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Photodissociation dynamics of IBr ~(CO,),, n<15
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We report the ionic photoproducts produced following photoexcitation of mass selected
IBr~(C0O,),,, n=0-14, cluster ions at 790 and 355 nm. These wavelengths provide single state
excitation to two dissociative states, corresponding to&h&ll,,, andB 2 23}, states of the IBF
chromophore. Excitation of these states in 1Bleads to production of 1+Br and Br +1*,
respectively. Potential energy curves for the six lowest electronic states ofdir calculated,
together with structures for IB{CO,),,, n=1-14. Translational energy release measurements on
photodissociated IBr determine the I-Br bond strength to be 1.110.04 eV; related
measurements characterize thé °I1,,—X 23, absorption band. Photodissociation product
distributions are measured as a function of cluster size following excitation té\'thH ,,, and

B 223, states. The solvent is shown to drive processes such as spin-orbit relaxation, charge
transfer, recombination, and vibrational relaxation on the ground electronic state. Following
excitation to theA’ ?I1,,, electronic state, IBr(CO,), exhibits size-dependent cage fractions
remarkably similar to those observed fgr(CQ,),. In contrast, excitation to thB 2 %3], state

shows extensive trapping in excited states that dominates the recombination behavior for all cluster
sizes we investigated. Finally, a pump-probe experiment on (IBO,)g determines the time
required for recombination on the ground state following excitation toAhestate. While the
photofragmentation experiments establish 100% recombination in the ground electronic state for
this and larger IBr cluster ions, the time required for recombination is found to+fens, some

three orders of magnitude longer than observed for the analogocisidter ion. Comparisons are
made with similar experiments carried out of(CO,), and ICI"(CO,), cluster ions. ©2005
American Institute of Physics[DOI: 10.1063/1.1839178

I. INTRODUCTION pressure gasés; solid matrices®?2and most recently in
gas-phase molecular clusters. Clusters provide an appealing
Chemists have long known that the course of a chemicamedium in which to study solvation, because they offer well-
reaction is profoundly influenced by the local environment ofdefined microscopic environments that retain many of the
the reacting species. Rates, mechanisms, and even the firghlaracteristics and properties of their condensed phase
products of solution-phase reactions often differ drasticallycounterpart$?~2 This is especially true foionic clusters,
from those of their gas-phase counterparts. The mechanismgince ions of a desired mass can be selected by mass spec-
that give rise to this sensitive dependence can be groupagometry; thus allowing for some degree of control over the
into two classes. At one level, the solvent acts as a mediurgonfiguration of the local solvent environment. In such ex-
for energy exchange, helping to promote reactants over aperiments, one does not attempt to simply reproduce the con-
activation barrier and to stabilize the nascent products bylensed phase behavior; instead, the gas-phase clusters pro-
dissipating the heat produced. At a deeper level, the solvenide one with a well-characterized environment in which
perturbs the potential energy surfaces that govern the reaimportant condensed phase interactions can be isolated for
tion, by (for examplg changing the relative energies of al- detailed study.
ternative product channels, raising or lowering barriers, and  Much of the recent experimental and theoretical work on
inducing nonadiabatic electronic transitions. Solvent effectshe cage effect has focussed on dihalide ions such @t
of the second class are particularly important in reaction$Cl~. On the experimental side, these molecular anions are
that involve a substantial redistribution of electronic chargerelatively easy to produce and possess low-lying dissociative
since the relatively localized charge distributions of stableelectronic states, allowing for photolysis using visible or
molecules interact differently with the solvent than the morenear-UV radiation. On the theoretical side, they are small
extended charge distributions of species near their transitioeanough to allow for high-leve&b initio calculations of ex-
states. cited as well as ground state potential curves. They also have
Solvent effects of both types can be clearly seen in antrinsic theoretical interest, because the interaction between
simple prototype reaction, the environment-induced recomthe solute charge and the polarizable solvent competes with
bination or “caging” of a photodissociated diatomic mol- the chemical bonding interactions within the solute, leading
ecule. Since it was first identifiédf in the 1930s, this pro- to extensive solvent perturbations of the solute electronic
cess has been widely studied in liquid solutfo®? high-  structure. For example, the dissociation en&tgyof I, is
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1.01 eV and that of ICl is only slightly highet® at 1.07 eV, The IBr~ potential energy curves, together with associ-
while the typical first solvation shell binding energy of a ated electronic properties such as charge distributions and
CO, molecule to these aniofisis ~0.2 eV, so that in a transition moments, are obtained from high-leedl initio
cluster of four or more C® molecules the total solvation calculations using theIOLPRO 2002 spackagé These calcu-
energy is comparable to the solute bond strength. lations use the internally contracted multireference configu-
Prior dihalide photofragmentation studies focussed omation interaction methods developed by Knowles and
ICI-, Br,, and | solutes in mass selected clusters of Ar, Wernef*~*® and the energy-consistent effective core poten-
CO,, and OCS. Photofragmentation studies of 71Cl tial (ECP of the Stuttgart-Bonn groufy, specifically, the
embedde®f in CO, and I, in OCS and CQ cluster§'3*  |arge-core MDF ECPs that are based upon multiconfigura-
find remarkably different photofragment product distribu-tion Dirac—Hartree—Fock calculations of the neutral atom.
tions following excitation to similar dissociative electronic The basis sets are an augmented forms7(3d2f)/
states. These results show increasing recombination with if5s5p3d2f], of the stock (86p)/[4s4p] basis sets in-
creasing cluster size in solvategl hnd the charge-transfer, cluded with the ECPnMDF ECP4*8In contrast to our ear-
dissociated product Cldominating at Iarger cluster sizes in |ier calculation&® on |2_ and ICI", which relied on a semi-
the ICI" (CQ,), clusters. Pump-probe experiments were carempirical treatment of spin-orbit coupling, the present
ried out on solvated,| to determine recombination and Vi- calculations include a spin-orbit ECP and a core polarization
brational relaxation times after excitation to various excitedyotential, which models the charge-induced dipole interac-
electronic stateS:***>"%A relevant conclusion drawn col-  tjon of the core. The reference orbitals and configurations are
lectively from these time-resolved studies is that, whenevegpizined from state-averaged complete active-space self-

100% recombination occurs, the time required for recombiqnistent field calculatioP® that consisted of 15 electrons

nation is of order 20 ps. Until now, there havc_a been.no timesn, the lowest twaS, 1, andll, states that arise from the
resolved studies in the gas phase on dihalide anions oth

State of the neutral and tH& state of the ion. A spin-orbit
than |, .

(SO calculation of all six states is then performed using

The !Br‘ a_mion was chosen for this study in part b(afcml_seSO-ECPé.2 This calculation is carried out at 42 bond lengths
of the size difference between Br and | atoms. This S'Zeranging from 4.5 to 108,

ke Place aiott 1 The minmum energy sinuctures for the CO))
' : ' upposition W MW ousters 6=0-14) are generated using the effective Hamil-
structure calculations. The asymmetric anion also affords un-

: . e ; tonian model developed by Maslen, Faeder, and
equivocal identification of the electronic states accessed duE’ 153-56 . . o
arsofit previously employed in characterization of the

ing ph xcitation, identification that wi mbi in th : .
cagsg oc;t;e citation, identification that was ambiguous in t Sstructure of J(CO,), cluster ions’ In this model, the

The IBr~ photoabsorption spectrum and photofragmentCharge distribution on the IBr anion is obtained from a

products are determined by cross section measuremenq stnbute_d multipole an_aly_3|s _of tr_ub initio wavefunctions.
across theA’ 2H1,2HX 2252 absorption band. Photofrag- The Mulliken charge .dIStI’Ibutlon is calculated to bé)'.44.
ment translational energy release measurements are carrigf | @1d—0.56 on Brin unsolvated IBr. The charge distri-
out to determine the transition dipole moment orientationPution changes t—0.34 on | and —0.66 on Br in
and the bond strength of IBr The photofragmentation 'BI (CO2)s where the asymmetric solvation is quite large.
branching ratios of IBF(CO,),, clusters =0—14) are ob- The inclusion of distributed transition moments—elements

tained at a series of wavelengths corresponding to excitatiofif the density matrix that are off diagonal with respect to the
to both the A’ 2I1;, and B223], electronic states. The electronic states of the isolated solute—allows for polariza-
branching ratios provide the data needed to carry out 40n of the solute charge cloud by the solvent. The charge
pump-probe experiment to determine the time scale for redistribution and polarizability of the solvent molecules are
combination of IBF (CO,)5 on the ground’s.;,, state, fol- taken from a model used for condensed phase simulations.
lowing excitation to theA’ state. The long-range electrostatic and induction interactions be-

The experimental results for solvated 1Bare then com- tween solute and solvent are calculated explicitly from the
pared with the results of similar experiments on1GT0,),,  charges and polarizabilities, while the short-range interac-
and L (CO,), cluster ions. These comparative studies areions are treated empirically, using atom-atom Lennard-Jones
used to present an overall picture of the role of various dipotentials with parameters taken from a wide variety of
halide solutes in determining the solvation dynamics. Theexperimenté! In subsequent molecular dynamics calcula-
calculated potentials and cluster structures provide importartions, forces are calculated from analytic gradients of the
guidance and insight throughout the process. potentials.

In order to calculate equilibrium structures, for each
cluster size 201 configurations are obtained by sampling a
single 1 ns molecular dynamics trajectory having an average

The theoretical methods used in this investigation havéemperature of 80 K corresponding to the estimated experi-
been described in detail elsewhété?We give only a brief mental temperature. These configurations are then quenched
summary here, focusing on those aspects of the calculatioris their lowest minima by means of an algorithm based upon
that differ materially from the earlier work; a more complete Newton—Raphson optimizatiof. The geometries of these
description will be published elsewhere. optimized cluster ions are available through EPAPS.

Il. THEORETICAL
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i IS ! FIG. 1. Schematic diagram of the cluster ion source and
HE tandem-time-of-flight mass spectrometers.
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IIl. EXPERIMENT The neutral expansion is produced by passing 2—-3 atm of
. . . N .
A. Overview CO, over a reservoir of solid IBrfAldrich, 98% purity

through the 0.8 mm diameter nozzle of a supersonic expan-

A schematic diagram of the cluster ion source, thesjon valve (General Valve Series)%ulsed at 80 Hz. The
tandem-time-of-flight mass spectrometer, and associated iq@servoir and stainless steel lines between the reservoir and
detectors is shown in Fig. 1. The IB{CO;), clusters are yalve are typically heated to 50—60 °C. The electron impact
formed in a pulsed supersonic expansion containing IBr, Arjonization is producedypa 1 keV electron beam from an
and CQ. The IBr- ions are produced by low energy elec- glectron gun intersecting the expansion at the throat of the
tron attachment to IBr in this expansiéhThe anionic clus- nozzle?” When arranged for collinear excitati6ha small
ters are injected into a Wiley—McLaren time-of-flight mass jng magnet is attached to the valve faceplate to direct the
spectrometer where the ions are mass selected and interseq|@ctron beam into the expansion orifice. The cluster ions are
pulsed laser beam at the spatial focus of the time-of-flightstimated to have a temperature of around 40-50 K, based
mass spectrometer. The ionic photofragments are then mags RRKM calculations and analysis of evaporation
analyzed by a secondary reflectron-type mass spectrometghitern<$l62a new faceplate, based on the work of Even and
and detected by a microchannel plate particle detector. ortner®®%* was employed for the expansion valve, and it
representative mass spectrum of the 1BZO;), clusters is  ghoy|d afford better cooling of the cluster ions. A passivation
shown in Fig. 2. time with IBr vapor of the gas lines and pulsed valve of
about a week is required before IBappears.

After a drift time of ~1 ms, the negative ions are ex-
tracted into a differentially pumped Wiley—McLaren TOF

The cluster ion source and tandem time-of-flighOF) mass spectrometer by a pulsed electric fiegk¥50 V). The
mass spectrometer have been described in detaibns then enter an acceleration and ion optics stack where
elsewheré®3® The IBr (CQ,), clusters are produced by they are accelerated to 3 keV; horizontal and vertical deflec-
condensation of CQaround the IBr charge centers created tors and an einzel lens provide steering and focus the ion
by attachment of slow secondary electrons produced by eletdeam at the Wiley—McLaren spatial focus of the time of
tron impact ionization of the pulsed supersonic expan$ion. flight. At this point, the ion packet is intercepted with a softly

B. lonic cluster production and photofragment mass
analysis

,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

FIG. 2. Time-of-flight mass spectrum of the midsized
IBr—(CO,), cluster ions, whera indicates the number
of CO, attached to IBr. The other prominent peaks are
(CO,), cluster ions.
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Xz 142 always on the right side. Molecule coordinates for IBfusters with 14 or
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RI-Br, A
statés) excited at various wavelengths are identified experi-
FIG. 3. Calculated potential energy curves for the lowest six electronicmentally by both the direction of the transition moment and
states of IBT . Arrows indicate the studied transitions to theandB states. the identity of the ionic dissociation products. For the
A’ 2Tl X 237, absorption band, careful measurements

focused, pulsed laser beam. After the laser interaction regiorf?,re also made of the sh_ape, ma_gnitut_:le, and Iocatic_)n_ of this
nd. The energy required to dissociate 1Bp 1-Br is

there is a secondary TOF reflectron mass spectrometer thgff1 . .
focuses the ionic photoproducts onto an off axis microchanpbtamed through measurements of the translational energy
elease following excitation to both theé\’?Il,, and

nel plate detector. An inline microchannel plate detector id 25 * states. The configuration of the first few solvent

also present to monitor the parent ions and to detect neutr& 2I I b B refl h bindi h
products formed during photolysis. molecules about IBr reflects the stronger binding that

comes from attachment to the smaller Br moiety. Represen-
tative structures of the IBCO,),, cluster ions calculated as
described in Sec. Il are shown in Fig. 4. The photofragmen-

The nanosecond pulses used for the photodissociatioi@tion spectra of IBr(CO,),, n=0-15, cluster ions upon
cross sections and photofragmentation branching ratios wegXcitation to two electronic state\( *I1,,, and B 223 },)
generated by using a Coherent Infinity Nd:yttrium aluminumof IBr~ are presented to illustrate the effects of the solvent.
garnet(YAG) pumped optical parametric oscillator, tunable Finally, we report preliminary results of a pump-probe study
from 210 to 2000 nm, with pulse energies of a few hundred©o determine the time scale for recombination and vibrational
microjoules to a few millijoules. The laser is operated at 80relaxation on the ground state following excitation of
Hz to match the repetition rate of the pulsed valve. The fem!Br~ (COy)g to the A’ 211, state.
tosecond pulses for the time-resolved experimén®d nm,
3 mJ, 180 fs, 400 Hzare generated by a Coherent Mira
Ti:sapphire oscillator in combination with a Quantronix Titan ~ The calculated potential energy curves for 1Bare
stretcher/compressor and regenerative/multipass Ti:sapphif&own in Fig. 3. As with J, there are six valence states
amplifiers pumped by a Quantronix Nd:YLF laser. The 400corresponding to a vacancy in each of the valence orbitals.
Hz laser repetition rate is reduced to 80 Hz to match théVhile I has only two distinct dissociation limits, the het-
maximum repetition rate of the pulsed valve. The 790 nmeronuclear IBr has four distinct dissociation limits. The two
fundamental pulse is split into two identical pagtsimp and ~ dissociative states with neutral iodine as a product are sepa-
probe, with the probe pulse being sent either through a varifated by the 0.94 eV iodine spin-orbit splittifigThe corre-
able delay stage for short pump-probe delays or a longefPonding neutral bromine product curves have an asymptotic
fixed-length optical path for nanosecond delays. Computerenergy separation of 0.457 eV, reflecting the bromine spin-
controlled shutters are placed in each path for backgroun@rbit splitting® The calculated potential energy curves show
measurements. Details of the laser system and data acquiéhat the excited states have either very shallow wells or are
tion procedures have been presented elsewliere. dissociative. Translational energy-release spectroscopy at a
series of wavelengths between 660 and 790 nm is used to
determine (1-Br~) to be 1.16:0.04 eV, making the bond
strength comparable to that of land ICI". The calculated

We first characterize the spectroscopic properties oDy(I-Br™) is found to be 0.955 eV and the calculated equi-
IBr~. The calculated electronic potentials for the six lowestlibrium bond length is 3.05 A. The calculated ground state
lying states of IBF are shown in Fig. 3. The electronic vibrational frequency is 115 cm, but is calculated at a

C. Laser systems

A. Spectroscopic characterization of IBr

IV. RESULTS
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lower level of theory than that used for the calculation of thein this state correlates to k- Br products. When IBF is
potential curves. The frequency is experimentally measuregolvated by CQ, there are three distinguishable product
as 136 cm? in solutior” with no known gas-phase measure- channels:
ment. The presence of only las a photoproduct at these
wavelengths confirms that only one electronic state is ex- 1Br (CO)n—1"(COy) -+ MCO,+Br (A)
cited, with dissociation taking place exclusively on thé _
electronic state. Also, the transition to ti€ state is ob- —IBr(COn- T kCO, ®
served to be a parallel transition, in acctrdith the strong —Br (COy)p_p+pCO+1. (©)
spin-orbit coupling in IBF. ] ] o

These measurements of the photodissociation cross segl@nnel(A) corresponds to direct dissociation in tie
tion show theA’—X absorption band to be a featureless,State, giving the expected 4based dissociation products.
Gaussian-shaped band centered~a40 nm, with a full- Channel(B) corresponds to cage recombination, reforming
width half-maximum of~50 nm. The absolute cross section the dihalide anion on the ground electronic state after disso-
is determined to be 8610 8cn? at 760 nm, using IBr  ciation, with the number of solvents retained on the recom-

depletion to obtain the absolute cross section. This measur@ined products reflecting the extent of vibrational relaxation
ment gives an absolute IBphotoabsorption cross section of On the ground state. Chann@) corresponds to a dissocia-
3% 10 8cm? at 790 nm, where the pump-probe studies ardive event following charge transfer from the initially formed
carried out. I~ to the neutral Br. Both channel®) and (C) represent
Photoabsorption by IBr at 355 nm produced only Br ~ Processes that require solvent participation. For the larger
as a product ion, strongly suggesting this wavelength exciteglusters (=~4), an additional channel producing spin-
only the B225},, state. We have not carried out detailed orbit excited iodine, 1, is energetically accessible through
photoabsorption measurements for the solvated aniorih® additional process
IBr*(QOZ)n. However previous work on ICI shoyved that IBr(COy)n—Br (CO)p_(psa)+ (p+4)CO+I*,
there is very little change in the shape or location of these (D)
absorption bands upon addition of €®olvents® It is as- . . . _
sumed that IBF behaves in an analogous manner, with no'ne A’ “Ily, photofragmentation data provide no evidence
significant change to the absorption cross sections upon sdr flux into this channel, and we do not discuss it further.
vation. With IBr~ now characterized, we can proceed to in- The photofragmentation products arising from excitation

vestigate the effect of COsolvation. of IBr~(CGQ,), at 790 nm, near the long wavelength end of
the A’ band, are presented in Fig. 5 as a function of cluster

size. Excitation at this wavelength corresponds to an energy
release of 0.3 eV on thA’ state. At this wavelength, lis
the only ionic photoproduct when IBris excited. The addi-
tion of a single solvent molecule is sufficient to allow a
Photodissociation following excitation to th&’ 2I1;,  nonadiabatic transition to the ground electronic state, yield-
state is investigated at a series of waveleng?®9, 760, and ing the Br charge-transfer product ion. Addition of a second
675 nm spanning the absorption band and providing energyCO, solvent molecule increases the yield of the Brased
releases of 0.3, 0.35, and 0.55 eV, respectively. Dissociatiooharge-transfer products and the first recombined {Based

B. Photofragmentation of IBr ~(CO,), upon excitation
to the A’ ?Il,, state

Downloaded 19 Jan 2005 to 128.138.107.158. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054307-6 Sanford et al. J. Chem. Phys. 122, 054307 (2005)

120
100
- 80 4
[0]
.=
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products on the ground electronic state appear. As the nuncharacterization taking place at one wavelen@hb5 nm).
ber of CQ solvents is increased, the recombined product$hotoabsorption by IBr at 355 nm excites only the
quickly dominate, and the “direct,” 1-based dissociation B 223}, state, with Bi and F dissociation products and
products disappear. The charge-transfer-Based products 1.75 eV energy release. With the addition of solvent mol-
persist in small quantities up to=7, after which the only ecules, five lower-energy dissociative channels become pos-
products correspond to recombination in the ground elecsibilities (Fig. 3), corresponding to 1+Br*, I~ +Br, and
tronic state. Although Br-based products are observed only Br~ +1 products.
for 1-7 solvent molecules, solvent driven charge transfer is  The photofragmentation product distribution for
clearly demonstrated to occur before recombination occursIBr~(CO,),, (n=0-11) following 355 nm excitation to the
Similar measurements are taken at 760 and 675 nnB 223, state is depicted in Fig. 7. With the addition of the
spanning theA’ I1,,, absorption band and providing 0.35 first CO, solvent molecule, the'l charge-transfer product is
and 0.55 eV energy releases, respectively. While similaformed, most probably accompanied by*BiThe I +Br
charge-transfer processes are again observed, Fig. 6 focugg®duct channel is~0.5 eV lower in energy, and a single
on the recombination probability as a function of energy re-CO, solvent molecule does not provide a sufficient solvent
lease and cluster size. The two wavelengti80 and 790 electric field to significantly mix those two states. The
nm) corresponding to nearly equal kinetic energy releasé -based products increase to nearly 80% of the total at
show very similar recombination behavior, with the first re-=4 and remain relatively constant throughout the range of
combined products seen at=2, and 100% recombination solvent sizes investigated. Recombined products on the
attained byn=8. The 675 nm excitation provides a kinetic ground state are observed rat7, but never become even
energy release=0.2 eV greater than that available at the 10% of the total. For larger cluster sizes, the number of sol-
other wavelengths. As this energy is approximately the bindvent molecules remaining on the product ion can be used to
ing energy of one solvent molecule, one might expect thedentify the approximate energy of the dissociative
675 nm recombination curve in Fig. 6 to be shifted one sol-asymptoteé®*3°In this case, the number of solvent molecules
vent up from the other curves. While the onset of recom+emaining on T show that(for n=3) the dominant exit
bined products occurs one solvent molecule higher, thehannel corresponds to  Br* dissociation while in the
shapes are quite different, and the overall shift in the 5—1&’ 21, state.
solvent range is almost four solvent molecules. Simple ener-
ggtic arguments cannot account for suc_h behavior, and dg; tine-resolved dynamics following excitation
tailed simulations, similar to those previously repofte of IBr ~(CO,)s to the A’ 2Il,, state

for 1, , will be needed for full understanding of the solvent ] .
effects. The time-resolved pump-probe studies take advantage of

the fact that dissociated IB(CO,), will regain near-IR ab-
sorption only after recombination on the ground electronic
state. In this experiment, a 790 nm pump pulse excites
IBr (CO,)g to the A’ 21, electronic state. This is the

Photodissociation studies upon excitation to thesmallest cluster size that affords complete recombination,
B223 ], state are carried out in an analogous manner t@nd, in analogy with the;I(CO;),, experiments: absorption
those described above for thé state studies, with complete recovery was expected to require 10—-30 ps.

C. Photofragmentation of IBr ~(CO,), upon excitation
to the B 22X, state
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The pump and the probe wavelengths are both 790 nmtantial absorption recovery is now observed! With this crude
with perpendicular polarizations. With appropriate back-delay arrangement, the pump-probe pulse overlap is poorly
ground removal, the measured signal is that portion of theontrolled when the delay time is changed, resulting in sub-
I~ (CO,) product ion signal that depends upon the presencstantial uncertainty in determining whether the signal is still
of both pump and probe pulses. The intensity of this two-increasing in this time interval or if it has attained complete
photon signal indicates the extent of charge transfer, reconabsorption recovery. In any event, tB200 ps recombina-
bination, and vibrational relaxation on the ground state.  tion time scale is striking in comparison with our expecta-

The experimental results for IB(CO,)g are shown in tions based on the-20 ps recombination time observed for
Fig. 8. The most striking feature is that there is no detectabl¢he smallest] (CO,), cluster =12) that shows 100% re-
recombination signal over the first 200 ps, the maximumcombination efficiency for thé\’ ?II ,,, state®®
delay time available using the precision delay line. The pho-
todissociation measurements reported in Sec. IV B above re-
quire that there must be complete absorption recovery Withiﬁ/' DISCUSSION
~10 us. To find this signal, a crude delay-line arrangement  The results presented in Sec. IV document the substan-
is set up to allow longer delay measurements. The datgal effects that small numbers of GGsolvent molecules
points at 5 and 8 ns are obtained in this fashion, and a sulhave on the photodissociation dynamics of 1BEO,),,.
Similar experiments have previously been carried out on
I, (CO,), and ICI (CO,), cluster ions’3! The results for
IBr~(CQO,), are discussed in comparison with the properties
of these closely related systems. The comparisons are
grouped according to the areas/Af state excitationB state
excitation, time-resolved recombination dynamics, charge
transfer, and solvent evaporation. In each of these areas, the
change from the symmetrig Isolute to the mixed, asymmet-
ric dihalide has a profound effect on the recombination dy-
namics.

0.8

o
@
1

o
=
1

Nomralized two-photon
counts

A. Dissociation following excitation
to the A’ 2Il,, state

o
[N]
!

The solvent dependence of caging TBEO,),, cluster
ions following excitation to theA’ 2I1,,, state is first com-
pared with that arising from similar excitation in
ICI"(CO,), and L (CO,), clusters’®3! The excitation
wavelength for each solute is chosen to provide 0.3 eV en-

(
0.0 —eseo—o—o—¢— L

0 200 5000
Pump-probe delay (ps)

8000

FIG. 8. The IBF (CO,)g recombination probability as a function of time

following excitation to theA’ 2I1 state with a 790 nm pump pulse. A break
is shown to indicate the substantial change in scale. The dashed line
simply to guide the eye.

ergy release in thd’ state. Figure 9 depicts the recombina-
flon efficiency as a function of cluster size for these three
ions. As is the case for IC| the presence of a single GO
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molecule is sufficient to allow excited 1Brto dissociate on ~ ciated atom at small cluster sizes. However, there are likely
the ground”S state, following charge transfer and a nona-cluster structures slightly higher in energy in the experiments
diabatic transition fronfIl. For both ICI and IBr, the that have some solvation directly on the smaller Br end.
addition of a second C{solvent molecule both increases the These structures, coupled with a slightly favorable mass
fraction of excited ions reaching the ground state and begingatch between Br and GOlead to recombination at smaller
to suppress the ground-state dissociation. Further increasebisters sizes. The, (CO,), clusters have neither the sol-
in the number of solvent molecules produce divergent behawents bound at the end of the solute nor favorable mass
ior. With increasing solvation, IBi(CO,),, behaves similarly match to allow for recombination at small cluster sizes. Re-
to I, (CO,),,, with both exhibiting increasing recombination combination does not begin unti=6 for which a substan-
percentage with increasing cluster size. Howeverdcom-  tial cage begins to form around one of the | ends. The ob-
bination first occurs at larger clusters sizes than for IBnd ~ served recombination efficiency in smaller clusters for the
does not reach 100% recombination until 16 Q@olecules three solutes is then highly dependent on the mass match
have been added, completing the first solvent shell. In conbetween the dissociated atom and the,GGlvent molecules
trast, IBr (CO,), reaches this limit with only eight CO and the position of these solvent molecules at small cluster
solvent molecules, which are sufficient to cover only theSizes.
smaller Br end of the solutéFig. 4). The same asymmetric However, the most striking difference between
solvation appears to retard recombination foriChs the 1, (COy)y, IBr (COy),, and ICI'(CO,), is the cessation of
degree of solvation increases from a half shell to completiofiecombination in ICI(CO,), as the solvation increases.
of the first solvent shell, the cage fraction decreases froft/pon excitation to thé\" state in ICI' (CO,),,, there are two
80% to an undetectable level! deep minima on the potential surfateWhile the global
This behavior can be partially rationalized in terms of minimum corresponds to solvated ICl there is another
the properties of the solvent cage depicted for the three dideep local minimum corresponding to g@®olvated CT.
halide solutes in Fig. 4. To prevent immediate, direct dissoThis minimum well could easily be accessed during the pho-
ciation, at least 0.3 eV must be removed from the dissociattodissociation process and deepen with increasing solvation,
ing dihalide. The IBF(CQ,), and | (CO,), clusters have making it quite possible that this configuration provides the
the first few CQ (n<4) molecules bind near the waist of the observed trap. The IBrelectronic structure calculations re-
dihalide solutes and only begin to fully enclose one end oported here indicate that th&’ °Il,, state is not purely re-
the solute(the smaller Br end in the case of IBr with pulsive, but has a shallow minimum near 3.5 A. The pres-
increasing solvatior{Fig. 4). For the ICI'(CO,), clusters, ence of solvent would deepen this well and could easily
the first CQ solvent binds directly to the end of the solute on prevent the trapping of Br-based products and also account
the much smaller Cl enthot shown with subsequent solva- for the very long recombination observed following excita-
tion continuing around the Cl en@ig. 4). The efficiency of  tion to theA’ 2I1,, state. Indeed, SanBhas recently seen
caging for small ICT (CO,),, clusters is a result of COmol-  clear evidence for this minimum in time-resolved photoelec-
ecules directly in the dissociation pathway for all clustertron imaging studies of IBr excited to theA’ °Il,, state.
sizes and the favorable mass match between CI and CQO
providing effective energy transfer between the dissociatin
atom and the solvent. Recombination in TBCO,) , clusters
does not occur untih=2 due to the fact that there are no The fraction of the J(CO,),, ICI"(CO,),, and
solvent molecules directly in the path of the outgoing disso4Br~(CGQ,),, cluster ions that recombine following excitation

. Dissociation following excitation
o the B2237, state
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to the B state is shown in Fig. 10. The recombination per-sorption of the probe pulse at lower vibrational levels on the
centage for IBF is much less than that of either ICbr I, ground state. However, both experiméhtand simulation§
with similar numbers of solvent molecules. Recombinedperformed onJ(CGO,), clusters give a vibrational relaxation
products first appear at roughly the same cluster size fotime once on the ground state of roughly 5 ps. The vibra-
IBr~ and I, , with the first ICI" recombination appearing tional frequencies of,] and IBr~ are not sufficiently differ-
with three fewer C@ solvent molecules. The IC(CO,), ent to account for the orders of magnitude difference in the
clusters now show increasing recombination with increasingecombination times. Also, previous studfebave prepared
cluster size, in contrast to the behavior upon excitation to theibrationally excited IBF via photodissociation of IBr.

A’ 2Tl state. Limited molecular dynamics simulatiéh®f  The vibrationally excited IBF is formed in vibrational levels
the recombination of ICl excited to theB 223 state sug- ~90% of the dissociation energy and exhibit substantial ab-
gests that the recombination following excitation to this statesorption of near-IR wavelengths around 790 nm. For all of
likely does not access the local minimum preventing recomthese reasons, we conclude that the long absorption recovery
bination following excitation to the A’ state. The time observed for IBr(CO,)s is a result of excited state
IBr~(CO,), clusters show even less recombination for thedynamics and not a slow vibrational relaxation. This picture,
largest clusters studied. Much more extensive molecular dywhich requires confirmation through extensive simulations,
namics simulations will be required to provide a detailedwould account for the very slow, but complete recombination
picture of the dynamics involved following tH&2 23, state  of IBr~(CO,),~5 excited to theA’ °Il,,, state.

excitation.

D. Solvent evaporation energetics

C. Time-resolved recombination dynamics Analysis of the number of solvent molecules attached to

Initial results of the recombination dynamics of the ionic photoproducts provides important information on
IBr~(CQ,)¢ following excitation to theA’ 2I1,,, state show the overall recombination energetics, giving both approxi-
that, while nanoseconds are required for recombination, alinate ion-solvent bond energies and providing an accurate
of the excited ions survive this process and successfully redentification of the electronic state from which dissociation
combine. This rate is some two orders of magnitude sloweoccurred. We first use the number of solvent molecules re-
than observed for corresponding tlusters that also exhibit maining on the recombined IBrion to determine the aver-
complete  recombination  following A’ ?Il,, state age energy removdkolvent binding energykinetic energy
excitation®’® The discrepancies in absorption recoveryreleasg upon evaporation of a single G@olvent molecule
times between IBr and [, must be due to the presence of from the ion. This data is then used to identify the electronic
the previously mentioned minimum in the IBA’ 2I1,, po-  statés) from which dissociation is taking place.
tential, one that is absent foy | As a consequence of the o
reduced solvation energy, of Brcompared with Cl, the 1-Average solvent binding energy
atomic anion trap is not as deep for Brand apparently the The binding energy of a CQOsolvent molecule to the
anion can escape, although its escape requires nanosecorlls™ solute was determined from the average solvent loss
to occur. The long recombination time could also be attrib-found for the recombined products stemming from excitation
uted to a long vibrational relaxation time necessary for abof IBr~(CO,)_14Cluster ions to thé\’ ?I1,,, state at three
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excitation wavelength6790, 760, and 675 nmThe photon The I -based products arising from excitation to the
energy for each wavelength was divided by the average COB 2 23, state have a very similar behavior, with the average
solvent loss, yielding the average energy removed by eackolvent loss being about one G@wer than that observed
CO, solvent. The three values for the average energy pefor the corresponding Br-based products. This observation
CO, solvent were then themselves averaged to yield an oveshows that the 71-based products arise from dissociation
all average energy removal of 2632 meV per CQ solvent  while in thea’ 2 %I1,, state, leading to1 and B¥ products.
evaporated from IBr. This quantity is very consistent with The alternative assignmenA(?Il state, corresponding to
the average CQenergy removal observ&for 1, (CO,), I~ +Br product$ is energetically closer than was the case
clusters, 250 meV. If the solvent binding energy is desiredwith Br~ products, and, while it might be argued that it is
then one must estimate the kinetic energy associated witblose enough to make the assignment ambiguous, such is not
solvent evaporation with a statistical mod&This energy the case. Both the sharpness of the product state distribution
release amounts to about 40 meV for TB€O,), giving an  and the very small recombination fraction observed argue
average bond strength of 223 meV for 7-15LCs»lvent  strongly against this alternative assignment.

molecules attached to IBr For the purpose of identifying The dynamics following excitation to th® state for all

the electronic state) from which dissociation occurs, this clusters with more than two Gsolvents are determined by
correction adds no uncertainty, as only the average energpe initial curve crossing between th822%;, and
removal is required. More detailed solvent evaporation data’ 2 °I1,,, states. This is very similar to the Marcus-like pic-

can be found elsewhef&8. ture of the dynamics presented fgr(ICO,),, upon excitation
to the B state®”®® There is an initial step involving either a
2. Excitation to the A '?I1,, state charge transfer or solvent reorganization around the new

charge center. After the branching ratio is determined for this

‘The first excitation studied is to thé\" state in  geneither direct dissociation or a charge transtera mini-
IBr (COy), that corresponds to production of+Br. There  ym clyster size, subsequent solvation does not affect this
is about 0.3 eV energy release on this state corresponding {anching ratio.

one CQ solvent that would need to be evaporated in the

formation of the dissociation products. However, the data

show more than one solvent loss for clusters sizes up to

=4, where the T product channel turns off. This result VI. SUMMARY

comes from “direct” dissociation of 1 from the IBr cluster ) o )
and reflects the inapplicability of a statistical equilibrium  These IBr(CG;), photodissociation measurements il-
model for these very small clusters. Foe 13, the average Iu_strate the richness .of phenome.na that are qbservable in
solvent loss has reached a plateau at around six<o@ents S|ze-sele(_:ted cluster ions. I_:ollowmg the expt_anmentgl and
lost, exactly what would be expected for nearly Comp|etecomputat|onal characterization of Il_&r photodissociation
vibrational relaxation in the ground state. w8, the cluster ~ Studies of IBr (CO),, n<15, established the central role
size for which the time-resolved experiments are carried out?f the evolving solvent configuration in driving IBrrezcom-
there may still be some vibrational excitation in the recom-Pination dynamics. Following excitation to tha’ “ITy
bined products, as the ion has lost one fewer than the ex&l@t, only recombined products were observed for
pected number of COsolvents. This excitation, however, !Br (COz)n, n=8. Even though the recombination is com-

should not shift the photoabsorption spectrum sufficiently toP!ete, the time-resolved recombination dynamics  of
affect the time-resolved measurements. IBr~(COQ,)s exhibited an unexpectedly long ns time
scale for recombination. This result was compared to the
o <20 ps observed in comparable(ICO,), cluster ions. A
3. Excitation to the B2 “X.;, state shallow well in theA’ 2I1,, state appears to trap 1By lead-
Analysis of the average number of solvent moleculesng to long recombination times.
associated with a given ionic photoproduct allows differen-  Future experiments will center on extensions of the pho-
tiation between the two possible exit channels available fotodissociation experiments dealing with excitation to the
that ionic photoproduct. For example, following excitation of B 2 23, state, as well as additional studies of time-resolved
IBr~(CO,)q; to theB 223 state, a Br-based ion might be dynamics of not only IBF(CO,),, but also ICI(CO,),
associated with either an | atom produt{® state disso- clusters. The initial pump-probe experiment will be carried
ciation) or an F product B 223 state dissociationWith a  out for larger IBF (CO,), clusters, with probe-pulse delays
250 meV average energy removal per solvent molecule, 358xtended to 5 ns to determine the exact ground state recom-
nm excitation leading t® state dissociation would result in bination time. A very promising approach for understanding
Br~ production with a concomitant loss of 6—7 solvents,the excited state dynamics in these systems is by time-
while X state dissociation would result in Brproduction  resolved photoelectron imaging spectrosc6by, using the
with a concomitant loss of 10—11 solvent molecules. Thevelocity map imaging technique of Eppink and ParKer.
observed Br solvent distribution following 355 nm excita- Such experiments are presently in progress in this laboratory.
tion of IBr (CO,)44 peaks at Br(CO,)s, confirming that Several experiments have already been carried out that dem-
this product arises solely from direct dissociation in the ini-onstrate the usefulness of this technique on dihalide
tially populatedB state. The same conclusion applies to Br anions®’®and new details are rapidly emerging about sol-
products for all of the degrees of solvation investigated herevation chemistry in this prototypical ionic cluster.
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