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We survey recent experimental and theoretical studies of photodissociation and recombination of dihalide
ions in gas-phase clusters and liquid solution. A crucial property of these systems is the flow of excess
charge within the solute, which is strongly coupled to the motion of the surrounding molecules. Using a
model inspired by the theory of electron-transfer reactions, we have constructed a comprehensive physical
picture of the interplay of charge flow and solvent dynamics on multiple, coupled electronic states. The
consequences are sometimes surprising: for example, in excited states having antibonding character, the
charge moves to thiesssolvated atom as the solute dissociates, leading to more efficient recombination than
in neutral systems. Our analysis also predicts extremely efficient-gpbit quenching (associated with solvent-
induced curve crossings) following UV excitation of Iclustered with C@ which has been confirmed by
experiment and suggests a revised interpretation of the transient absorption peak seen -iprpbep
experiments.

. Introduction solutiort®~19 have brought these issues into focus. This work

. . . _was in large m re inspir lon ri f classi
Since chemical bonds are made out of electrons, any chemical as In large easE‘J € insp ed” _by a long iee es of classic
experiments on the “cage effect” in neutraf%26 Compared

reaction involves some redistribution of electronic charge. When . S .
to the neutrals, the ions offer some significant experimental

a reaction takes place in a cluster, a liquid solution, or a solid . s .

matrix, the interaction between the shifting charge and the adv_antag_es, partlcu_larly n the_ cluster phase since clusters of a

surrounding molecules can profoundly influence the course of des[req size can be isolated using amass spectrometer. Howevgr,

the reactiort. The solvent does not then merely interrupt and the ionic systems are more complicated to gnderstand than they
neutral analogues since the excess charge interacts strongly with

redirect motion on the potential energy curves of the solute; th di vent. Consider the photodi iation-of |
instead, the reaction must be regarded as taking place on a € surrounding solvent. f-onsider the photodissociation o

multidimensional potential energy surface that depends on bothVAVh(:s.e gasl-phells%.poter.]t[[al ctjr:vesl arte |Ilystrr?ted n El.gﬁre L
solute and solvent coordinates. If electronically excited states’ S this molecule dissociates, the electronic charge, which was
are involved, as in photochemical reactions, one must considerinitially delocalized over the molecule, becomes localized on a
several such surfaces, together with the nonadiabatic transition$ind!€ | atom. In a cluster or solution, this flow of charge within
that couple them. the solute will be strongly coupled to the motions of the

Experimental studies of the photodissociation and recombina- S_urrc_nundlng molﬁculels, smé:eha comg?fct, atomllc ch?rge d'St_rI_'Eu'

tion of dihalide anions in gas-phase clustet§ and in liquid ~ ton Is more easlly solvated than a diffuse, molecular one. The

changing solvent environment, in turn, influences the charge

* Current address: Department of Chemical Physics, Weizmann Institute l0C@lization process. The results of this interplay are sometimes
of Science, 76100 Rehovot Israel. surprising—for example, during the first phase of photodisso-
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T full solvation shell, was able to cage this highly excited state
and induce electronic relaxation all the way down to the ground
state.

Lineberger and co-workers also studied these systems in the
time domain?5-7:928-30 ysing a laser pulse to dissociate the |
41 . chromophore within the cluster, and a subsequent pulse to probe

for return of the absorption as the atoms recombine. Analogous
experiments were performed by Barbara and co-wotkels
in a variety of liquid solutions. In most cases the time scale for
absorption recovery was measured to be about2ID ps.
Superimposed on the overall recovery curve was a peak
occurring at about 2 ps after excitati®®® which was originally
attributed to transient recombination on the intermediate A state,
although subsequent theoretical work, discussed in section 4,
suggests a different mechanism. From these results it was
inferred that the overall process of photodissociation, recom-
bination, and vibrational relaxation takes place on a time scale
of tens of picoseconds, an order of magnitude faster than for
neutral b in solution?® In another series of solution phase
s 4 5 6 7 8 experiments, Banin, Ruhman, and co-workers observed coherent
R (A) vibration of the = product formed by photodissociation of
13731736 While the primary focus of their work was the
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Figure 1. Photodissociation off on the gas phase potential curves. — qynamics of the triodide parent, their results provide additional
The shorter arrow illustrates the IR excitation used in most of the X

photodissociation studies, while the longer arrow indicates the recently evidence for fa}St vibrational relaxatpn in solvated.|
studied UV excitation. A different time-dependent technique, femtosecond photo-

electron spectroscopy (FPES) was introduced into this field by
o Neumark and co-workefd:13-1537 As in the Lineberger experi-

ciation the charge moves toward tiess solvated atom, a  ment, the first pulse in the FPES experiment dissociates the
phenomenon that we have called “anomalous charge flow” |- byt now the probe pulse, which is in the ultraviolet, detaches
and their experimental consequences have been demonstrategre excess electron from the anion. The dependence of the

The purpose of this article is to explain, in simple physical electron kinetic energy spectrum on the time delay between the
terms, the role of solvent-induced charge flow in the photodis- pump and the probe yields insights into the reaction dynamics
sociation of solvated dihalide ions. In the remainder of this that complement those obtained from the absorption recovery
introduction we briefly summarize the experimental and theo- experiments. FPES experiments @nArg have characterized
retical techniques that have been applied to these systemsthe dynamics of direct dissociation, while the spectra of larger
Section Il describes charge flow using a simple molecular orbital argon clusters directly track the dynamics of electronic and
picture and presents a few examples of its experimental vibrational relaxatiotl* The more recent FPES studies on
consequences. Section |l presents a deeper perspective on the~(CO,),1315demonstrate the importance of charge flow in the
problem, based on the theory of electron-transfer reactions, anddissociation, and confirm the #®0 ps time scales for
section 1V shows how the results of both experiments and recombination in the larger clusters.
simulations can be understood from this point of view. Finally,  simulations of Dihalide Anion PhotodissociationThe first
section V places our work in a larger context and suggests somesjmuylations of dihalide anion photodissociation were performed
directions for future research. by Perera and Ama&®3° who examined Br dissociation in

Experiments on Dihalide Photodissociation.The experi- argon and C@clusters using empirical potentials for the solute,
mental story begins with pioneering studies of photodissociation the solvent, and the interaction between them. Only two solute
of Br,~ and b~ embedded in size-selected £€usters, carried electronic states were included, and nonadiabatic transitions from
out by Lineberger and co-worketd.In these experiments, a  the excited to the ground state were treated in an ad hoc fashion,
near-infrared (706800 nm) laser pulse promotes the dihalide by switching the trajectories from one to the other at large
ion to the repulsive Astate (Figure 1), and the branching ratio internuclear distances. Perera and Amar modeled solute charge
for dissociation versus recombination is determined from the flow by assigning a partial charge to each bromine atom that
mass spectra of the ionic photofragments. The fraction of varied as a function of the bond length, so that as the molecule
recombined, or “caged”, photoproducts was found to rise very dissociated the charge on one atom decayed to zero while the
rapidly as a function of cluster size, reaching unity by the charge on the other increased-td. The atom that received
completion of the first solvation shell. This trend, which was the charge was chosen randomly; as a result, in about half of
subsequently replicated foy 1 clustered with AR” N,O,28 and the simulation trajectories the charge ended up on the more
OCS? was surprising given that between 30 and 90% of | favorably solvated atom while in the other half it moved in the
dissociates in solutiof? The rapid onset of caging was attributed opposite direction. Perera and Amar noted that the dissociation
to the presence of long-range electrostatic interactions, but thedynamics differed markedly in these two cases, and that good
actual mechanism long remained mysterious. More recently, agreement with the experimental branching ratios was only
Lineberger and co-workers have carried out analogous experi-achieved when both types of trajectories were retained in the
ments using ultraviolet excitatioh® for which the initially ensemble. Since the charge switching depended only on the
excited B state in the isolated molecule correlates toaon solute bond length, the solvent had no direct effect on the solute
and an | atom in its spinorbit excited state, I*. They found electronic structureit could not polarize the dissociating anion.
that a relatively small number of solvent molecules, less than a Despite the limitations of their model, Perera and Amar laid
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out clearly the fundamental theoretical issues in this area, andinteractions using the Diatomics-in-lonic-Systems prescription

to a large extent our own efforts have been devoted to answeringof Last and Georg®, which augments the well-known Diatom-

the questions that they raised. ics-in-molecules method with terms that account for polarization
For the next few years, theoretical work in this area Of neutral fragments by charged ones. The solute electronic wave

concentrated on adiabatic dynamics in the electronic ground functions are written as linear combinations of localized atomic
state. Our growd§4©-42 extended the work of Amar and Perera bPasis functions, and the charge distribution corresponding to
by allowing the solute charge distribution to depend on the local €ach basis function is approximated by a single point charge at

state of the solvent. Motivated by the theory of electron-transfer the I nucleus. By modulating the energies of these localized
reactions in solutioA3-45we used calculations of the electronic  basis states, the solvent manipulates their contributions to the

structure of 4~ in a uniform electric field to parametrize a Wave function and thus induces charge flow within the solute.
“charge switching surface” that depended upon two coordinates, Our group starts with ab initio calculations of the electronic
the solute bond length and a collective solvent coordinate that Structure of the isolated solutéfrom which we extract the one
represents the net electric field that the solvent exerts on the€lectron density matrix in the form of a distributed multipole
solute charge distribution. Hynes, Benjamin, Barbara, and co- €xpansiorf? Since the response of the solute electronic structure
workerd6-49 approached this problem in a different way, by t0any one-electron operator can be co_mputeq from_thls_densny
adapting recent work by the Hynes group in the theory of Matrix, we can express the electrostatic and induction interac-
electronic structure in solutioc®52 In their approach the,t tions between solute and solvent in terms of the interactions
ground-state potential was fit to a semiempirical Valence Bond Petween charge and polarization centers on the solvent mol-
Hamiltonian, and the parameters in this Hamiltonian were then €cules and the distributed multipole operators of the séfiite.
taken to be functions of a collective solvent coordinate. Since !N the basis defined by the electronic states of the isolated solute,
the electronic wave function of the solute is determined by the the diagonal elements of the distributed multipole operators
valence bond parameters, solvent motion gives rise to SO|m(3descr|be"[he charge dlstrlbutpn in the various solute states, yvhlle
charge flow in a natural fashion. While these two theoretical the off-diagonal terms describe transition charge distributions
treatments are constructed differently, they are similar in that account for the po_Ia_nzatl_on of t_he solute wave function by
spirit: the effects of solvation on solute electronic structure are the solvent. The remaining dispersion and repulsion terms are
described by a single collective coordinate representing the d€scribed by empirical short-range potentials with parameters
asymmetry of the local environment around the solute, and the taken from high-resolution photoelectron spectra detailed
interaction between solute charge flow (in the electronic ground d€scription of this model has been published elsewtfere.
state) and solvent dynamics is treated self-consistently. Simula- Molecular dynamics simulations based on these models have
tions, based on these models, gf Vibrational relaxation in succeeded in reproducing the basic trends in the experimental
clusteré! and liquid solutiod? found that this relaxation is very ~ Product distribution$?°55%59.7the time-resolved photoelectron
fast, in agreement with the experimetist® Exceptionally fast ~ SPectr&’ and the transient absorption recovéty? Recently,
relaxation was seen in the upper part of the solute potential the simulations have made successful predictions as well: the
well, where the | and are first beginning to recombinen rapid electronic quenching fpllowmg uv gxcr[atlon pf large
both simulations, more than half of the total vibrational energy 2 (CO2)n Clusters was seen in the simulatiéhbefore it was
was lost in less than one picosecond. Hynes and co-workersconfirmed by experimerif It is fair to say that simulations now
showed that this “ultrafast’ initial relaxation is a direct Play an equal role with experiment in unravelling the complex
consequence of the interaction between the changing chargedynamics of these systems.

distribution and the solvent polarization, which gives rise to a

long-range collective force that efficiently removes energy from |l. Charge Flow in Solvated Dihalide Anions

the solute?? Normal and Anomalous Charge Flow.When a molecular

To this point, theory had provided valuable insights into jon is embedded in a cluster, a liquid solution, or a solid matrix,
various aspects of the dynamics but had not yet really succeededhe jonic charge cloud becomes polarized. The magnitude of
in simulating it in full. Amar and Perera had treated both the thjs polarization can be very complicated to calculate since the
solute charge distribution and the nonadiabatic transitions in solute electrons interact strongly with each other as well as with
an ad hoc fashion, while the subsequent work had focused onthe electric fields produced by the surrounding solvent mol-
ground-state dynamics. This situation changed in 1996, whenecules. Fortunately, dihalides behave much more simply than
Coker and co-workef$>*and our own groufy>%independently  the general case. These molecules have a valence electron
developed simulation models that treat solvation effects in configuration corresponding to a single hole in a closed shell,
ground and excited states in a self-consistent fashion. Theseand to a first approximation such configurations are isomorphic
models are based on an Effective Hamiltonian approach to theto one-electron Systen‘]g_\/\/e can thus go a |ong way toward
electronic structure of the solvated species, in which a Hamil- ynderstanding the flow of charge in solvated br ICI~ by
tonian matrix whose elements are functions of the solvent considering the response of a one-electron diatomic molecule
degrees of freedom is constructed and diagonalized at each timao an external electric field. The straightforward procedures
step of a molecular dynamics trajectory. For a given configu- required to recast these results for one-hole configurations have
ration of solvent molecules, the eigenvalues of this matrix peen described elsewhéfe.
specify single points on the multidimensional adiabatic potential | et us begin with the isolated solute molecule in its electronic
surfaces corresponding to the various electronic states of theground state, with the nuclei near their equilibrium bond
solvated molecular ion, and the eigenvalue gradients prescribegistanceR.. The electron resides in a bonding molecular orbital,
the classical forces needed to propagate the trajectory; nonaand the corresponding electronic charge distribution is sym-
diabatic transitions are treated using a stochastic surface-hoppingnetrically shared between the two equivalent atoms. To
algorithm®0-66 photodissociate the molecule, we promote the electron to an

The two models differ in how the Hamiltonian matrix is antibonding orbital. In this excited state the charge is still equally
constructed. Coker and co-workers assemble the sedateent shared by the atoms, although there is less charge density in
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Q for the polarizabilitya, of a state/nin terms of the energies
A\
/

L_JRaN I of the states and the dipole moment matrix elements connecting
antibonding l\ . \, ’\ . O them®®
/ ——

o c B
" X

. - Q one can infer that,, must be positive in the ground state but
bonding @ @ @ @ maybe negative in an excited state that is strongly coupled to
O states below it. For a two-state system, such as illustrated in
& Figure 2, the ground and excited-state polarizabilities are equal
in magnitude and opposite in sign. In a general multistate system
bare ion solvated ion the excited-state polarizability will be negative if the negative
Figure 2. Anomalous charge flow in a diatomic molecular ion. Inthe ~ contributions from the lower states outweigh the positive
bare ion the charge is shared equally between the two nuclei in both contributions from higher states. Examples of this behavior have
bonding and antibonding states. When solvation is asymmetric, the been noted in atomic physieperhaps the simplest is théR2
charge localizes on the more solvated atom in the ground electronic (152p) state of the He atom, which is strongly coupled to the
state, leaving less charge density on this atom in the excited state. nearby 2S(1s2s) stafé75—but it appears to have received little

. . . attention in molecular and chemical physics.
the region between them. As the molecule dissociates, the wave Although the preceding discussion is couched in terms of a

function evolves into a superposition of disjoint localized pieces, very simple one-electron model, more sophisticated semiem-

one centered on each atom, representing the equal probabilitiesyiica| treatment® and high-level ab initio calculatioffsshow
of finding the charge on either one when a measurement is made; the general conclusions continue to hold in realistic models
~ This description must be revised when the molecule is of gihalide electronic structure. Spirbit coupling complicates
immersed in a solvent. Since highly extended superposition the picture by mixing together states of bonding and antibonding
states are notoriously sensitive to external perturbations, ONecharactef®88put the correlation between anomalous charge flow
expects that even a slight asymmetry in the solvent environmentang antibonding character still applies. Unfortunately, this simple
will localize the charge distribution as the molecule dissociates. je appears to hold only for molecules whose electronic
Put another way, at larg® the bonding and antibonding  structure is dominated by single-electron or single-hole con-
molecular states become nearly degenerate and are easily mixquuraﬂons_ In the hydrogen molecule, for example, the first
by solvent perturbations. This. solvent-induced localization will aycited state3g,) is purely repulsive, but it must have a positive
take place when the energetic asymmetry between the atomspoarizability since it is the lowest electronic state having triplet
created by the solvent environment, exceeds the resonancepin character and there are no dipole matrix elements coupling
electronic coupling between them. Using the energy gap betweenit 1o the singlet ground state. Nevertheless, the observation that
bonding and antibonding states in the isolated molecule as apojarizabilities are in fact negative in a wide class of excited
measure of the electronic coupling, we infer that at small and g|ectronic states suggests that this unusual behavior deserves
intermediate distances the charge distribution will be mostly attention in more complex systems as well.
delocalized whereas at large distances it will be locali?&#* Charge Flow and Caging.A remarkable property of these
Given that the solvent forces the charge distribution to systems, first seen in the experiments more than a decade ago,
localize, we next askhereit localizes—-which of the two atoms  is the very high caging efficiency. In the near-IR photodisso-
gets the charge when the molecule dissociates? One might guessiation of L~ (CO,),, for example, both experiment and simula-
that the electron settles on the atom whose environment is moretion find that the probability of recombination reaches 100%
favorably disposed to solvate a charge, since this choice leadsfor a single solvent shell around the ion, and that clusters
to a lower electronic energy for the system. This is indeed what comprising less than half of a solvent shell induce recombination
happens during thermal dissociation in the electronic ground as much as 50% of the time (Figure 3). Anomalous charge flow
state, but photodissociation actually leads to the opposite provides an appealing rationale for these results. Immediately
result: the charge moves to tHess solvated atom. This  after photoexcitation, the charge moves toward the less solvated
“anomalous charge flow”, as we have called it, can be atom, so that photodissociation begins with an attempt to eject
understood using a molecular orbital argument devised by an I ion from the cluster. The escape of this ion is inhibited
Papanikole®4%4tand illustrated in Figure 2 The left-hand by its long-range couloumbic attraction to the rest of the cluster,
panel shows the bonding and antibonding molecular orbitals of giving rise to recombination in the absence of a physical “cage”
an isolated homonuclear diatomic molecule. In the right-hand around the solute.
panel, the symmetry has been broken by adding solvent An examination of the simulations confirms this picture. In
molecules to one side. The ground-state wave function distortsour simulation of 4 (CO,), photodissociation at 790 nm,
so that more amplitude resides on the more solvated right-handtrajectories never dissociate on the initially excitetl sate
atom, giving rise to a charge distribution that is polarized toward because the long-range attractive forces that act in this “anoma-
the solvent. Since the excited-state wave function must remain|ous” state are too strorf§.Instead, dissociation only occurs
orthogonal to that of the ground state, its wave function must after a nonadiabatic transition to an electronic state characterized
distort in the opposite direction, so the charge flows away from py “normal” charge flow. These transitions occur by two
the solvent. mechanisms: “charge transfer”, in which the excess electron
The flow of charge toward a higher-energy site, in response on the nascentlion hops back to the other | atom, and “solvent
to the electric field generated by the solvent, implies that the transfer”, in which the charge stays fixed while the solvent
parallel component of the molecular polarizability tensor must molecules move so as to catct4€° Both mechanisms result
be negative. From the familiar perturbation-theory expression in solvated iodide ions, and serve to convert the electronic
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100 . terminated after 56200 ps while the experimental products
are measured on a time scale of microseconds.

Initially it was thought that the two product modes might
arise from different types of initial cluster structures, but an
examination of the simulations suggests that they actually reflect
two different dissociation mechanisms. Figure 4 shows three
typical trajectories from a simulation of the photodissociation
of 1,7Ari3. During the first 100 fs after excitation, the anion
charge localizes on the | atom that is leaving the cluster, in
accordance with anomalous charge flow. In the left-hand panel
this ion ejection succeeds, and the departing ion strips off an
i Ar atom to form a low-mass product. In the middle panel the
Ar cluster captures the ion (“solvent transfer”), while a neutral
| atom falls out the backside, giving rise to high-mass products.
: gt Finally, in the right-hand panel the failure of ion ejection is
followed by recombination and subsequent delocalization of the
charge. Further support for this view comes from the femto-

o - . ) second time-resolved photoelectron spectra (FPES) of Neumark
oo e s s eTent) S22 47 I g co-worers4757uich probe th local environment of

10 is based on the statistical sampling and is representative of the erroit€ €xcess electron directly. By combining the FPES with time-
bars at other cluster sizes. independent threshold photodetachment measureriegateen-

blatt et al'* have estimated the average number of Ar atoms

energy of the solute into kinetic energy of the solvent. In the that surround thelion during the dissociation process. Their
I,-Ar, clusters, in contrast, the long-range forces between | results are consistent with our prediction that the charge resides
and the residual cluster are weaker, so thatidns can  ©on the less solvated atom.
sometimes escape on thé potential curve, giving rise to a These simple examples show that by classifying the solute
bimodal structure in the mass spectrum of the dissociated electronic states as “normal” or “anomalous” with respect to
products as discussed in the next section. As a result, dissociatiorsolvent-induced charge flow we can achieve insight into the
is more likely and recombination is not seen in clusters having short-time dynamics that immediately follows dissociation. At
less than half a solvent sh&hs® longer times, however, nonadiabatic transitions force us to

We can now understand why the pioneering simulations of consider the dynamics on multiple potential energy surfaces. A
Perera and Ama® which treated both charge-localization and MOre complete description of the §o|ut(_a electronic states and
electronic transitions in an ad-hoc fashion, were able to their response to solvent perturbations is then required. In the
reproduce the experimental caging fraction. Perera and Amarhext sgction we construct such a description by recasting these
arbitrarily forced the charge distribution to localize at a particular 19628 in the language of electron transfer theory.
solute bond distance, irrespective of the state of the solvent, )
and selected the atom which was to receive the electron at!ll- Electron-Transfer Perspective
random. Once this choice was made, the charge remained on The preceding discussion brought out the importance of
that atom until (and unl_ess) regomblnatlon took_place, when it ggpent asymmetryor inhomogeneity in the local environment
was forced to delocalize again. As a result, in half of the syrrounding the solute anion. An asymmetric solvent favors a
simulation trajectories the charge ended up in the “anomalous” compact, localized charge distribution, and thus acts in opposi-
location, on the less solvated atom, and subsequently experi-tion to the chemical bonding forces within the solute which tend
enced the long-range forces that pull the solute together again.to delocalize the charge. This competition between localizing
This roughly mimics the results of the self-consistent simula- anq delocalizing interactions also plays a central role in the
tions, in which the charge always begins by moving away from theory of electron-transfer reactions in solutf§n® and that
the cluster but may later end up becoming solvated after a theory provides us with a convenient way to quantify the concept
nonadiabatic transition, so that after about one picosecond bothof solvent asymmetry. Our approach to this problem builds on
normal and anomalous configurations are found in the ensemble the work of Hynes, Barbara, Benjamin, and co-workie#g:47-50

lon Ejection. The experimental caging fraction is obtained who showed that the recombination of lon the electronic
from the mass spectra of the recombined photoproducts.ground state could be viewed as a special type of electron
Complementary information about the dissociation dynamics transfer process, in which the system evolves smoothly between
can be obtained from the mass spectra of th&sociated the limits of weak and strong electronic coupling as the atoms
products, which reveal how many solvent molecules remain come together. In this section we show that by extending this
attached to thelion when it reaches the mass detector. In an approach so as to incorporate electronic excited states, we can
experimental study of the 790 nm photodissociation,0Al provide a comprehensive physical picture of the dynamics that
clusters, Vorsa et &f. found that the distribution of +based follow photoexcitation.
products was distinctly bimodal. In the low-mass product mode, A Two-State Model. In the theory of electron transfer
I~ arrived at the detector accompanied by 0O, 1, or (rarely) 2 Ar reactions, one usually begins with “donor” and “acceptor” sites
atoms, irrespective of the size of the precursor cluster. In the immersed in a polarizable medium. The charge hops from donor
high-mass mode, in contrast, the number of atoms attached toto acceptor at a rate that depends on the local energies of the
the ion was much larger and scaled linearly with the size of the two sites and on the strength of the electronic coupling between
precursor cluster. The simulations reproduce these trendsthem. At the beginning of the reaction the solvent stabilizes
qualitatively®® although the simulated product distributions are the charge on the donor, and transfer of the electron is
shifted to higher mass, presumably because the simulations areaccompanied by reorganization of the solvent into a configu-

80 |

60 -

40 +

percent dissociation

20 +

(=]

initial cluster size (n)

Figure 3. Branching ratio for the products of (CO,), photodisso-
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Figure 4. Photodissociation of,TAris. The adiabatic energies, the location of the chamyg),(and the 1 distance are plotted as a function of

time. The heavier line in the top panel shows the energy of the currently occupied state. Snapshots of the configurations showing the localization
of the charge are shown &t= 0, 1, and 5 ps. (a) shows a dissociative trajectory which formAs,land FArg as a direct result of the anomalous

charge flow. (b) shows a dissociative trajectory which form&rl and | following solvent transfer from atom 2 to atom 1 during the first few ps.

(c) shows a trajectory which recombines in the excited electronic state ultimately forgnitg.|

ration that favors the acceptor. The reaction coordinate for this
process thus lies within the solvefit** Most applications of
electron transfer theory deal with polar solvents, for which the
solvent coordinate is conveniently expressed in terms of the
orientational polarization. Since we are interested in nonpolar
solvents such as Ar and GCor which this quantity vanishes,
we instead define the solvent coordinate in terms of the
electrostatic potential difference® between the donor and the
acceptor sites. ExplicitlyA® for a particular solvent config-
uration is calculated by measuring the change in energy when
a charge of—e is moved from donor to acceptor, holding all
nuclear coordinates fixed. The magnitude\sb is small when

the solvent molecules are nearly equally shared between the
two sites (a “symmetric” cluster) and large when one site is
preferentially solvated (an “asymmetric” cluster). For polar
solvents, this prescription reduces to the traditional one when
only charge-dipole interactions are included; motion along the
solvent coordinate consists primarily of reorientation of the

energy

solvent coordinate

permanent d'PO|es on the solvent mo!ecules. For r!onpolar Figure 5. Schematic potential energy curves for a two-state model of
solvents, we find that the molecular motions that contribute to 4 solvated diatomic molecular ion. The dashed curves represent a cross-

A® are different: in Ar, a large change ind arises from the section at small internuclear distances, where the electronic coupling
overall motion of the solvent cage from one site to the other, is strong compared to the soluteolvent interactions. The solid curves

while in CO;, both translational and orientational motions are
involved. These differences on the molecular scale should be
kept in mind when drawing analogies between the cluster
experiments and solution phase electron transfer.

Let us now consider how the electronic energy of the denor

represent the limit of weak electronic coupling, which is appropriate
at long bond lengths. Anomalous charge flow in the upper state is

illustrated by the cluster snapshots.

resemble the original diabatic wells, while the upper adiabat
forms a single well. For sufficiently strong electronic coupling

acceptor system depends on our solvent coordinate. At largethe barrier on the lower adiabat is obliterated and it, too, forms
internuclear distances it is convenient to use a diabatic repre-a single well.

sentation, in which the electronic coupling is neglecfedo Now consider the behavior of the electronic charge distribu-
that the electronic charge distribution stays fixed as the solventtion as the system moves along the adiabatic curves in Figure
molecules move. If we sketch the energies of the diabatic states5. On the lower adiabat, charge and solvent move in phase with
as a function ofA®, we obtain a pair of “Marcus parabolas” each other. As the solvent coordinate changes sign, the system
corresponding to an electron localized on either site; in the casecrosses the barrier and the electronic wave function smoothly
of a symmetric D-A system, such as;1, the parabolas are  transforms from one localized oR to one localized ongl, in
equivalent and cross &® = 0. At the minimum of a Marcus  accord with the traditional picture of adiabatic electron transfer.
parabola, the solvent is equilibrated to a localized charge, andBut now consider what happens during adiabatic motion on the
as the solvent fluctuated® oscillates around the minimum.  uppercurve. Since the left-hand limb of the upper adiabat arose
When we restore the electronic coupling, the diabatic curves from the diabatic curve whose minimum is on the right, and
are transformed into adiabatic curves having an avoided crossingvice versa, the charge and solvent must be moving in opposite
at A® = 0, and the energy gap at the crossing is proportional directions! (One can also see this by realizing that a Franck
to the strength of the coupling. In the weak-coupling limit the Condon optical excitation from the lower to the upper adiabat
lower adiabat forms a double well whose minima closely corresponds to a charge-transfer transition.) This is precisely
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the phenomenon of “anomalous charge flow”, or negative
electronic polarizability, derived in section Il from a molecular
orbital picture of the solute electronic structure.

The two-state Marcus picture also provides a simple way to
understand how anomalous charge flow reverts to normal charge
flow following a nonadiabatic electronic transition. At short
bond distance®, the anomalous and normal states are well
separated, while at largR@ and smallA® they come close

VA
together. We thus expect nonadiabatic transitions to occur with w
X
0

A,a

X, A

high probability if the solvent approaches a symmetric geometry

while the nuclei are far apart, and we can use the picture to

characterize the two mechanisms for nonadiabatic transitions

that were observed in the simulations. A simple diabatic passage ( 0

through the crossing _region, in which the system hops from the solvent coordinate solvent coordinate

upper to the lower adiabat @b passes monotonlca_lly thr_ough Figure 6. Effect of solvation on dihalide electronic structure, neglecting

zero, corresponds to a “solvent transfer” event, in which the spin—orbit coupling (Hund’s Case (a)). Left hand panel: adiabatic

charge distribution stays fixed while the solvent moves toward curves at small internuclear distanBe(strong electronic coupling).

the charge. In a nonadiabatic charge-transfer event, in contrastRight-hand panel: adiabatic curves at large (weak electronic

the charge switches from one atom to the other as the solventcoupling.) In Case (a) the A and' Aurves are doubly degenerate.

coordinate approaches zero, and the solvent then reverses

direction. Both mechanisms lead to a charge distribution that As in the Case (a) analysis, the degeneracy in the diabatic

is stabilized by the solvent on the lower state. In heterogeneous'epresentation is lifted in the adiabatic representation because

systems such as IClthe two mechanisms can be distinguished different pairs of diabats are coupled by different electronic

since they lead to different products’® matrix elements, reflecting the differing degree of overlap
between respective pairs of atomic basis functidr@ne then

g9ets six distinct adiabatic curves in the Case (c) representation,

each of which may be correlated to an electronic state of the

Multistate Models. In the two state model, an electron is
transferred between two localized atomic orbitals. As discusse
in section I, a dihalide anion, with one hole in a closed valence | - 28
shell, behaves much like a one-electron diatomic molecule. Since'SPlated &~ molecule! _ _
the hole may reside in any one of the three degenerate p orbitals Putting the pieces together, we arrive at the schematic

on either atom, however, we need to expand the state space iPotential energy curves for solvateg Idepicted in Figure 7.
order to fully describe the valence excited states. In the left-hand panel we show the diabatic curves. In addition

to the previously discussed crossingsAab = 0, which are
associated with conventional electron transfer, we see crossings
between diabats arising from different spiorbit states. These
crossings, which occur when the solvent coordinate is equal to
the atomic spirrorbit energy, lead to efficient electronic
guenching in the solvated idf.’* In the right-hand panel we
show the adiabatic curves that arise when pairs of diabatic curves
are mixed’® The X, A, and astates of 4~ correspond to normal
charge flow adiabats, whereas the & and B states correspond
to anomalous charge flow adiabats, precisely as one would guess
from the bonding or antibonding character (presence or absence
of wells in the isolated molecule potential curves) of the states
(Figure 1). We also see that for small and intermediate values
of A®, the four lower curves in Figure 7 have the same
qualitative shape as the Case (a) curves in Figure 6. Thus, if
one is only interested in dynamics on these lower states, the
primary effect of the spirrorbit coupling to reduce the size of
the effective state space by pushing two of the six states up to
very high energy. We can thus use Figure 6, with all curves
) o regarded as nondegenerate, to understand most aspects of the
To complete the picture we need to restore the Spiit 790 nm excitation experiments, which prepare the system on
coupling, which mixes states afandIl character and removes  ihe &' state. In contrast, all six states must be included in the

the degeneracy in the Case (a) adiabatic curves. Since the atomi%malysis of the UV experiments, in which the system is prepared
spin—orbit energy of | is very large (0.94 eV), itis convenient ., ihe B state.

to couple the spin and angular momenta on individual atoms,
giving localized basis functions corresponding to | in its ground
state {Py/;) and to spir-orbit excited I, or I* éPs5). When b~

is immersed in a solvent, and the atoms pulled far apart so that
the electronic coupling between them is very small, we gettwo  Thus far, we have described the qualitative shapes of the two-
degenerate pairs of diabatic Marcus parabolas that correspondlimensional effective potential surfaces that specify the elec-
to I” + I, and one nondegenerate pair corresponding te-| tronic energy as a function of the solute bond lergthnd the

I*. As the atoms are brought closer, each pair of diabats again solvent asymmetry coordinate®, but we have not given any
produces a pair of adiabats, in which the lower curve shows prescription for calculating them. For example, we have not
normal charge flow and the upper shows anomalous charge flow.given an expression for the curvature of the diabatic wells in

As before, let us start with the two sites far apart, and let us
also neglect the spirorbit interaction for the time being. Since
the three p orbitals on an isolated atom are equivalent, we get
three degenerate pairs of Marcus parabolas in the diabatic
representation. When we bring the atoms together the atomic
orbitals overlap and each pair of diabats gives rise to a “normal”,
double-welled lower adiabat and an “anomalous”, single-welled
upper adiabat. Since the overlap between orbitals that point
along the internuclear axis (the: prbitals) is larger than the
overlap between orbitals parallel to the axis (thequbitals),
the 3-fold degeneracy among the diabats will be partially lifted
in the adiabatic representation, and Exadiabats will have a
larger energy gap aA® = 0 (corresponding to a stronger
electronic coupling) than thH-adiabats. We thus end up with
four distinct adiabatic curves, two of which are doubly degener-
ate, giving a total of six states (Figure 6. We refer to this as the
“Case (a) picture”, since it corresponds to the Hund’s Case (a)
coupling scheme for the electronic states of the isolated
molecule.

IV. Applying the Electron-Transfer Picture:
Photodissociation of b— (COy),
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Figure 7. Effect of solvation on dihalide electronic structure at intermediate to long bond lengths, in the limit of larg@dpircoupling (Hund’s
Case (c)). Center: energy levels of isolatedH | in its two lowest electronic states. Left hand panel: diabatic energy vs solvent coordidate,
Right-hand panel: adiabatic states associated with molecular state labgls States B, Aand a exhibit anomalous charge flow. Arrows depict
relaxation pathways observed in trajectories.

Figure 7; indeed, we do not even know over what rang&®f internuclear distance. On the' Atate, they occupy different
these curves are accurately represented by parabolas. Theegions for the two cluster sizes: for= 16 they lie in a narrow
simplest versions of Marcus theory provide analytical formulas strip neafA®| = 0, whereas fon = 9 they pass from large to
for these quantities, but these derive from a dielectric continuum small |A®| as they move out to large. These patterns can be
description of the solvent which is not appropriate for our understood with reference to the Marcus curves in Figure 7.
systems. In principle we could calculate free energy surfacesBoth X and A states show “normal” charge flow, so a cross-
for the solvated ion, by carrying out Monte Carlo or equilibrium  section through their potential surfaces at laRferms a double
molecular dynamics simulations in whicR and A® are well which confines trajectories to larg®|. The X state
constrained while the microscopic degrees of freedom are reverts to a single well at sma® where the electronic coupling
averaged over. In practice it is easier to plot trajectory ensemblesoverwhelms the solvation energy. This does not happen in the
in the R, A®) plane, and to use the patterns that emerge from A state because the electronic coupling is much weakestead
these figures to infer the shapes of the effective potentials thatone finds “solvent-separated pairs” consisting of aimh bound
determine the dynamics. to several C@molecules and an | atom. Since thestate shows
Near-IR Photodissociation: Solvent Dynamics on Multiple anomalous charge flow, it has a single well in the solvent
Potential Surfaces.In Figure 8 we plot trajectory ensembles coordinate. Fon = 16, |A®| starts out small since the initial
for the photodissociation okt clustered with 16 and with 9  cluster geometries are nearly symmetric, and remains small until
CO, molecules, following excitation at 790 nm. Since 16 O the trajectories hop to another state. Rer 9, the initial values
molecules form a closed shell aroungd ,l the initial solvent of A® span a much larger range, but trajectories that start with
environment is nearly symmetric, and the ensemble averagedlarge|A®| are quickly focused in to smaJA®| at largeR.
value of |[A®| is about 100 meV. In contrast, at= 9 |AD|O With these patterns in mind, we can sketch the history of the
exceeds 600 meV, corresponding to highly asymmetric, open- ensembles. After excitation to the' Atate, trajectories are
shelled structures. The three panels shown for each cluster sizéunneled in toward the minimum aA®| = 0 as they move
partition the trajectories based on electronic state. All trajectories outward inR. The long-range attraction between the departing
begin in the A state, shown in the top panel,Rfue= 3.3 A. I~ and the residual cluster prevents direct dissociation on this
Upon reaching the coupling regions marked with ovals, anomalous state, so trajectories hop to the normal A and X
trajectories make transitions to the lower-lying A and X states, states, where they find themselves on top of a potential ridge.
shown on the left and right, respectively. Transitions between They then rush out to largeA®|, as the solvent pursues the
these two lower states can also occur in the regions outlinedlocalizing charge. Trajectories on the A state form solvent-
with rectangles. separated pairs which either dissociate by thermal evaporation
Before discussing the dynamics in detail, we point out some of I, or hop to the X state. Trajectories on the X state lose energy
large-scale features in Figure 8. Trajectories fill out differently through vibrational relaxation, and eventually reach the strong
shaped regions regions on the three electronic states. On the Aelectronic coupling regime where the charge distribution
state, they are concentrated at large valueR ahd |A®|. On becomes delocalized again while the solvent adopts a symmetric
the X state, they form a horseshoe profile in whict®| is configuration.
large wherRis large, but small wheR is near the equilibrium UV Photodissociation: Spin-orbit Quenching via Solvent-
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Figure 8. Dynamics of an ensemble of 41 trajectories projected onto the solute bond length and the solvent coordirraté8di) andn = 9

(b). Trajectories begin in the 'Astate atRsoue = 3.3 A and undergo transitions to the lower states in the regions indicated with ovatsXA

coupling regions are marked with rectangles. The apparent favoring of the right side of the A state in (b) is due to the few trajectories that remain
trapped for a long time.

mediated Electron Transfer. The electron-transfer perspective  cross section for quenching of I* in gas-phase collisions with
gives us an attractive physical picture with which to interpret CO, is extremely sma#? However, this argument ignores the

the results of the near-IR photodissociation experiments. Theinfluence of the solvent on the solute electronic structure. In
true measure of the value of a hypothesis, however, is its ability | ,-(co,), clusters the solvation energy is about 0.25 eV per

to predict new and unexpected phenomena. Recent experimentg:02 molecule, so that energy shifts on the order of one eV are

on photodissociation ot m_th_e near UV have enabled us to easily achieved, and since “normal” and “anomalous” states
make and test such a prediction.

Let us return to the potential energy curves in Figure 1. move.in opposite directions ir'1 response to an asymmetrip
Excitation of b~ at 350 nm puts the molecule on the B state, solvation environment, these :_shlfts can bring together electronic
which correlates adiabatically to K I*. The very large energy ~ States that are very far apart in the isolated molecule. On these
gap between | and I* leads one to expect little or no nonadiabatic grounds, Maslen et &.argued that a solvent-induced resonance
relaxation during UV dissociation of the isolated molecule, and between the normal atate and the anomalous state could
this expectation is confirmed by experiméftuntil recently, provide a mechanism for efficient sphorbit quenching in
it was generally believed that electronic relaxation would also solvated }.
be extremely inefficient in,I~ clustered with CQ, since the
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Figure 9. Probability of spir-orbit quenching following photodisso-
ciation of L=(CO), 350 nm. The quenched products either recombine
or dissociate to iodide- ground-state | atoms. The structure in the
experimental profile is real and reproducible.

The Marcus curves in Figure 7 provide further insight into
the quenching mechanism. The solvent-induced intersection
between the 'aand A states corresponds, in the diabatic
representation, to a point where the difference between the
solvation energy of the'lion and the | neutral is approximately
equal to the atomic spinorbit energy of I*. A passage through
the crossing then corresponds to the resonant transfer of a
electron from a solvated1 to an h* atom on the outside of
the cluster, resulting ilI- on the outside anglin its electronic
ground state on the inside. After charge transfer the solute finds
itself in an extremely unfavorable solvation environmettite
electronic energy has been converted into solvent potential
energy—and the cluster quickly evaporates several,®@l-

ecules as the solvent tries to reorganize. One can also infer from

Figure 7 that there should be threshold for spin—orbit
guenching as a function of cluster size, since in very smal
clusters there will not be enough solvent available to b
into the neighborhood of 1 eV.

To quantify these predictions, we turn to the simulations.
Figure 9 shows our calculated spiorbit quenching prob-
abilities, together with the experimental results of Sanov &t al.
Both simulation and experiment display a sharp threshold near
n = 8. For larger n, simulation and experiment follow similar

trends although the quantitative discrepancies are larger than

for near-IR photodissociation (Figure 3), suggesting that the

simulation model is less accurate at higher energies. An

extensive analysis of the simulation results in terms of the

multistate Marcus picture has been published elsewtere.
Absorption Recovery Experiments: A New Interpretation.

For our final illustration, we turn to the time-resolved pump

probe studies of solvated, carried out by Lineberger and

n

Parson et al.

of the recombined photofragments. If one assumes that all of
the energy of an absorbed photon is eventually transferred into
the intramolecular degrees of freedom of the solvent, and
eventually dissipated by evaporation, a cluster that absorbs both
pump and probe photons can evaporate about twice as many
solvent molecules as one which absorbs only the pump photon,
so the photofragment mass spectrum contains well-defined “one
photon” and “two photon” peaks. Despite these differences, the
results of the two sets of experiments are broadly similar: in
all solvents except Ar, the probe absorption grows in on a time
scale of 16-20 ps, and in some solvents a transient peak
occurring at about 2 ps after excitation is superimposed on this
rise. In Ar, the overall rise time exceeds 100 ps, and no transient
peak is seen.

The overall trend in the probe absorption was attributed by
both experimental groups to recombination of dn the ground
electronic state. The 20 ps rise time then reflects a composite
time scale for the complete process of photodissociation,
recombination, electronic relaxation, and vibrational relaxation,
yielding I, chromophores near their equilibrium geometry. This
interpretation has been confirmed by the FPES experirteiits
and by simulation8? The rise time is much longer in the Ar
clusters because most of the solvent is lost by evaporation during
the recombination and relaxation process, so that vibrational
relaxation becomes very slo#145” The origin of the 2 ps
transient, however, could not be established from the experi-
ments alone. It seemed unlikely that both the overall rise and
the transient were due to the same electronic transition, since
the time scales were so different, and the Barbara group
confirmed this by showing that when the system was dissociated
at 790 nm and the absorption recovery monitored in the
ultraviolet (i.e., using the X— B transition), the overall rise
remained but the transient disappeared. After ruling out several
possibilities on the basis of the polarization dependence of the
signal, Papanikolas et &toncluded that the transient peak was
due to absorption from the A state to the a state. In this view,
the transient arises when a portion of the photodissociation
ensemble recombines on the A state, producing a wave packet
that absorbs when it reaches the inner turning point. Subsequent
experiments-13-15 and simulation®-57.5% demonstrated that
A-state recombination did indeed take place, but a closer
examination of the simulations revealed that the dynamics on
this state was diffusive rather than coherent, with trajectories
spreading out over a wide range of solvent and solute configura-
tions rather than forming a tight bundle moving toward the inner
wall. Moreover, the energy gap between the A and a states along
the simulation trajectories was always much smaller than the
energy of the 720 nm probe photon. Thus, while the A state
was populated, this did not seem to provide a plausible origin
for the 2 ps absorption peak.

co-workers in mass-selected clusters and by Barbara and co- We have recently propos& that the transient peak is due
workers in the solution phase. In these experiments, a short pulsgo absorption from highly excited vibrational states of the ground
dissociates the chromophore, and a second, delayed pulse probeglectronic state to the spirorbit excited aand B states. This

for its reappearance as the atoms recombine. While similar in
concept, the two sets of experiments differ in significant
respects. The cluster experiments use only small solvent
molecules such as Ar, GQand OCS, and are carried out at
temperatures of about 60 K, whereas the liquid-phase experi-

possibility had been considered by Papanikolas &2%abut
tentatively ruled out on the grounds that absorption into these
states would not yield the observed two-photon fragments, since
no mechanism was known that could quench the -spiit
excitation energy in the'and B states into the intracluster

ments use larger solvent molecules such as dioxane as well agnodes. The subsequent discovery that spirbit quenching is

small ones like water, and are carried out at room temperature.actually highly efficient led us to reexamine this alternative
There is also an important difference in the way that the probe assignment of the probe transition, and using large-scale
absorption is detected: in the solution experiments the attenu-molecular dynamics simulations we were able to provide
ation of the transmitted light is measured directly, whereas in compelling evidence for it? Figure 10 compares our simulated
the cluster experiments it is inferred from the mass spectrum absorption recovery signal with the experiments of Papanikolas
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A D equilibrium internuclear geometry, in accord with the accepted
view that they originate from vibrationally relaxed™! In

. contrast, the transitions to the spiarbit excited states take

. | place atR ~ 4A, corresponding to highly vibrationally excited

° states of 4~. The precise location of this absorption window,
and thus the shape of the transient, can be adjusted by varying
| ] the probe wavelength; this has been seen by Barbara and co-
o workers!® and our simulations provide new insights into the

‘ ‘ , , _ interpretation of those experiments.

0 10 20 30 40 50 Further examination of Figure 11 shows that the two
electronic transitions that contribute to the transient peak
0.5 T T ' originate from different regions of solvent configuration space.
The shapes of these regions can be understood in terms of two
functions ofR andA®, the energy gap\U between the initial

and final states, and the transition dipole mometitat connects
them. Let us first consider the energy gap. In the quasiclassical
approximatiof®5482 a trajectory can only contribute to the
absorption signal if the energy gap is near to resonance with
the probe frequency. The probe absorption regions should thus
lie along the curves that satisfy the equatidd(R, A®P) = hw.

The & and X states both exhibit normal charge flow, so their
potential energy surfaces have the characteristic double-well
shape shown in Figure 7. Since the two surfaces are roughly
parallel, the energy gap depends only weakly/o®, so the

] ) ] region of strong X— & absorption lies along a horizontal line
Figure 10. Absorption recovery of " COw. (a) Comparison of iy the R Ad) plane. In contrast, the B state surface has the

experimental (dots) and simulated (line) signals. Simulated signal is _. ) -
from 100-trajectory ensemble and reaches its asymptotic value betweenSlngle well shape characteristic of anomalous charge flow. The

60 and 80 ps. (b) Solid line is the total simulated signal from a 250- €Nergy gap between X and B thus depends stronglx®nso
trajectory ensemble, dots are the experimental data. Dashed line is thét iS necessary to vary botR and A to hold AU fixed. Since
contribution from the X A’ transition. The transient feature at 2 ps  the gap increases as one moves away froinat fixedR, and
is due to X— & and X— B transitions, shown respectively by the  shrinks as one moves to larg& at fixed A®, the curves
open circles and filled squares. corresponding to fixedhU bend outward as seen in Figure 11.
The disappearance of the-% & transition nean® = 0 is a

05

absorption

absorption

time (ps)

5 ' ‘ transition dipole effect: in the isolated molecule, or in a perfectly
| symmetric solvation environment, the X aricdstates both have
. X B ungerade symmetry so the transition is forbidden. In an
< LS ot | 4 g asymmetric environment the solute wave functions are polarized,
2 Creotyos Oa lifting this selection rule, and for largA® the X — & and X
n:g — B transitions have approximately equal intrinsic intensities.
[ ‘ ‘ V. Conclusion

-1.5 -0.5 0.5 15 The examples discussed in this article illustrate the crucial

solvent coordinate (eV) role played by solvent-induced charge flow in the photodisso-

Figure 11. Location of strong, 720 nm absorption regions in tRe ( ciation and recombination of dihalide ions in clusters and in
A®) plane. Transitions originate on the X state and end on tH&'s), solution. Since the solvent strongly perturbs the solute electronic

a (open circles), and B (filled circles) states. Arrow represents strycture, interpretations of the experiments that are based on
simplified pathway for trajectories recombining on the X state. the potential energy curves of the isolated solute can lead to a
et al® While the simulation overestimates the rise time for the qualitatively inaccurate physical picture. On the other hand, our
main absorption recovery, it clearly reproduces the transient experience with solvation effects in electronic ground states must
absorption feature at 2 ps, and this transient is seen to arisebe also applied with caution, since not only the magnitude but
entirely from transitions to the spirorbit excited states. also the direction of the solvent-induced charge flow is strongly
This reassignment leads to a new physical picture, in which state-dependent. We have found that the electron-transfer
the transient peak occurs as the | andragments first begin perspective, first introduced to clarify the mechanism behind
to recombine, rather than at the inner turning point. The transient fast vibrational relaxation in the electron ground stét¥;°
thus probes regions of the potential surface in which solvent enables us to construct a comprehensive picture of charge flow
effects on the solute electronic structure are particularly strong. and solvent dynamics on the entire manifold of coupled potential
Once again, the Marcus picture and the associated two-energy surfaces. Unusual phenomena such as “anomalous”
dimensional trajectory maps help us to visualize the experi- charge flow and ultrafast spitorbit quenching receive simple,
mental consequences of these effects. In Figure 11 we monitortransparent physical explanations when viewed in this light.
the solute bond lengtR and the solvent coordinate® along The electron transfer perspective emphasizes the role of
each trajectory in a photodissociation ensemble, and plot thoseasymmetry in the local environment around the polarizable
points for which the contribution to the probe absorption exceeds solute, and the Marcus solvent coordinate provides a quantitative
a threshold value. We see that the-XA' transitions, which measure of this asymmetry. The simple patterns that emerge
determine the overall absorption recovery, occur near the from the trajectory maps in section IV show that this definition
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of a solvent coordinate is a useful one for these systems. Thereso that the solvent coordinate can reach larger values. Clusters
are undoubtedly problems in condensed-phase reaction dynamicsan thus provide us with model systems in which some solvation
for which a different choice will be more appropriate. For this effects are accentuated, rather than diminished, with respect to
reason we believe that it is important to separate the methodsthe condensed phase.

used to simulate the dynamics from the concepts used to
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is required in modeling the present problems in this fashion; 2781)6%%”“3‘“' B. J.; Zanni, M. T.; Neumark, D. Mcience1997
for example, one ought not to define the primary subsystem to  (12) zanni, M. T.; Taylor, T. R.; Greenblatt, B. J.; Soep, B.; Neumark,
be the solute anion, since it is strongly coupled to the solvent. D. M. J. Chem. Phys1997, 107, 7613. _
However, a larger primary subsystem that consists of the S°|Utelg§173)10%re1%qblatt’ B. J.; Zanni, M. T.; Neumark, D. Maraday Discuss.
together with the solvent asymmetry coordinate would appear (1’4) Greenblatt, B. J.: Zanni, M. T.: Neumark, D. NL. Chem. Phys.
to provide a suitable model, although it will be computationally 1999 111, 10566.

demanding to simulate since the density matrix of a two-degree _ (15) Greenblatt, B. J.; Zanni, M. T.; Neumark, D. NL. Chem. Phys.

; ; 2000 112, 601.
of freedom system is a very large object. (16) Johnson, A. E.; Levinger, N. E.; Barbara, P.JF.Phys. Chem.

We close with some remarks on the use of cluster experiments1992 96, 7841.
and simulations for elucidating chemical dynamics in complex 19%7)17'“5”?2% J.; Kimura, Y.; Walhout, P. K.; Barbara, P.Ghem. Phys.
enwroqments. Qne frequently hears that clusters are suppose (18) Kliner, D. A. V.: Alfano, J. C. Barbara, P. B. Chem. Phys1993
to provide “a bridge between the gas and the condensed phase”gs, 5375.
One might infer from such statements that the properties of finite h(l9)c\r/‘Va|h1%tg. F;gK% SAESIgano, J. C.; Thakur, K. A. M.; Barbara, P.JF.
clusters should lie between those of isolated molecules and thosé” {256) Ffamnck’ ? Rabinowitch, Eirans. Faraday Socl934 30, 120,
of extended systems. This often turns out to be -trice (21) Zimmerman, J.; Noyes, R. M. Chem. PhysL95Q 21, 2086.
example, the ionization potentials and electron affinities of metal  (22) Chuang, T.; Hoffman, G.; Eisenthal, Khem. Phys. Lett1974
clusters both converge to the bulk work function as the cluster 25 201. _ e
size increases. In other respects, however, a cluster is betteﬁgzg?)sg""gg'f’ A. L Brown, J. K.; Harris, C. Bannu. Re. Phys. Chem.
described as a distinct phase of matter with its own characteristic (24 Liu, Q.; Wang, J.-K.; Zewail, A. HNature 1993 364, 427.
properties. For example, the asymmetry of the local environment ~ (25) Zadoyan, R.; Li, Z.; Martens, C.; Apkarian, ¥.Chem. Physl994
around a solute anion can be much more extreme in a clusterlo%zgfféﬁsta V. S.: Coker, D. Al Chem. Phys1997 106, 6923
than in a bulk fluid, since in the cluster one can have solvent 57y vorsa, Vv.; Campagnola, P. J.; Nandi, SY; Larsson, M.; Lineberger,

molecules on one side of the solute and vacuum on the other,w. C. J. Chem. Phys1996 105, 2298.

Both our conceptual models and our simulations rely heavily
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