,AG® is the reaction free energy, andis the solvent
reorganization energy defined as

n? e

(©)

—+
ra g T

AGgon= P
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FIG. 8. The branching ratio for production of [Clbased products as a FIG. 9. Comparison of the ICICO,), at 644 nm andl(CO,), at 720 nm
function of precursor cluster ion size for 644 and 740 nm of excitationcading fractions. The photon energies were chosen so that the kinetic energy
energy. release of the iodine atom was simi(@t3 eV) for both ionic chromophores.

tion is concomitant with the increased production of solvated® surmount the ground state barrier and recombine.
CI". Also, the caging fraction for cluster ions with six or  The formation of a solvent-separated spetigswill
more solvent molecules is larger for higher excitation en-also produce solvated Cl After the charge has transferred
ergy. to the Cl atom, the COmolecules packed around the middle
One might expect that as the number of solvent mol-0f the ICI" could move between the dissociating molecule,
ecules is increased the caging efficiency would continue té&fficiently solvating the CI end. This arrangement decreases
increase. This behavior was observed fid0,),,, reaching ~ the probability for the ICT to recombine.
complete caging for 16 solvent molecules. The decrease in
the caging fraction as the number of solvent molecules in-_ _ _ o -
creases was quite unexpected and different from what wa% 2 vs ICI™ recombination efficiency
observed for I, , as will be shown below. Because the bond Here we compare the recombination efficiency for1Cl
strengths of ICI and |, are comparable, any explanation and |, in the presence of COsolvent molecules. Measure-
must lie either in the size difference between Cl and | or inment of the caging fraction as a function of cluster size pro-
the better mass match between Cl and,C&s compared to vides a microscopic picture of the ability of the solvent mol-
| and CG,. The better mass match allows more efficient en-ecules to induce recombination. Figure 9 depicts the caging
ergy transfer to a CQlocated on the Cl end of IC| and the  fraction for ICI” at 644 nm and_l at 720 nn¥® as a function
size difference makes Clsolvation energetically preferable of the number of C@molecules. The photon energies were
to I solvation. chosen so that the kinetic energy release on the excited state
The ground state ICKCO,),, potential energy surface surface of the iodine atom was simild@.3 eV) for both ionic
has two significant minima separated by a barrier that reprecshromophores. It is apparent in Fig. 9 that the caging for
sents the solvation difference between the two ions, one cofCl ™ increases rapidly, and that even one solvent molecule is
responding to solvated ICland a second corresponding to capable of arresting the dissociating TCIThe caging frac-
solvated CI and an iodine atom. While the global minimum tion channel becomes increasingly important as the number
on the surface is for solvated IClthe dissociation process of solvent molecules is increased, until it reaches a maxi-
will very likely access the Cl minimum due to the excess mum of 70% ain=6. Forn>6, the caging channel becomes
kinetic energy. One might well expect that the absolute sizdess important. This behavior sharply contrasts with that of
of the barrier between these minima will be increasingly hard, , where the caged fraction is zero fa<5. Moreover,
to surmount as the number of G®olvent molecules is in- while the caging fraction for ICI decreases precipitously
creased. Qualitative simulations of the dissociation dynamicafter the maximum an=6, for I, it is the only channel
suggest a high probability that the photoexcited complex cawbserved for large clusters.
be trapped in the Cl minimum, and that the concerted sol- The dramatic difference between the dissociation dy-
vent motion and electron redelocalization required to reacmamics of the two systems can be qualitatively understood by
the global minimum is unlikely on the time scale of the comparing the structures of the two cluster ions. karthe
experiment(~10 ws). For cluster ions with more than six first solvent molecules pack around the waist of the ionic
solvent molecules, the caging fraction is larger for highercore. In the asymmetric ICl molecule, the solvent mol-
excitation energy. As more energy is deposited into the clusecules will first solvate the smaller Cl end of the ion. The
ter, it appears that the dissociating TGhas a better chance difference in ionic radii drastically changes the TGiluster
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512 Nadal, Kleiber, and Lineberger: Photofragmentation of ICI"(CO,), cluster ions

structure and this structural difference plays a major role irrepulsive interactions with the hard sphere walls of the sol-
the very different caging efficiencies for the small clusters. vent cage.

The minimum energy structures for IGCO,), and From the Monte Carlo ICI(CO,), structures and the
ICI~(CO,)g have been calculated by Faeder and co-wofRers measured caging efficiency, we conclude that recombination
using Monte Carlo simulations and are shown in Fig. 7.in these cluster ions is more likely to occur via the latter
These calculations included the ICground state potential mechanism, by which the dissociating molecule is caged by
energy surface and electrostatic interactions between thie “billiard ball” interaction with the solvent molecules.
ICI"—CQ, and the C@-CO, molecules. These interactions On the other hand, for;| clusters both mechanisms are im-
are described as the sum of Lennard—JdBed 2 potential ~ portant. For smaller,l cluster ions, a combination of both
terms and Columbic interactions between point charges. Theechanisms leads to recombination of the dissociating di-
electronic polarizability of the COsolvent(e.qg., ion-induced atomic molecule, because only one end of the ionic chro-
dipole interactioh is neglected. These calculations predict amophore is capped. In the larger clusters, recombination is
preferential packing of the COmolecules around the more likely to occur by the latter mechani$fh.
smaller, more electronegative Cl atom, and this arrangement
of solvent molecules further polarizes the slightly asymmet- . - . o
fic charge distribution initially present in the bare ion. This 3 €a9ing éfficiency as a function of excitation energy
effect is due primarily to the smaller size of the Cl atom, the  As shown in Fig. 8, we observe IClcaging with even
slight asymmetry in the initial charge distribution being lessone solvent molecule. After recombination, the deposited en-
important. Five or six C@molecules completely enclose the ergy becomes available for evaporation of the solvent mol-
Cl end of the ion, producing a strong electric field compo-ecules. Loss of one solvent molecule is not sufficient to dis-
nent along the bond axis. sipate all of the available energy, and substantial vibrational

In contrast, Monte Carlo simulations gf(ICO,),, predict  excitation of the recombined ion is likely. This is supported
that the first four CQ molecules pack around the center of by the fact that the only detected caged fragment for
mass of the ionic cor®:®® Experimental observations are ICI~(CO,),, for n=<4, was bare ICl. Also, the mass match
consistent with this view, and solvation around the center-ofbetween the Cl atom and the Gfacilitates efficient energy
mass does not appear to induce caging of the dissociatintgansfer to the departing monomer. This mass match could
molecule. In order to effectively “cage” the products, it is account for the small nhumber of solvent molecules lost by
necessary that the solvent molecules be positioned near tle&aporation as the diatomic molecule recombines.
end of the ion. The Monte Carlo calculations show that the  As the dissociating molecule recombines and undergoes
next CQ molecules solvate the same end of thedore, vibrational relaxation, the excitation energy becomes avail-
producing “half solvated” } (CO,), clusters fom=8 and 9.  able for evaporation of COmonomers. The total number of
Preferential solvation of one end is a consequence of th€0, molecules lost depends upon the excitation energy, the
unusually strong C&-CO, bond, which is comparable to binding energyD,, of the CQ to the cluster, and the kinetic
that for I'—=CO,. In addition, simulations by Papanikolas and energy of the departing monomer. An upper limit to g
co-workers:®®® for which the polarization of the solvent of a given solvent molecule to the ionic core can be esti-
molecules was not included, show that this asymmetric packmated by determining the average number of,@®@lecules
ing produces a sufficiently strorig-10° V/cm) electric field  lost after recombination and vibrational relaxation and then
at the | end to significantly polarize the charge distribution dividing the excitation energy by that number. Papanikolas
on the solute, leading to more solvation of one end of theet al® used this procedure to calculate an upper limit of 250
cluster. meV for a CQ molecule bound to,l. Of this amount, ap-

Another way to understand the difference between theroximately 50 meV is the kinetic energy partitioned to the
dissociation dynamics of ICland | is to look at the kine- CO, molecule during the evaporation process. Following the
matics. Upon dissociation, the heavy | atom is relatively stasame procedure, we estimated the upper limit to the binding
tionary, with the lighter Cl fragment carrying away3/4 of  energy of CQ to ICI™. With 644 nm excitation, the amount
the kinetic energy released at a corresponding much higheaf energy deposited into the cluster is 1.93 eV, which places
velocity. The Cl end is surrounded by solvent molecules withan upper bound on thg, of CO, to the cluster of about 340
roughly the same mass, providing an efficient energy transfaneV. At 740 nm,D, was also found to be 340 meV. The
partner, and thereby enhancing recombination. Neither thiancertainty in the binding energy is estimated to be 50 meV.
asymmetric structure nor the solvent mass match are preselRtrther experiments on larger clusters, where all the photon
in I, clusters, reducing the caging efficiency compared withenergy can be dissipated through evaporation, will be re-
the ICI™ for small cluster sizes. Unit caging efficiency for quired to improve the uncertainty of this measurement.

ICI™ is not observed as the solvated Gbecomes a more The CQ-ICI™ binding energy varies quite substantially
accessible product channel. according to the position of the solvent molecule with re-

In a simplified picture, recombination of the dissociating spect to the ionic core. The solvent molecules near the ClI
diatomic molecule can occur by two distinct mechanisms. Inend will be bound more strongly than those near the iodine
the first mechanism, recombination can occur due to the aend. The difference in the Ginding energy for ICI and
traction of the nascent ion I(or CI™) or atom to the solvent I, is about 90 meV, being higher for ICI This result sug-
molecules. In the second, recombination occurs because gests that the first COmolecules solvate the Cl end. Keesee
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