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Photodissociation and recombination of solvated | > What causes
the transient absorption peak?
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Using nonadiabatic molecular dynamics simulations, we present evidence that the 2 ps peak in the
pump—probe spectrum of Idissociated inside CQclusters is due to transitions from the ground

state to the spin—orbit excited states, rather than to excited-state absorption as previously assigned.
© 1999 American Institute of Physids50021-960809)02426-3

I. INTRODUCTION absorption recovery has never been conclusively identified.
elaineberger and co-workers originally ascribed it to absorp-

. Seven years ago, Lmeberger an_d co—worker; obs_ery tion from the inner wall of the weakly bourdl state to the
evidence of coherent nuclear motion in the photod|ssomat|orr1]i her-lying a state(Fig. 1). This assignment is consistent
and recombination of,l clustered with C@.*~%In their ex- gher-lying g- Y. 9

periment, a 720 nm pulse excites the dhromophore to its with the polarization dependence of the signal, which shows

repulsiveA’ state(Fig. 1). Dissociation of the chromophore that the as_sociated_transition moment is parallgl to the intgr-
makes the cluster transparent, allowing recombination to bguclear axis, and with the solution-phase experiments, which
monitored with a subsequent 720 nm probe pulse. Since tH@und that the transient disappeared when the system was
excited clusters dispose of their excess energy by evapor&robed with UV radiatiorf. The FPES experimerifsand the
tion, the mass spectrum of the ionic photofragments enablegimulations>****did find significantA-state recombination,
one to identify those clusters which have absorbed botfput in the simulations thé-state dynamics was observed to
pulses. By measuring the intensity of this two-photon prod-be diffusive rather than coherent, and the trajectories did not
uct channel as a function of time delay between pump an@ppear to find regions where tife—a transition might be
probe, Lineberger and co-workers determined the overallesonant with the probe. Instead, the simulations found that a
time scale for dissociation, recombination, and vibrationalsignificant fraction of the ensemble recombined in the
relaxation of the solvated ion. The most striking result ofground state on this time scale. This suggests that the tran-
these experiments was a transient peak in the absorption reient might be due to ground-state absorption, but this could
covery at about 2 ps after excitation, which was attributed thot be demonstrated directly since the simulation statistics

the coherent passage of recombining chromophores througliere not sufficient to resolve the finer structures in the ab-
a region of the potential surface characterized by strong ahsgrption recovery?

sorption. A similar feature has been seen in the dissociation |, this communication we present new simulation results

and recombination of;l in liquid solutions: which, we believe, settle this issue. By using a much larger

. These r?x.perm;]entc'js have stlmullatre]zd ag_mtenswe pro%ra'ﬁ‘umber of trajectories than earlier studies, we are able to
of research into the dynamics of Iphotodissociation an resolve the 2 ps transient in the absorption recovery and to

recqmblnauon. Pump.—probe experiments have now beeg'how that it is due to transitions from the ground state to the
carried out on a variety of clustérs as well as liquid

- 4589 . ._spin-orbit excited Band a’ states of J . The absorption
solutions?>*® Measurements of the absorption recovery moccurs at large intemnuclear distanc&s<(3.7 &), as the frag-
particular mass channéfshave yielded information about 9 L 9

the dynamics of the solvent cage during the recombinatiof"€"tS first recombine, not at the inner turning point. This

process. Femtosecond time-resolved photoelectron spectP@SSiPility was considered by Papanikotdsal,™ but tenta-
(FPES''2 have provided complementary insights into thetively ruled out because it requires that the spin—orbit energy

mechanisms of recombination and relaxation in these sy&e efficiently converted into thermal energy of the cluster in
tems. Finally, nonadiabatic molecular dynamics simulationgrder to yield the observed two-photon fragments. The sub-
have Successfu”y reproduced the experimenta| produ(ﬁequent experimenlﬁllg and theoreticé)lp demonstration that

distributionst*~*6time-resolved photoelectron spectfaand ~ spin—orbit quenching is actually extremely efficient in these

the overall absorption recovet§and have led to a detailed Systems, occurring on a time scale of a few ps, removes this
molecular picture of the dynamics. objection. Our new assignment is consistent with the parallel

A crucial element is missing from the picture, however: probe transition moment observed in the clusters, and with
the mechanism that gives rise to the 2 ps transient peak in ththe absencefa 2 pstransient in the UV probe absorption.
Analysis of the simulations using an electron-transfer per-

: i i i 6,20
dAuthor to whom correspondence should be addressed. Electronic maiﬁpecuve_ described in PreV'OUS work shows _that
rparson@jila.colorado.edu solvent-induced perturbations of the solute electronic struc-
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FIG. 1. Scaledhb initio gas phase potential curves fgr.I Arrows mark the
720 nm pump absorptionX(—A’), our assignment of the transient absorp-
tion peak at 2 psX—a’,B), and a previous assignment for the same (
—.a). time (ps)

FIG. 2. Absorption recovery of,ICOy5. (@) Comparison of experimental

. . . . (dot9 and simulatedline) signals. Simulated signal is from 100-trajectory
ture play a crucial role in determining the regions of stronGensemble and reaches its asymptotic value between 60 and &9 alid

absorption. line is the total simulated signal from a 250-trajectory ensemble, dots are the
experimental data. Dashed line is the contribution fromXheA’ transi-
tion. The transient feature at 2 ps is dueXe-a’ and X—B transitions,

Il. METHODS shown, respectively, by the open circles and filled squares.

The simulations are based on an effective Hamiltonian

. . . 1 . .
discussed in detail elsewhef¥" The interaction between The absorption recovery signal is calculated using the
the I, solute and the rigid COsolvent molecules is repre- qyasiclassical prescription of Coker and co-workédé,
sented by an operator that includes state-dependent electiBiong each trajectory, a contribution to the probe absorption
static and induction interactions based @ initio calcula- 5 recorded when the energy gap between the occupied state
tions of the solute electronic structtifeand experimental ang a higher-lying state falls within a Gaussian window
data for the solvent charge distribution and polarizability. around the probe frequency; these contributions are weighted
The one-electron density matrix derived from the solutépy the square of the transition dipole moment connecting
wave fur13ct|qns is expanded in distributed multipole these states. In addition, the signal is convoluted with a
operators?* Diagonal elements of these operators describgayssian pulse in time. In the results reported here the time
the solute charge density in various electronic states, whilgiqth o=150 fs, consistent with the experimental value of
off-diagonal elements describe transition charge densities 120 fs(Ref. 2, and the energy widthr=0.005 a.u(Ref.
that allow the solvent to polarize the solute charge density. IBg) These simulations required much larger trajectory en-
the present application these distributed transition momentsemples than our earlier study of the final product
are also used to assemble the transition dipole matrix el&gistributions'® because only a small portion of the ensemble
ments that determine the optical absorption intensities. Statgyntributes to the absorption signal in a particular time win-
independent atom—atom Lennard-Jones potentials, fit 10 regow, For each cluster size studied, 250 trajectories were
produce known 1-CO, and 1-CQ potential curves!  computed from starting configurations obtained by sampling
account for the dispersion and repulsion interactions betweeg single 2.5 ns trajectory with an average temperature of 80
solute and solvent, while the GECO, interaction potential -k The dissociation and recombination times vary from a
is taken from Murthyet al?® The overall model captures the fa,y picoseconds to over 75 ps in some cases Wheres |

sensitive deperjdence of the solute charge distribution on ﬂl%mporarily trapped in an excited electronic state. Since we
solute electronic state, the solute bond length, and the posiyre primarily interested in short time dynamics most of the
tions and orientations of the solvent molecules. At each tragjmulations were terminated at 20 ps, although we did run
jectory time step the Hamiltonian matrix, which dependsyne ensemble of 100 trajectories out to 100 ps in order to

parametrically upon the coordinates of all the solute and solggtaplish the asymptotic behavior. To compensate for the
vent nuclei, is constructed and diagonalized, yielding the engmajier size of this ensemble. the time width,, was in-
ergies, forces, and nonadiabatic transition probabilities regegsed to 300 fs.

quired to proceed to the next step. Nuclear motion on a

smgle adlgbat|c potential surface is compqted using the V&, RESULTS AND DISCUSSION

locity version of the Verlet algorithm, while hopping be-

tween surfaces is computed using a modified velSio In Fig. 2 we compare our simulated absorption recovery
Tully’'s MDQT method?®:?’ signal with the experiments of Papanikolasal®*° The



454 J. Chem. Phys., Vol. 111, No. 2, 8 July 1999 Delaney, Faeder, and Parson

simulation clearly reproduces the transient absorption feature 5 T .

at 2 ps. We have found the transient in two separate 250-

trajectory simulations of,1(C0O,) 4 photodissociated at 720 — . ’B

nm, in a simulation using a lower pump frequeri@@0 nmnj, 5: 4 [P o tnon . o g
and in simulations ofJl clustered with 10, 12, and 14 GO 3 a
molecules. The feature is less distinct in the smaller clusters, i R OSBRIy <

in agreement with experiment. The intensity of the 2 ps 3 , l A’
bump relative to the overall absorption recovery is lower in -1.5 -0.5 0.5 1.5
the simulation than in the experiment, but this is hard to solvent coordinate (eV)

interpret since the measured two-photon product signal d&=c 3 | ocation of strong, 720 nm absorption regions in the A®)
pends on photofragment branching ratios as well as the tramtane. Transitions originate on thestate and end on th&' (X’s), a’ (open
sition moments for probe absorption; for now we make onlycircles, andB (filled circles states. Arrow represents simplified pathway
qualitative comparison@. for trajectories recombining on th¢ state.

While the short-time dynamics is well reproduced, Fig.
2(a) shows that at longer times the absorption recovery is

significantly slower in the simulations than in the experi-yacord those points for which the contribution of the trajec-
ment. Margulis and Coker found a similar discrepancy intory to the probe absorption exceeds a threshold value. The
their simulation!® and attributed it to trajectories that be- resulting plot, Fig. 3, displays the solute and solvent configu-
come trapped in the intermediatestate for long times be- rations that give rise to the various components of the probe
fore relaxing to the ground staté-state trapping was also apsorption. TheX—A’ transitions occur primarily near the
seen in our own previous stud9in which we calculated the ~ equilibrium bond distance, confirming the view that the over-
time-dependent state populations but not the absorption reg| absorption recovery is due to recombination followed by
covery. While the FPES experiments of Neumark and coviprational relaxation on the ground state. The transitions to
workers provide evidence tha-state recombination does the spin—orbit excited’ andB states occur at larger inter-
indeed occut? the associated spectral features disappear in gyclear distances, as Fecombines. Since both theanda’

few ps, implying that both simulations underestimate the ratetates haveingeradesymmetry in the isolated molecule, the
of A—X electronic quenching. Since the two simulation X35’ transition is forbidden an®=0 but becomes al-
models are constructed in very different ways, we infer thalowed in highly asymmetric solvent environments. TKe
the disagreement with experiment is due to some physical,B transition, in contrast, is strongest in symmetric envi-
approximation common to both, such as the neglect of inronments. A more extensive analysis of the influence of the
tramolecular CQ vibrations, rather than to incidental details solvent on the probe absorption spectrum will be included in
of the potentials. a future publication.

In Fig. 2(b) we decompose the total absorption accord-  Figures 2 and 3 lead to a physical picture for the
ing to the final states involved in the transitions. While thephotodissociation/recombination process that ties together
overall rise is dominated by absorption from the ground statehe insights derived from earlier studies. After dissociation,
to the A’ excited statdthe same transition that initially dis- some members of the ensemble temporarily recombine on
sociated the moleculethe 2 ps transient is entirely due to the A state, while others hop directly to the ground state in
transitions from the ground state to tlé and B excited less than 2 p®'8As | and I" recombine on th& state, they
states, which correlate to spin-orbit excited iodin&)(1Al- pass through the strong— (a’,B) absorption region aR
though theA state is populated, transitions originating on =3.7—4.5 A. This initial coherent passage gives rise to the 2
this state make a negligible contribution to the signal, beps transient peak. Since the recombingddses energy very
cause trajectories on th& state never find regions where readily to the solvent, particularly near the top of the ground
such transitions would be resonant at 720 nm. By varying thatate welP3233 it never returns to the larg@- absorption
probe frequency in our simulations, we have found that theegion, so the transient is not repeated. Instead, the solute
strong A—a transition does begin to contribute to the ab- relaxes vibrationally, giving rise to the ma¥— A’ absorp-
sorption signal at wavelengths longer than about 1100 nntion recovery. This vibrational relaxation, which is accompa-
This suggests that th&-state population could be monitored nied by a loss of coherence in the ensemble, is very rapid; we
by probing the system with infrared radiation, which could estimate a vibrational lifetime of about 3.8 ps near the bot-
provide information about th&— X quenching rate comple- tom of the X-state well, which is very similar to the 3—6 ps
mentary to that derived from the FPES experiments. lifetimes found in liquid solutions In contrast, the time

To further elucidate the origin of the 2 ps peak, we mapscale for electronic quenching of tiestate is tens of pico-
the trajectories using two coordinate®, the solute seconds in the simulations. At longer times the simulated
bondlength, and ®, a collective solvent coordinate defined absorption recovery is therefore dominated by the slow
as the change in energy when a unit charge is moved frortransfer of population from th& state to theX state, rather
one | atom to the other holding all nuclear coordinates fixedthan by X-state vibrational relaxatiolf. Since the simula-
The magnitude ofA® is small for symmetric solvent con- tions appear to underestimate thestate quenching rate, it is
figurations around the solute, and large for asymmetric conlikely that in the experiment the time scales are less well
figurations in which one | atom is preferentially solvated. Weseparated, so that both electronic and vibrational relaxation
monitor R and A® along the simulation trajectories and contribute to the absorption recovery.
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