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In this paper we investigate thg state predissociation and subsequent geminate recombination of
photoexcited iodine in liquid xenon using a coupled quantum-classical molecular dynamics method
and a model Hamiltonian gained from the diatomics-in-molecules semiempirical approach to
excited state electronic structure including spin-orbit coupling. We explore the capabilities of these
techniques as applied to studying the dynamics of realistic condensed phase reactions by comparing
with available experimental data from recent ultrafast spectroscopic studies and Raman scattering
measurements. We present a microscopic understanding of how the solvent perturbs the electronic
states of the chromophore and opens various channels for dissociation from the bound Bxcited
state. We survey the different possible dissociative channels and determine their relative importance
as a function of solvent density. We find that predissociation usually occurs during the first bond
extension within about 50—-100 fs. We follow our trajectories out to 2 ps and observe early solvent
collisions which, at the highest solvent densities studied, often result in geminate recombination to
the excited boundA’ state with in this time. ©1996 American Institute of Physics.
[S0021-960626)03133-9

I. INTRODUCTION studied in detafi> and the life time of this state under these
conditions is on the microsecond time scill solution,
The photodissociation and geminate recombination, of I however, recent ultrafast spectroscopic experinféneveal
in solution is regarded as the paradigm for excited state cony 5t the B state undergoes nonadiabatic predissociation
densed phase chemical reactions and has been studied extgpa.. 200-300 femtoseconds of photoexcitation. THis

sively, both experimentally and theoretically. Much of the state predissociation thus occurs due to solvent-induced cou-

egrller vyork in this area '? summanzgd n the excellent re'plings to dissociative states which, in the gas phase, are very
view article by Harriset al.- The experiment involves pho-

toexcitation from the groun& state of } to below the dis weak.
o : ; g The geminate recombination dynamics afBestate pre-
sociation threshold of its excited bound state, rapid g y b

. . . . ! ... dissociation is fundamentally nonadiabatic and results from
electronically nonadiabatic relaxation to some dissociativ

. : LN . She strong influences of solvent on the couplings between
state, then further nonadiabatic motion involving solvent . . .
surfaces. Picosecond experiments of Harris and

caging of the dissociating fragments and recombination on o .
ging g frag -worker€=! have revealed that recombination occurs in

various possible bound state surfaces followed by vibrationa\(fO : o .
relaxation ess than 2 ps in a dense liquid environment, and work from

H 9,10,12-15 ~: ’ H
In this paper, we focus on the first two picoseconds of /arous groups points to theA” state as being the

dynamics after photoexcitation. Thus, we explore the earliednost likely gtate into which recombination takes place unFier
time processes involved in the interconversion from bounc}he_se conditions, thougk a”O_'A rsé‘;tﬁ recombination possi-
excited state motion over tH state onto some dissociative Pilitiés have also been considered:™ Recent femtosecond

surface leading to the separation of atomic fragments. Withi§XPeriments*”on I, in rare gas clusters and matrices indi-
2 ps in a dense liquid environment, these hot atoms caRates that solvent caging and recombination in fact occurs
collide with neighboring solvent molecules, give up some ofVery quickly in only about 600 fs and exhibits coherent vi-
their energy and perhaps reform an excited iodine molecul€rations on theA or A’ states. The influence of pressure on
in some bound state. We thus concern ourselves specifically Predissociation, geminate recombination, and vibra-
with the microscopic description of the solvent interactionstional relaxation in the gas-to-liquid transition region in a
and dynamics responsible for both the predissociation andariety of rare gas solvents has recently been explored
recombination processes central to this early time photoexexperimentally:>!#°This last reference also reviews much
cited dynamics. In this paper, we will explore these pro-of the more recent experimental work on this system using
cesses in liquid xenon, as a function of solvent density. Wdemtosecond time resolved techniques. The longer time vi-
believe the qualitative picture we find in this solvent is gen-brational relaxation of the recombinegrholecule in dense
erally applicable to other nonpolar solvents. liquid environments has been studied extensively both

Remarkably, even the earliest time nonadiabatic transiexperimentally!?%?*and theoretical§?~32 and in this pa-
tions coupling the bounB state motion onto the dissociative per we will not consider these longer time processes.
surfaces are strongly influenced by the solvent. The excited Many early calculations on the geminate recombination
B state motion of free;imolecules in the gas phase has beernand curve crossing dynamics gfih solution used Langevin
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dynamic$®~3° methods to treat the effects of a continuum dynamics during which the predissociating fragments collide
solvent on the excited state motion. These early exploratoryith neighboring solvent molecules and undergo recombina-
studies gave a qualitative understanding of the effects of intion. We study the density dependence of these processes.
cluding dynamics over many coupled surfaces on recombiThe paper is concluded in Section IV where we compare the
nation. The microscopic treatment offered by molecular dyJredictions of our calculations with results of ultrafast fem-
namics methods in principle should provide a completetosecond and Raman scattering experiments.

understanding of the predissociation and geminate recombi-

nation process.

Early molecular dynamic§MD) calculations on this
systeni™>2931324%yere restricted to studies of vibrational re-
laxation or adiabatic caging dynamics since methods for inA- DIM method
corporating electronic transitions in molecular dynamics  The diatomics-in-molecules metha®IM) is a semi-
were not well developed. Recently, however, there havegmpirical approach developed by Elli$8r°for computing
and continue to be significant developments in thispotential energy surface®ES of the ground and excited
area!'~"’ This paper describes the application of thesestates of polyatomic systems from diatomic potentials. It is
methods’*“>%*~"together with the diatomics in molecules closely related to the semiempirical extended valence bond
(DIM) semiempirical electronic structure method for describ-(EvB) method&®°1~%®and is ideally suitable for studies of

ing the many coupled electronic surfaces, to study iodinghe dynamics of a variety of chemical reactions.
photodissociation and geminate recombination in solution. In our implementation of the method, the Satlirmer
Recent studies have begun to explore the usefulness efuation is formulated in terms of potentials of the constitu-
DIM like semiempirical electronic structure methods to treatent atomic and diatomic fragments for the system of an io-
nonadiabatic photodissociation dynamics in condensed phagghe molecule embedded in liquid xenon, which is repre-
systems: Gersonde and Gabriel have studiedrCkenon’®  sented here as ¥&xe®@---xeM| D@ Spin-orbit coupling,
and recent %léodies qgi-state atoms in rare-gas matrices by electron correlation and hyperfine interactions in the iodine
Gerberet al.”™"" are examples. These studies have ignoregnolecule are incorporated by using proper potentials for the
Spin-orbit interactions and used methods which only apprOXicorresponding electronic states of the molecule.
mately handle electronic phase coherence during the nona- The time dependent electronic wave function of the
diabatic dynamics of the system. Apkariahal® have in-  polyatomic systemy(t), is expanded in terms of a canonical

vestigated spectroscopy of spin-orbit transitions of iodineset of valence bondVB) adiabatic state wave functions,
atoms in crystalline Xe and Kr as well as the adiabatic dy-¢,(t),

namics of } in solid Kr following its dissociative excitation
on theA(?I1,,) surface®®-8

The aim of our study is not only to develop an under- ‘/’(t)ZEK a(t) dx(b). (2.9)
standing of how solvent influences electronic nonadiabatic-
ity, but also to explore the capabilities of nonadiabatic MDWe shall discuss the evolution of the dynamical coefficients
methods and semiempirical electronic structure techniques ag(t) later in this section, here however we show how the
applied to studying the dynamics of realistic condensedIM approach is used to obtain the VB functiots.
phase reactions through direct comparisons with experimen-  Within the DIM formulation these VB wave functions,
tal findings for this well studied system. ¢(t), are written in terms of polyatomic basis functions

The paper is organized as follows: Our implementation(pbf's), D,
of DIM semiempirical electronic structure techniques to
compute the coupled potential energy surfaces, @ solu-
tion including the effects of spin-orbit coupling is detailed in ¢k(t):; Py
ssction Il A, use of the DIM eigenvectors and eigenvalues to
compute nonadiabatic coupling vectors, nuclear forces fowhere expansion coefficient$,;, are the DIM eigenvec-
the different electronic potential surfaces, and the electronitors. The pbf's are products of atomic and diatomic func-
subsystem quantal propagator is described in Section Il B. Itions, that are ultimately written as linear combinations of
Section Il C we summarize our application of the nonadiasimple products of atomic functior(spaf’s, and which are
batic MD method for this system. The results of our calcu-assumed to be eigenfunctions of their respective atomic and
lations are presented in Section Ill. First in Section Il A, we diatomic Hamiltonians with eigenvalues equal to experimen-
survey the different channels which our nonadiabatic MDtal energies.
calculations predict are responsible Brstate predissocia- Xenon atoms are restricted to be in the ground state and
tion in solution. Next, in Section Ill B, we study the proper- are represented by a singdefunction since they have af
ties of the DIM Hamiltonian of the,--Xe cluster system to symmetry closed shell. lodine atoms havesymmetry and
explore whether the predissociation channels predicted frorare represented witRP functions. The polyatomic basis
our nonadiabatic MD calculations in solution can be under{functions, ®;, are written as antisymmetrized products of
stood in terms of the off-diagonal elements of the bimolecu-S-symmetrical functions of the xenon atoms afifl group
lar cluster. Finally, in Section Il C we study the longer time functions of the iodine molecule,

IIl. METHODS

(2.2
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L of the bond. Consequently, the 23 Hund’s césecovalent
0J =ALDT] |s1, (2.3 molecular states form a basis set of 36 states due to degen-
i=1 :
eracies.
where the index indicates the electronic state of. IThe The energy levels of the system are obtained now in the
A X36.

lows us to omit the antisymmetrization operatdr, render- .

ing the polyatomic wave function as a simple product of ~ 1Nn€ neglect of exchange effects allows us to write the

atomic and diatomic group functions. The error arising fromMelecular basis functions as simple products of the non-

this approximation is proportional to the square of the over2Veriapping atomic wave functions of the two interacting

lap integrals and has been shown to be small in DIM calcuidin€ atoms. There is a well known scheme for building up

lations of halogen atoms in nobel gas&s. these functions and assigning the g/u character in gefm’_ral
We limit our basis set to covalent configurations, ne-th€ +/— character when1=0) that can be found in

ve ll . ova 01-103
glecting ion pair states for the iodine molecule as well ageferences!

ionic states that involve the positive charge delocalization in ~ DU€ to the lack of interatomicatomic-diatomi¢ elec-
the solvent. This is justified by the fact that ionic states lieifOn Permutations in the polyatomic functiofBOAO ver-

~4 eV above any of the states of interest in the early timeon of Ed.(2.3)], the Hamiltonian of the system can be
dynamics in solutior:1® The inclusion of ionic states does partitioned into interatomic and atomic terms according to

not present theoretical obstacles but unnecessarily increases .
the computational effort in the MD simulation. H=2> > H&D—n> H®), (2.5
. . K L>K K

In our basis set for the,Imolecule, we include 23
Hund’s case(c) covalent molecular stateg(). These are whereH®) is the Hamiltonian operator of ato and con-
presented in Table | distributed in three blocks according tdains all kinetic energy operators and intra-atomic potential
their different dissociation limits. They are classified amongenergy terms that depend solely on the position of akom
different symmetry species not only according to césge and on the coordinates of those electrons initially assigned to
type classification but also according to cas® (b) or  this atom. Similarly,HKY is the Hamiltonian operator ap-
Q) —s type. The latter has a well defined meaning only forpropriate for the isolated diatomic fragmefL.
fairly small internuclear separatiorR,_,, while the caséc) The diatomic fragment Hamiltonian fop,|
classification is applicable for large _, values and are im-  constructed from curves of pair potentials of states listed in
portant for dissociation product correlations. In the first col-Taple I, that are fitted to experimental resdft§;**%r theo-
umn of Table | we identify electronic states according to theretical calculationg®1'1112and which are presented in Fig.
value of the projection of the total angular momentum in the1, These DIM basis states are taken as a diabatic basis for
direction of the bond2=|M®@+M®|, which is the only  which electronic states with the same symmetry can cross.
well defined quantum number when the electric field due toye thus assume that intramolecular coupling of states with
the other atom of the molecule is too weak to disrupt thethe same symmetry is small compared to intermolecular cou-
coupling of orbital and spin atomic angular momertt4d)  pling introduced by the solvent. This approximation is justi-
andS". In the second column of the table, we summarizefied by significant differences in predissociation relaxation

expressions for the diatomic wave functio$)). Any of  rates observed in the gas phase and liquid solufidfis.
these wave functions may be expressed in the basis set of The Hamiltonian for the diatomic fragment®xe( is

1)(2 .
H|( N( ), is

spaf’s, constructed from empirical potenti&ls of the usuals, II
{3@M@)|3OM B andII orientations as described in refereé&The vector
2 is oriented along th&;; vector, I is perpendicular t&
J@B)=3/2 1/2 and located in the plane formed By; and thex axis, while
M@0 = — 3@, _ g@.b)4q - @b 24 s perpendicular to this plan@ee Fig. 2
. In the reference frame of the diatomic fragment this
by the compact expression Hamiltonian is
nj Vv 0 O
=S €, ]IEME@Y| MY o n
s gl PUIIMIEN M)} Hxe—| o vi o |, 2.6
where n{ is the number of the different products 0 0 Vg
b)ag (DAY ]
{[IPME)IPME)} involved in ¢ and theC; y are nu- In order to express this Hamiltonian in the basis set of

merical coefficients summarized in the table. Atomic statesyhe coupled representation of E@.4), we first transform it
[JMyg), are in the total angular momentum representationyom the p states defined in the reference frame of the di-
(coupled representatiprwhereJ=L + S andM is the pro-  giomic fragment, fy; ,piT,Ps), to the fixed reference frame

jection of J in the direction of the bond. States wifh dif-  of the laboratory, g, .py.P,), according to the transforma-
ferent from zero are double degenerate. Each degenergigp

state corresponds to one of the two possible orientations for )
the projection of the total angular momentum in the directon ~ DH""*¢''D~1, 2.7
J. Chem. Phys., Vol. 105, No. 10, 8 September 1996
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TABLE I. Molecular orbitals of }.

Casea orb
Casec type Casec type wave function or —s type

oy N2{3913-9-13- 2132} X155

0g W2IBE-D-13-213) a’, %%y

04 N2 313-H+13-D13D) I,

0y 1V2{|33)] 3fl>+|%f%>|%%>} %54

14 1/\/_{| >|2 3 |2 2>|g%>} a,’M,
W2{3- D139 - 13915- 3

1, W2{B3-+13-213) AT,
N2 3-D139+132 13- D}

1, 132139} I,

{13-213- 2}

2 2 313-13213) I,
W2{3-313-2-13-213-3

2, IN2{139139+ 132139} A,
IN2{3-DI5-D+13- D133}

3, 1350 Ay

13-313-3

0y 39— 2-13- 139+ 13- DI - |3|3- D} 3,

05 A33-2-13-2I3D- 13- D139 +13913- 2} 31,

oy H37-2+13- D130+ 13- D13 +13D13- D) B.Il,

0y A33-D+13-2130-13- 2139 -13913- 2} 5,

14 N2 33— 9-13- 2133} "
wzﬂg—g 2-13913- 3}

14 N2{1 3139 - 13913} g
1/ﬁ{|z—z>|z—z>—|%—%>|%—%>}

1, W23z 2+13-213)) %5
N2{3-D139+13213- D}

1, 1N2{139)|39)+152) 132} 25
M{F—%>|1—1>+|%—%>|%—%>}

24 N2 313D - 139139} ",
1/ﬁ{|z—z>|z—z>—|%—%>|%—%>}

2, 1V2{|39)132)+ 132139} A,
N2{3-DI3-+13-DI3- D)

0g N2 39 3- 9~ 13- 2132} 234

0, 23|32 +13- 139} 2%

1, {13213} 3,

{13- 23—
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Energy(eV)
5
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35E07) 5.6V
ITh) s55ev

Ist  sd4ev y
Azu  53ev
Aza  47ev

W 46ev .
32%(0-) 45ev
I3 44ev

N 4zev i
M,  41ev
MY a1ev
:;I_Ig(O_) 41ev

Zg) 39ev .
a,353(0%) 38ev
a, 1g J4devV
3 2g 3.2eV
N1,  25ev
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Ay 18ev
AT 17eV
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3 35 4 45 5 55 6
Bond Length(A)

FIG. 1. Gas phase potential energy surfaces obtained from various experiments and calculations as described in the text.

where D is the Cartesian rotation matrix with row vectorstransformation matrixD, is defined as the inverse of the
constructed from the projections of the unit vectory, and  Cartesian rotation matrix presented above, where nawd

Z along thell, II, and3 axes(see Fig. 2 j correspond to atom$* and (2.
This Hamiltonian,H'""*¢" is then transformed to the

sin(«) 0 coga) . . .

complexp basis functions, [§,,p,pP_1), defined b

| —cogBicota)  sinB)  cogPsina) |. (2.8 piexp ' i1.P0.P-1) y
P=| —sinprcosa) —cogp) sinpsina) PL=[Ptipy 2,

The HamiltoniarH'"*¢" expressed in the basis setpf 2.9

Po=Pz,
states defined in the fixed reference frame of the laboratory, 0_1=[py—ipy]/\2
(Px.Py.P,). is then transformed to the basis functions de- SR TRy
fined in the reference frame of the iodine molecule accordingccording to the transformation defined by E®.7) where
to the transformation defined by E¢(R.7) where the new this next transformation matriXD, is defined as follows:

12 ily2 0

X:s D=| O 0 1. (2.10
i g 12 —ily2 0
........................ H i .
H'%" is now a 3¢3 matrix in the complexm;) basis
i J set. In order to express it in thex® uncoupled representa-
o tion, |m; mg), we must perform the outer product with the
2 R1 2X2 identity matrix,1,, according to
A ) [Hiu 0 Hyy 0 Hyg 0]
. A
LA ~ |Haa O Hyp O Hyp O
B o S & H®1,= 2.1
% 271 0 Hy O Hyp 0 Ha 213
FIG. 2. Coordinate systems defining rotation matrices which transform
p-orbital basis functions in molecular frame to laboratory frame. L 0 Ha1 O Hz, O Has
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Finally the Hamiltonian is expressed in the coupled representatiivy, according to the transformation defined
by Eq.(2.7), where D is the Clebsh—Gordon matrix defined in the transformation expression below

3 M)y = D Im; my)
f13/2 32 1 [1 O 0 0 0 0 11 12]
1312 1/2) 0 JV1/3 2/13 0 0 o0 11 —1/2)
|3/2 —1/2)| |0 O 0 V213 J1/13 © 0 1/2)
13/2 -3/2)| |0 0 0 0 0 1 0 —1/2)| (212
|1/2  1/2 0 J2/13 —J1/3 © 0 0 -1 1/2)
|12 =1/2) ] 0 o 0 J13  —\2/3 0] L[=1 —1/2)]

Rare gas atoms interact according to tleeground state  cluster system has recently been repotfédResults seem
charge distributions. We represent these interactions with qualitatively similar to our findings on the cluster system
Lennard-Jones potential wit=220 K ando=3.977 A. reported in Section Il B.

The total Hamiltonian is written as the direct sum over
all diatomic-fragment Hamiltonians of the system:

n n B. Computation of approximate nonadiabatic
W@y 2 [(Dyek 2yl _ 2 coupling vectors, adiabatic forces, and the adiabatic
H=H + 16®k21 H +g‘1 H @1s basis set propagator with DIM

n-1 n o As will be outlined in section Il C to implement the sur-
1@ D, > yxelxel (213  face hopping algorithm, we need to compute the nonadia-
=1 j>i batic coupling vectors which can be written in terms of the

adiabatic VB states as follows:
where the constant monoatomic contribution appearing in

Eq. (2.5 is omitted. The energy of the system is calculated {pml VRH| )
relative to the energy of infinitely separated atoms in theDmn={¢m| Vrldn)=—
ground state:

(e—e) Vn#m. (2.15

This is easily shown as discussed in reference 69. Expanding
the VB states in terms of the pbf's according to E22) we
find the following expression for the nonadiabatic coupling
vector
For a minimum effort, the polyatomic energies are cal-
culated by a simple diagonalization procedure requiring no EiEJF;iFnj<CI>i|VRH|<I>J—)
electronic integral evaluations. Dmn=— (em—€n) .
This method neglects three and four center terms in the
Hamiltonian matrix as well as the nonorthogqnality of th_eWe can simplify the above result by making use of the fol-
basis set and the overlap between atomic orbitals belongngwing identity:
to different rare gas atoms or solvent-iodine molecule over-
!ap. These approximations are very common in semiempir- V(@i H|D;) = (Vi [H|D;) +(D;|H|Ved))
ical methods, in particular in the DIM methdd.
In Fig. 3, we show PES of our implementation of the +(®{|VgH|D;). (2.17
DIM model for I, in a perfect xenon fcc crystal. lodine atoms
are placed on thg1,0,0] axis at a distanc®,_, from each  The left hand side of this equation is easily evaluated since
other, keeping the center of mass fixed at the substitutionalle have given explicitthough somewhat complicatedx-
site. Fig. 4 shows analogous results for fie1,0] axis. pressions for the matrix elements of the Hamiltonian in the
From these figures we see evidence of coupling betweepbf basis in Section Il A. Evaluation of the terms on the
states as they repel one another. The Frank—Condon regigight-hand side of the above result requires explicit knowl-
in this crystal, ap* =0.7, is largely unchanged from the gas edge of the pbf's which we don’t have as DIM only requires
phase results of Fig. 1. Finally, at larg®_, we see high specification of Hamiltonian matrix elements. However, in
energy configurations associated with Xe collisions. low energy collision processes, nonadiabatic transitions are
Independent work by Buchachenkbal. using a closely associated with distinct changes of electronic character.
related formulation of the DIM method to study the—Ar  Since the pbf's are intended to reflect only gradual distor-

n

E.= ZE.[2P3/2]+;1 Eye. (2.14

(2.19
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Energy(eV)

-7 T T T T T T T

Bond Length(3)

FIG. 3. Potential surfaces as functionsRyf , computed with DIM Hamiltonian for,l center-of-mass positioned on a lattice site of an FCC crystal of xenon
with densityp*=0.7. |, bond is extended along th&00) direction in the crystal.

Energy(eV)

-7

-10

.14 1 L 1 I 1 1
3 3.5 4 4.5 5 5.5 6

Bond Length(A)

FIG. 4. Same as Fig. 3 except bond is extended al@dg) direction of crystal.
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tions, we can neglect the first two terms on the right handvhere the propagator matrix elements are easily constructed
side of Eq.(2.17. This amounts to assuming that the poly- from the instantaneous eigenvalug$t) and VB eigenfunc-
atomic basis functions change slowly with nuclear coordi-tions ¢,(t) using the following short-time approximation:

nates compared to the rate at which the Hamiltonian changes _is
with nuclear motion. These same ideas have proved very T _ (t+ 5,t)=ex;{—(en(t+ 8)+ €o(1))
valuable for describing several low-energy molecular colli- 2h

sion procgsse?. With_this. assumption we rgadily arrive _at X (Br(t+8)| b)) (2.22

the following approximation for the nonadiabatic coupling _ _ _ .
vector, now expressed in terms of the DIM eigenvectorsUSing the pbf expansion of the adiabatic VB states in Eq.
eigenvalues and gradients of the Hamiltonian matrix ele{2-2), the overlap matrix element in E(R.22 for the propa-
ments in the pbf basis: gator Is

(€m—€n)

mn

(2.18
X(@i(t+8)|D(1)). (2.23

o simplify this expression we again make use of the as-
umption that the pbf's are slowly varying so they do not
Ehange much during. This assumption, together with the
€z0A0 approximation enable us to approximately write
(®i(t+6)|®(t))~ 6 . Thus, we employ the approximate

The forces which we use to determine the dynamics otl.
the classical particles arise from the charge distribution og
the instantaneously occupied state valence bond wave fun
tion ¢, and the force vector in this state is just the negativ
of Vrer=Vr(¢lH| ) =(#VrH|¢i), where thee, are
the eigenvalues of the set of orthonormal functidif}.

e ) ] It
Substituting Eq(2.2) we find that the forces are determined resu
b
d (bn(t+8)|6(0)~ 2 Tx(t+g() (2.24
Veek=2 2 Tl (@i VRH|D)). (2.19  together with the DIM eigenvalues to compute an approxi-
v mation to the short time propagator given in E2.22) as

Applying the same arguments concerning the slow variation —ié
of the pbf's which we used to simplify our expressions for ~ Tno(t+ 8, t)~exp —-—(en(t+ )+ eo(1))
the nonadiabatic coupling vector, the forces can be approxi-

mated as X TE(t+8)Toi(t). (2.29

VR'EKWEi ; TR VR(Di[H|D;). (2.20

) ) ) ] C. The nonadiabatic MD method
As an independent test of the approximations underlying the

above resultithe slow variation of the pbf's with nuclear The surface hopping algorithm we use here has been
coordinates we have computed the forces by finite differ- Presented in detail elsewh&fé®and our implementation of
ence estimation and find that the force obtained from Eqthis approach incorporating the DIM semiempirical method
(2.20 is very accurate for typical fluid configurations. of electronic structure calculation described in Section Il A
The gradients of the DIM Hamiltonian matrix elements @nd the approximate results given in Section Il B can be
in the pbf basis set in Eq2.20 or Eq. (2.18 are most Summarized as follows:
conveniently computed using finite difference though they ~ We assume that the DIM Hamiltonian in the pbf basis
can be computed exactly as indicated above by differentiatvaries linearly with time over a nuclear timestap In our
ing the necessary transformation matrices and the empiric@PPlication this assumption serves simply as a computational
potential energy matrices. For every interacting pair a nevgonvenience to reduce the frequency with which we compute
set of matrices and the necessary derivatives need to be cotite DIM Hamiltonian. As mentioned earlier, establishing and
puted and multiplied. We find that a three point finite differ- performing the rotation and transformation matrix multiplies
ence approach is accurate and comparable in computationfélr all the necessary interacting pairs as described in Section
expense, and much easier to code for general applications!! A can be time consuming. As a first guess we assume that
The final quantity we need to implement the surfacethe DIM Hamiltonian can be linearly extrapolated over the
hopping algorithm which will be outlined in section Il C is intervalt—t+A using information from the previous time
the electronic subsystem propagator. We find it convenient t§tep, S0 we approximate the DIM Hamiltonian at some time
work with instantaneous adiabatic VB basis states whose cd-"1 6 in new interval as

efficient vectora(t) given in Eq.(2.1) is readily propagated 15
over the short interval to t+ 6 using Hij(t+16)=H;;(t) + AH;; N (2.26
a(t+6)=T(t+d,t)a(t), (2.2  with
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AHjj=Hjj () —H;(t—A), (2.27) Next, we evolve the expansion coefficied@ (t)} of

the mixed state wave functiofi(t) through the sequence of

N . . small steps front to t+ A. At each quantum time stef) we
quantal stepg=A/N,. We use this short time step to accu- use the time dependent expansion coefficients and the propa-

r_ately evolvg the quantal subsy_stem mixed statg wave funcgjator matrix elements to compute Tully’s fewest switches
tion ¢(t) which can change rapidly on the classical nUCIearMonte Carlo transition probabilities. Thus, if statés occu-
timescale. We diagonalize the approximate DIM Hamil- ’

toni t all the int diat s betwaeandt+ A and pied and the components of the flux of probability out of
onian at all i€ intermediate points betweea an statei and into other statels are negative, i.e.,

compute the short time propagators over this interval using

these results in Eq2.25. Care must be taken to keep track [a* (t+ 5) T} (t+ 8,t)a,(t) —a* (t— &) TE.(t— 5,t)a(t)]<O.
of the phase of the DIM eigenvectors obtained by numericaﬁ ' ' ' '

diagonalization when they are used to compute the propaga- (2.29
tor. We fix the arbitrary eigenvector phase at its initial value

throughout our calculations using the approach described bwe make transitions out of stateinto the various unoccu-
Xiao and Cokef:1® pied states with probability

and we have divided the classical timest&pup into N

aX (t+ &) Th(t+ 8,Da(t)—ar (t— &) Th(t— 8,t)a(t)

& (Da(0) ’ 229

Oki=

where the elements of the forward and backward propagatotdere,F,,= — Vge, as determined by Ed2.20.
are computed using the approximate result in E325. If, on the other hand, the various Monte Carlo trials have
This result is easily derived using the finite difference ap-resulted in a change of state ® during the time interval
proximation A, the classical system must evolve under the influence of
the changing quantum state distribution. Under these circum-
_ pii(t+0) = p;i(t—96) gnaq

pii(t)= (2.30 stances, we use the following approximate transition
26 force 970

for the time derivative of the diagonal elements of the den- (E (1)~ EL(1))
; : . i fni — ~
sity matr|x3,06ié(t)—ai (t)a;(t) and proceeding similarly to Fr?qn(t)N— —m n Dyr(t). (2.33
reference$® (Dpr(t) - V(1))d
If no trial nonadiabatic Monte Carlo transitions are ac- o o -
cepted during all theN, quantum subsystem steps with in This fo_rce is |mplemen§ed by adjl71()st|ng the nuclear velocities
A, the quantum system remains in stateand we use the according to the following resuft
following Verlet equations to advance the classical sub- c
system: vi(t)=v(t—A)— WD'BQ(t), (2.34
I

Vi(D)=vi(t—A)+A(F,(t—A)+F (1))/2M;, (2.3D
oo where we use the value af with smallest magnitude ob-
Ri(t+A4)=Ri(t) +Vvi() A+A%F,(1)/2M;.. (2.32  tained from the following expression:

_V(t=4) Do V(V(t=A)-Dpa)*~ 2(€go- Do) (Eg—Eo)

€5, Dgq

+

(2.39

The dot products in this result involve sums over the com-Once new velocitiex(t) are determined, according to the
ponents of the entire system vectors. Alternatively, if Eq.approach outlined above, the positions are advanced using
(2.395 gives complex solutions we abandon the attemptedhe result

transition as there is insufficient energy in the classical coor-

dinates coupled to the transition to make up the energy gap Ri(t+A)=Ri(t)+vi(t)A+A2FLn(t)/2Mi , (2.37)

and we choose as follows*>7°

R whereF, (1) is the diagonal element of the force matrix for
c=2Vv(t—A)-Dg,/€5, Dgq- (2.36  the newly occupied adiabatic staie
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Finally, we establish the full DIM Hamiltonian at the Simply raising the ground state thermal distribution of
new configuratiorR(t+A) and diagonalize it to obtain new trajectories up to the excited state as outlined above corre-
DIM eigenvalues and eigenvectors. In principle, we couldsponds to irradiating with a broad band of frequencies which
re-extrapolate the quantum subsystem dynamics now usinglo not effect transitions to other electronic states. The distri-

_ butions of excitation energies sampled by our thermal en-

AR =Hi(tH2) =H;; () (2.38 sembles at the various densities are very broa@.6 eV or
in Eq. (2.26) to reintegrate and correct the expansion coeffi-~4000 cm ) compared to the typical linewidths of lasers
cient propagation giving accurate coherent integration of theised to photoexcite in experimentsthe broadest lines used
mixed electronic state for all times. We have found in ourin ultrafast pulse experiments are only typically about 100—
applications that this correction step is generally unnecessa00 cnm * wide). Our intent here, as mentioned above, is
and the ensemble averaged results are unaffected if we leawgus to probe all the different types of excitations possible in
it out, and it saves time. For our applications jar liquid  a single calculation to get an overview of the different relax-
xenon we find that the equations of motion can be accuratelgtion channels made available by solvation.
integrated withA =0.25 fs andé=0.01 fs. We present our results in three subsectigtsFirst, we
survey the early time dynamics during which theblond
extends on the exciteB state surface and the thermal en-
semble passes through various regions of interaction with
other states. Our ensemble members sample a variety of dif-

The results presented in this paper are meant to providierent environments in which the electronic states are af-
a survey of the different types of early time nonadiabaticfected in different ways. Thus, the velocities with which dif-
relaxation dynamics that are available in solution afterferent ensemble members encounter the various interaction
Frank—Condon photoexcitation of fo its B state. Our aim  regions, and the strengths of the couplings between the states
at this point is not to reproduce the results of specific experifor the ensemble members will all be different due to the
ments but rather to provide a general overview of the effectgffects of the unique solvation environment sampled by each
of solvent on the nonadiabatic couplings between electroniensemble member. Thus some trajectories may leave the ini-
states and to find out what types of relaxation pathways théally prepared excited state very rapidly by coupling to other
calculations described here predict will be important in solu-states, while other trajectories may remain in Bistate for
tion. The more ambitious task of computing specific experi-some time.(2) In the second subsection, we attempt to un-
mental spectra will be the subject of a future publicaith. derstand our very early time nonadiabatic electronic relax-

Our simulations were started from fcc lattices of 108ation results in terms of the properties of the DIM Hamil-
xenon atoms in which one of the atoms was replaced by atonian for the }—Xe cluster system thus attempting to
iodine molecule. Periodic boundary conditions were usedaddress the issue of which nearest neighbor atoms in the
Ensembles of initial configurations at the various state pointsolvent cage play the most important role inducing couplings
studied, each consisting of 48 members, were prepared froigetween the state$3) Finally we explore the longer term
equilibrated configurations of the system sampled uniformlynonadiabatic dynamics, out to 2 ps, during which the sepa-
from long MD runs at the state points of interest using inter-rating atomic fragments begin to collide with the surround-
action potentials which approximate the DIM ground stateing solvent molecules and thus start to lose their excitation
accurately’>*°We report results fof =300 K, at three dif- energy. These early collisions with solvent will determine
ferent fluid densitiep*=0.3, 0.7, and 1.0. Photoexcitation whether a molecule ultimately dissociates into atoms or, if
was initiated by abruptly changing the occupied state in eackhe separating fragments can get rid of their energy quickly
of the ensemble members from the ground StXtéEQ to  enough, thed molecular bond may reform before the atoms
the excited stateB,%I1,(0"), leaving all coordinates and lose each other, and are thermalized in the sea of solvent.
velocities unchanged. The evolution of the each ensemble The results of our calculations presented below are dis-
member was monitored for 2 ps to explore the early timeplayed in the form of time histories of the state energies
electronic relaxation. We find that typically the average tem-along typical individual trajectories. The instantaneously oc-
perature of our system increases by less than 10 K over the@upied state in these figures will be indicated by symbols. To
ps after photoexcitation as the energy transfer from the inhelp understand these energy records we also present the
tramolecular vibration to solvent thermal motions is slow oncorresponding histories of the bond length for the various
this timescale so heating of our finite sized system is nokxample trajectories.
expected to be too significant. The smallest simulation bo
used in these studies has a cell dimension. 620 A. All
the interaction potentials used in these studies are short- At the lowest solvent density* =0.3 we find that only
ranged with characteristic lengthscales of about 4-5 A, sabout 30% of our trajectories leave tBestate during the
finite size effects are small. The qualitative features of thedynamics of the first bond extension. Increasing the solvent
results reported below are reproduced in ensembles with aensity makes this initial exit process more effective with
few as 16 randomly selected members indicating that mearabout 70—75 % of trajectories leaving tBestate on the first
ingful statistics are obtained from a sample with as few agxtension at the higher densities @f=0.7 andp* = 1.0.
~50 trajectories. We find that various channels are responsible for this

Ill. RESULTS

)%\. Early time dynamics: Excited B state exit channels
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FIG. 5. Survey of principle channels used by trajectories which exiBttstate on the first excited state bond extension and passage through the coupling
region. Adiabatic eigenstate energies as functions of time are presented. The instantaneously occupied state is labelled with symbols. All trajectories shown
are for a solvent density gf* =0.7, but the same first passage exit channels are observed at other densities. Left column of panels gives full trajectories out
to 1 ps, right column shows trajectories on expanded scales. The three principle first passage exit channels we find in sofatitie &g 11, (b)

31,4, and(c) a states.

initial B state exit process, and further, that the exit channelgxits adiabaticall{see Fig. %c)]. Despite the fact that the
which are most important change with solvent density. TheB state intersects various other states at larger bond exten-
different types of initial exit channel dynamics which we find sions, we have seen no examples, at any of the solvent den-
to be important in our calculations are surveyed in Fig. 5sities studied, of trajectories leaving tBestate through the
where we plot trajectories from the" =0.7 ensemble which a’, 33 7(07), or 3A, states on thdirst initial rapid bond
exhibit the different behaviors. Basically we find that thereextension after excitation. These other states can play a role
are only three important channels via which the initgal in electronically deactivating trajectories which stay in the
state exit takes placél) Exit through the'll,, state[see Fig. B state for about a vibrational period or more as we shall see
5(@], i.e., the trajectory exits adiabatically as soon as itshortly.

reaches the very first interaction region as the bond extends, As mentioned above, the relative importance of the
(2) The trajectory moves diabatically at first, remaining in *II,,, 3H29, anda state channels for electronic relaxation on
the B state as it hops straight through thH, interaction the first bond extension seems to vary some what with sol-
region, then when it encounters the next interaction regiowent density. At the lowest solvent density our statistics are
with the 3H29 state it undergoes adiabatic motion and exitsnot so good since only relatively few trajectories dissociate
the B state via this channgbee Fig. B)], or (3) the trajec-  on the first extension at* =0.3. However, we find that the
tory stays in theB state till it reaches tha state where it most important channel here is in fact tﬁHzg state, ac-
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FIG. 6. Shows adiabatic state energy records for trajectories which do not eftdtae for 1 ps. Occupied state is labelled by symbols. Panels irf@ow
show a typical trajectory which exhibits excit@lstate vibrational motion. Rowb) shows a trajectory which dissociates in Bestate. Right hand column
shows record of+ 1 bond length for these trajectories.

counting for roughly 60% of the first bond extension deacti-attractive B state but we see that it in fact feels repulsive
vations atp* =0.3. Under these conditions, tH&l,, and forces at short bond extensions from several different elec-
a states each account for about 20% of the iniBaktate tronic states; during the first period, it is repelled on Be
deactivations. As the solvent density is increased, howevestate due to our initial preparation, the repulsive interactions
the 11, state, i.e. the state first encountered as the bonduring the second period arise from thstate, and those felt
extends, is found to become the dominant pathway, accountiuring the third period are associated with tHé, state.
ing for 60—70 % of the first bond extensidh state deacti- This intriguing behavior occurs due to strong electronic mix-
vation processes. The less importziﬁlzg and a channels ing between these states as the excited bond reforms. Figure
account for the remaining 30—40 % of first bond extension6(b) shows another trajectory from oy =0.7 ensemble
deactivations in the high density rang&=0.7—1.0, with  which has very high kinetic in the, bond and thus dissoci-
the a state being the more important secondary channel unates into the excited3/2,1/2 atomic state manifold.
der these conditions. Figure 7 shows a variety of different trajectories which
Various representative trajectories which initially move undergoB state electronic deactivation on either the inbound
diabatically, and remain in thB state through the different or outbound sections of their second period. At both
interaction regions during the first bond extension are prep* =0.3 andp* =0.7, we see only the same deactivation
sented in Fig. 6. These types of trajectories either have sufthannels open as we saw with the first bond extension, i.e.,
ficient kinetic energy in the,lbond to dissociate from the these delaye® state deactivation processes takes place via
B state well and head off to start colliding with solvent at- the I, 3H29, anda state channels. At the highest density,
oms, or they are trapped in tiigestate well and, after reach- however, we see evidence of a new channel opening for
ing the outer turning points of their excited state motion theythese delayed deactivation processes. The exapiptel.0
head back towards the various interaction regions where theyajectory in Fig. Tc) actually undergoes delayed deactiva-
will again attempt to exit from theB state. Excited state tion through the’S . (07) state.
molecules which are effectively electronically decoupled
from their environment may in principle undergo many ex- .
cited B state vibrational periods as though they were in theB: Properties of the I ,—Xe molecular cluster DIM
gas phase. Hamiltonian
Figure 6 shows example trajectories which exhibit these In an effort to address the question of which atoms in the
different types of phenomenon. Figuréapshows a trajec- nearest neighbor shell play the most import role inducing
tory from our p* =0.7 ensemble which exhibits several ex- nonadiabtic couplings between the uncoupledyds phase
cited state vibrations. For the longer bond lengths in thigdiabatic potentials we have studied in detail the DIM Hamil-
example trajectory, the electronic system is always in théonian of the }— Xe molecular cluster.
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FIG. 7. Shows adiabatic state energy records with occupied state labelled with symbols for trajectorieBestititgon second passage through coupling
region. At lower densitie§p* =0.3 (a) and p* =0.7 (b)] same exit channels we found for first passaBig. 5 are observed. At higher densitig¢&)
p* =1.0] we see the additiondE (0~) channel become available.

In Figs. 8 and 9 we present various offdiagonal matrixthe previous subsection, so these lower lying levels generally
elements of the DIM Hamiltonian for the,+Xe system do not play a role in the early time nonadiabatic electronic
which couple theB state[a state which dissociates to the de-excitation of theB state. We see from Fig.(@), in fact,
excited(3/2,1/2 manifold of atomic statdsto the manifold  that the only statgthe 3I1,(07)] from this group of lower
of states which dissociate to the grou®2,3/2 atomic  lying states which can get close in energy to Bistate has
state. In these figures we fix thetond length at 3 A, in the  vanishingly small coupling to it and is thus also not expected
middle of the coupling region between tlBestate and the to play much of a role in initiaB state electronic relaxation.
states into which it undergoes predissociation. We plot the  |n Fig. 9, we plot the coupling matrix elements to the
matrix elements as functions &, (com)-xe @nd 6, the angle B state for the higher lying diabatic states which cross this
between the +1 bond and theRlz(mm),Xe intermolecular  state as the-1 bond is extended. There are two important
vector. aspects of these coupling functions obtained from our DIM

Figure 8 gives the coupling matrix elements, obtainedcalculations on the - Xe system: First, the only states
from our DIM calculations, between tH2 state and the set which intersect theB state during the+1 bond extension
of lower lying states which are fairly well separated in en-and also show appreciable values of coupling toBhstate
ergy from our excited statgsee Fig. 1L Despite the fact that in some regions of ;b Xe intermolecular configuration
some of these couplings are quite large we generally find thatpace are théll,,, 3H29, anda stateqsee Figs. @8—9(c)].
the energy gaps from thB state to these lower states also Figs. 9d)—9(f), on the other hand, indicate that there are no
remain large during the excited state dynamics presented imtermolecular geometries of the-+Xe system in which
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0.0

6 (rag) 15

FIG. 8. DIM Hamiltonian matrix elements of the+ Xe cluster system for fixe®,_, = 3 A, a characteristic separation in the middle of the coupling region
between théB state and the important predissociative states. These Hamiltonian elements are displayed as a flmtzzgg,q)gte bond length and relative
orientation angled. Hamiltonian matrix elements coupling tBestate to all states which dissociate(832,3/2 atomic states which are always lower in energy
than theB state are presented.

there are significant couplings between ®estate and the the previous section provide the dominant electronically
a’, 337 (07), or %Ay, states. nonadiabatic relaxation channels for tBestate in solution.

Secondly, we see that for the® intersecting states The strength of the couplings between the states determined
which do show strong couplings, the couplings themselvegy these matrix elements can be thought of as the static com-
are fairly well localized in intermolecular configuration ponent of the nonadiabatic mixing process. The other part of
space. The couplings become quite small for Xe inter-  thjs process which results in the time varying mixed elec-
molecular distances beyond about 5 A. Further, for solvenfronic state is the nuclear dynamical component which can
atom separations typical of the condensed phase, say 443 viewed as determining how long the different offdiagonal
A in this system, the region of strong coupling is localized oo, ,hjings each have to influence the dynamical mixed state.
over a fairly narrow range of small to intermediate anglestase two factors of course work in concert with one another
peaking at~15° for both theB—'II,, andB—a interac- to determine the mixed state dynamics.

tions and at~30° for theB—3I1,, interaction. : . .
. . . The orientational dependence of the-IXe couplin
The shapes and relative magnitudes of these offdiagonal P Piing

: . . . matrix elements we have seen here suggests that the atoms at
coupling functions arise from the distance dependence of the . . .
I-Xe diatomic fragment Hamiltonian elements we use insmaII to intermediate angles, i.e., those cage atoms near the
Eq. (2.6) together with the various subsequent orientationafe'?(.js of the J molecule.play thg mpst |mpprtant rolg in the
transformations summarized in Eq8.7)—(2.12. We gener- initial B state electronic deactivation. This reasoning from
ally find that the basic trends in the coupling matrix element§he cluster results assumes a pairwise additivity of the nona-

and their magnitudes presented here vary only weakly witisliabatic effects. The Hamiltonian matrix is constructed in a
the I-1 bond length(2.5 A<R,_,<4 A) for the typical pairwise additive fashion with in DIM but its diagonalization

range of intermolecular geometries explored here. and the subsequent use of these eigenstates to describe the
The early time nonadiabatic electronic relaxation dy_time dependent wave function makes the full nonadiabatic

namics summarized in the previous section can be undefynamics in reality a nonpairwise additive effect.

stood almost entirely in terms of the-+ Xe cluster Hamil- In the previous section, we found that at the highest

tonian matrix elements presented here. As discussed abov@ensity the new’S [(07) channel forB state deactivation

the states of the,+ Xe cluster with the largest offdiagonal began to play a role. The fact that the-IXe cluster Hamil-

Hamiltonian matrix elements which also intersect Bnstate  tonian shows no coupling between Bends | (0™) states

as the +1 bond length is extended are thH ,, 3H29, and suggests that the opening of this deactivation channel at

a states. These are precisely the states which we have seenhigher density arises due to the importance of many-body
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FIG. 9. Same as Fig. 8 except now coupling matrix elements betwedhdtete and all states which dissociaté3(2,3/2 atomic states and which also cross
the B state at some value fd®,_, are displayed.

nonadiabatic interactions under these conditions. In many dfons. The T-shaped global minimum, with a binding energy
the higher density trajectories displayed on expanded scaled around—460 K, allows the Xe atom to approach closer to
in the previous section, we see evidence of considerable gapise |, (R,z(com),Xe~4.3 A) than in the linear local minimum
opening up between_ states which are uncoupled_ in OU(R|2(com)—><e~5-6 A). Other rare gas-homonuclear halide
12— Xe cluster calculations. Many body complexes which 0C-¢|sters have also been found to show linear and T shaped
cur in these higher density solutions can thus induce CoUminimum structured!®
plings between th& anda’ or 33 (07) as evidenced by
the energy gaps opening between these states in Fig. 5 for _ ) ) )
example. The reason why relatively few of the trajectories inC- Longer time dynamlqs: Early nonadiabatic
our ensembles have been observed to exit via these altern%QIIISIonS with surrounding solvent molecules
tive channels is presumably because they require many body We have run our various ensembles out to 2 ps in an
complexation and they lie at larger bond lengths than thettempt to understand the longer time nonadiabatic dynami-
other coupled states and, thus, the trajectory ensemble haal processes which occur following photoexcitation and the
more opportunity to exit through the channels it encountergarly time electronic deactivation events discussed above.
first so exit channels nearest the turning points are statistOur trajectories can be grouped into three different classes
cally favored. on the basis of the general characteristics of their longer time
For completeness, the ground state potential surface prelynamics. Example trajectories from each of these three dif-
dicted by our DIM calculations on the+ Xe cluster is pre- ferent classes are presented in Figs. 11-13. The energy level
sented in Fig. 10. In Fig. 18), we present a cut through this histories of our first class of trajectories presented in Fig. 11
surface plotted in the same way as the coupling matrix eleare the easiest to understand. The broad distribution of en-
ments described above, however, thédnd length is held ergy levels of ourJ molecule in xenon at zero time rapidly
fixed at its equilibrium value in this figure. The figure indi- gives way to relatively narrow bands of perturbed atomic
cates that the T-shaped geometry wilk- 77/2 has lower energy levels as the | atoms separate on the various dissocia-
energy than the linear local minimum with=0. Figure tive states accessed when theldaves theB state via the
10(b) shows cuts through this surface for these two orientamechanisms discussed in the previous subsection. The
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I

lecularlike energy levels associated with a collision between
one of the | atoms and a Xe solvent atom. Our second group
of trajectories all show the appearance of the energy level
structures characterizing this-Xe collision complex. At
low solvent densitiesd* =0.3) where some of our trajecto-
ries dissociate on thB state surface to th€/2,1/2 excited
state, these trajectories may be deactivated to(3&3/2
ground state manifold by collisions with solvent atoms as we
see in Fig. 12a). At this lowest solvent density, the remain-
: ing 75% of trajectories all show this-IXe collision complex

® “gmcm dynamics leading to separating atoms. At the higher solvent
pond * densities, only about 55-65% behave in this way.

At the highest density the remaining 20—25 % of our

trajectories, typical examples of which are presented in Fig.
13, show evidence of moleculag tecombination. This be-

Energy(eV)

so

0 ks
0011
(@ 002}

Energy(eV) havior isnot observed at the lowest density, and only seen in
0.04 \ Li;ear about 10% of trajectories from the = 0.7 ensemble. Again
the broad band of,Imolecular levels rapidly gives way to
0.02 | T Shape narrower atomic like bands as the | atoms separate. We then
\ see evidence of-+Xe collisions which again split up the
®) 0.00 atomic bands. After these-IXe collisions we see the re-
002 forming of I, molecular energy level structure. In these tra-
jectories either, or both the | atoms have collided with their
-0.04 solvent cage and been brought back together to reform what

appears to be a stablgrolecule. In all our example trajec-
tories which display this type of behavior, the rholecule
reforms in the excited\’ state. Solvent collisions have elec-
tronically and vibrationally de-excited the molecule suffi-
ciently so that stable vibrational motion on the excitkd

3 4 5 6 7
Bond Length(})

FIG. 10. (a) Ground state potential energy surface obtained from DIM cal-
culations for j—Xe cluster system foR,_, fixed at its gas phase equilib-
rium value displayed as a function & com)-xe bond length and relative state now occurs.

orientation angled. (b) Cuts through this surface for linear and T-shaped
cluster geometries.
IV. COMPARISONS WITH EXPERIMENT AND

CONCLUSIONS

The results of the calculations reported in this paper on
widths of the atomic bands at longer times get broader as thihe early time electronically nonadiabatic relaxation after
density is increased. Fig. (1) shows the continuation of the photoexcitation of J to its B state in liquid xenon can be
trajectory presented in Fig(@) which undergoes an excited summerized as follows:
state vibration before entering its dissociative state. For the (1) The presence of the solvent induces couplings be-
trajectories displayed in Fig. 11, the two | atoms simplytween the excited bour state and various repulsive diaba-
separate and undergo only very weak interactions with theitic states which cross thB state as the,lbond extends.
surroundings for this 2 ps period. The number of trajectoried’hese couplings give rise to a variety®fstate exit channels
which exhibit this type of behavior after dissociation is rela-which lead to dissociation of the excited molecule. At higher
tively insensitive to solvent density and we typically find solvent densities, exit from thg state and dissociation usu-
these trajectories account for about 20-25 % of our enally occurs on the first bond extension, generally in less than
semble. ~100 fs, but can take severd—3) excited state vibrational

The second class of longer time trajectories shows aeriods, extending the predissociation time outt800 fs.
richer energy level dynamics as seen in Fig. 12. Again, the IThe most important of these exit channels observed in our
molecular energy level pattern gives way to narrow bands ohonadiabatic MD calculations in solution coincide with
perturbed atomic levels with in 0.2 ps as the | atoms sepastates crossing thB state with the largest coupling matrix
rate. Subsequently, in some trajectofieiy. 12c)] at higher  elements for the, Xe cluster system. These cluster matrix
densities, we see transient reformation of themolecular elements are largest for solvent atom positions near the ends
energy level pattern. In this case, the molecule vibratesf the molecule. Our calculations predict that tHé, state
briefly in the A state before the narrow band atomic energyplays the most important role in the dense solution phase
level pattern appears once again. At about 1.5 ps in thiglectronically nonadiabatic relaxation of the exci@dtate.
trajectory the atomic levels suddenly begin to split up intoThis is the first state encountered as thbdnd is extended.
different groups. This new characteristic energy level strucOther states with appreciabR state coupling matrix ele-
ture is in fact associated with the formation of unbound mo-ments in the 4— Xe cluster which also participate B state
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FIG. 11. Adiabatic state energy records with occupied state labelled with symbols for longer time trajectories which dissociate to two separating ground state
iodine atoms which do not undergo strong solvent collisions with in 2 ps. Typical trajectories exhibiting this behavior at different d@nsitie®.7, (b)
p*=1.0, and(c) p* =0.3 are presented.

electronic relaxation in solution include tﬁHzg anda state  the first 1.0—2 ps. These processes result from solvent colli-
channels to dissociation. At the highest solvent densitysional deactivation of the | atom fragments. All our trajecto-
(p*=1.0), states which show nB state coupling in the ries which exhibit the reformation of the bond do so after
I,—Xe cluster, such as th&, [ (07), can begin to play a only 1 or 2 solvent atom collisions which usually leave the
role in B state de-excitation through the establishment ofrecombined, vibrationally hot molecule in the excitéd
many-body interaction complexes. state.

(2) The main results of our longer time dynamical stud-  The qualitative agreement between the findings of our
ies are that at lower solvent densitigs* = 0.3) the separat- calculations summarized above and the results of various ex-
ing | atom fragments resulting from the initial photoexcita- periments onJ predissociation and geminate recombination
tion and B state predissociation can collide with solventis remarkably good.
atoms and be de-excited. Generally, at these low densities, An enormous body of experimental work onphotodis-
however, we find no evidence gflecombination with in the sociation, geminate recombination, and subsequent vibra-
first 2 ps. Under these low density conditions the | atoms cational relaxation in solution has been developed since the
escape from the molecule’s solvent cage and the individual 1930's"12:21:2324.119-124he review by Harriet al! provides
atoms move free from one another undergoing independertn excellent summary of this field and the important times-
collisions with solvent atoms. However, at higher solventcales of the probleim
densities p* =0.7, and especially go* =1.0), we start to The correct timescales for both predissociation and
see } geminate recombination processes taking place with igeminate recombination of, lin CCl, solution were first
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FIG. 12. Adiabatic state energy records with occupied state labelled with symbols for longer time trajectories which dissociate to two separating ground state
iodine atoms which undergo strong solvent collisions with in 2(@sShows ap* = 0.3 trajectory which initially dissociates in the excité&i2,1/2 atomic

state manifold and a strong solvent collision subsequently pushes it int®/&)8/2 ground state manifoldb) presents @* =0.7 trajectory in which the two
separating ground state | atoms both undergo strong collisions with surrounding Xe solvent moleclrghis trajectory ap* = 1.0 the dissociating | atoms

collide with the solvent cage and exhibit a transient recombination in the exgigtdte. They subsequently dissociate and undergo strong solvent collisions.

identified in the late 1980’s in picosecond experiments byps. Recombination to th&’ state has been observed experi-
Smith and Harrig® Their findings were that predissociation mentally by a number of groups in various solvent
was much more rapid than the 10-15 ps indicated by previenvironments:1%1%18:19

ous studie$*?'and in fact took place in less than 1 ps or with Very recently, however, direct femtosecond time re-
in a few collision times in agreement with early gas phasesolved studies of the,Ipredissociation process in the con-
work in xenon®*?2 Further, these solution phase studies putdensed phase have been conduétéds well as, analysis of

an upper bound on the timescale for geminate recombinatiothe resonance Raman overtone progressions iof Various

to form highly vibrationally excited,l molecules in theiiX  liquids'?**2* which also yield information, in an indirect

or A’ states which also occurred very rapidly in less than Zashion, on the femtosecond timescale predissociation dy-
ps. These general timescales for both predissociation angamics. Ever since it became apparent thatBhgtate was
geminate recombination are of course in excellent agreemeintersected by more than one dissociative state, the precise
with the timescales we find in our calculations at higher denchannel for predissociation has been a controversial issue,
sities. The reduced density of CGinder normal conditions and despite the remarkable time resolution now available in
is p* =0.9135 so our calculations predict that geminate reexperiments this continues to be the case.

combination to the\’ state should be observed in lessthan 2  Schereret al, working with |, in liquid n-hexane, mea-
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FIG. 13. Adiabatic state energy records with occupied state labelled with symbols for three different trajectories fs6m brensemble which all exhibit
geminate recombination of thg molecule in its excited\’ state after dissociating iodine atoms collide with solvent molecules.

sure the transient dichroic response in two color experimentdhe probe field takes excited state molecules up to some
fixing the pump wavelength at 580 nm and varying the probeother excited electronic state believed to be a solvated ion-
over the range 640—460 nm. They fit their data to a sum opair state of J. The different probe frequencies define vari-
damped oscillatory terms, each of which they interpret as aus bond length windows depending on how the difference
signal arising from a nuclear wave packet moving over gootential between the currently occupied state and the ex-
different electronic surface. The frequencies of the nucleacited ion-pair state vary. By monitoring the time delay for
vibrations on the different electronic surfaces can thus b@robe absorption of a particular wavelength they can thus
obtained directly from these fits, and the fitted phase anglesme how long it takes the packet to get to a particular bond
give information about when the motion on the various surdength. The longest probe wavelengths correspond to excit-
faces began. ing the packet while it is still in th® state(640—526 nm

The 580 nm pump takes molecules from théiground  and shorter wavelengtliS10—460 nmare required to excite
state to below the gas phase dissociation limit ofBhstate  the packet once it has crossed over to a predissociative re-
at a bond length of about 2.8 A according to the classicapulsive surface.
Franck principle, which places the excited molecules on the There are two important findings from these experi-
inner repulsive wall of theB state potentialsee Fig. 1 ments:(1) Probe absorptions from the predissociative states
Oscillation of the nuclear wave packet over the exciBed are first observed at a delay time of 150 fs after photoexci-
state surface causes it to pass through the various interactidation, and(2) predissociative state absorptions to the ion-
regions releasing density onto the different dissociative surpair state are typically about 10 times more intense tBan
faces coupled to this state eveBystate vibrational period. state absorptions presumably terminating in the same ion-
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pair state. These experiments thus indicate that in the coreerning the relative sizes of the couplings responsible for
densed phase excit@&lstate } molecules are able to couple electric versus magnetic field predissociation ¢f These
onto a dissociative statéor stateg with in half a B state  perturbation theory arguments apply in weak, isotropic, uni-
vibrational period of photoexcitation. The fact that the ab-form fields. Recent speculation on the symmetry breaking
sorption intensity from the dissociative states to the uppenature of fields around atoms, and in solutfSrave raised
ion pair state is considerably larger than similar absorptiongjuestions about the usefulness of such uniform field pertur-
by the B state gives a clue as to the possible identities obation theory results for solution phase anisotropic environ-
these dissociative states. ments. Our J— Xe cluster results indeed give zeBo- 11,

The 150 fs time scale for observing absorption from pre-couplings for the highly symmetric situations of parallel and
dissociative states obtained from these experiments is conperpendicular orientation but, for less symmetric geometries,
pletely consistent with the results of our calculations at thewe find appreciable couplings.
higher solvent densities. By 100—150 fs all our initéastate The recent analysis of vibrational overtone intensities
trajectories have traversed the interaction regions of all thécom resonance Raman studies gfi liquid xenort?3124
states intersecting thB state. Our very earlied state de- favors the'll,, predissociation channel in agreement with the
partures occur via thH1, state with in 3050 fs. Departures results of our calculations. In these experiments Chergui and
via thea or 3H2g states typically occur around 50 fs. co-workers measure the integrated intensities of vibrational

The classical treatment of thelbond extension, basic to overtones for different excitation wavelengths. They inter-
our approach, generally predicts that changes occur morneret their results in terms of excited state wave packet time
abruptly than for the true quantum dynamical motion of acorrelation functions as described by Heller and
more delocalized wave packet. The classical trajectorieso-workerst?’ As the initially excited wave packet moves
make transitions only when they reach the interaction reover theB state surface it radiates down to the ground elec-
gions while more diffuse wave packets can continue to allowtronic state picking out different ground state vibrational lev-
probability flux onto a coupled surface, even when the mearls depending on the excited state wavepacket's time depen-
packet position is some distance from the coupling regiondentB state vibrational level composition, and the size of the
depending on the spatial extent of the packet. Thus the trueranck—Condon factors for transitions between upper and
guantal description of the nonadiabatic transition should béower electronic state vibrational levels.
smeared out in time and space relative to our surface hop- At short excitation wavelength\«520 nn), corre-
ping trajectory representation. This smearing may have somgponding to sufficient energy in the Vibrational coordinate
effect on the mean time of transition if the coupling region isto diabatically dissociate th® state bond, they see the over-
asymmetrical. We believe however that an estimate of 30—7€@ne intensity decay rapidly with vibrational quantum num-
fs for the delay time to cross over to the dissociative surfaceber. The initially excited state wave packet thus spends rela-
based on our calculations is reasonable. Improved expertively little time in upper state vibrational levels with
mental resolution in these pump—probe femtosecond experappreciable overlap with ground state levels, other than the
ments would be necessary if such short times are to be comewest levels from which it was created, before the packet
firmed from these experiments. leaves theB state well and dissociates. At=520 nm an

The results of Scherer and co-workers do not give anyabrupt change in the overtone intensity distribution is ob-
direct experimental evidence as to precisely which state oserved associated with the preparation of a highly vibra-
states are involved in thB state predissociation dynamics. tionally excited wave packet which exhibits bound oscilla-
Their results are simply consistent with these states beintpry motion just below theB state dissociation threshold.
more strongly dipole coupled to the proposed upper ion paifhis highly excited bound wave packet samples upper state
state than th® state. In their discussion, these authors favorwibrational levels with appreciable Franck—Condon overlap
thea or a’ states as being the most likely channels for pre-with a wide spectrum of ground state levels giving a broad
dissociation in solution and suggest that thé, does not distribution of overtone intensities. The early sudden drop in
play much of a role in predissociation. This speculation isintensity from overtone 2 to overtone 3 before the broad
based on gqualitative guesses about the intensities of trandiatensity distribution for higher overtones at=520 nm is
tions from thea or a’ states to a possible ion-pair excited associated with some predissociation of this highly vibra-
state based on findings from early qualitative studies of gatonally excited packet.
phase } states by Mulliker}? In addition, they present ar- As the excitation wavelength is increased and the initial
guments based on circumstantial evidence, as well as, thexcited state wave packet is prepared in superpositions domi-
findings of beam experimertt§ on the “one atom cage ef- nated by lower vibrational levels on the upper surface, the
fect” to support their speculation. These beam experimentdroad distribution of integrated overtone intensities gives
probe the importance cX—B versusX— I, transitions  way to distributions which decay more rapidly with overtone
for photoexcitation and have nothing to do with the strengthhnumber, but they all show sudden early drops in intensity.
of B—1I1I,, couplings induced by the presence of a solveniThe relative size of this sudden drop in overtone intensity at

atom. low overtone number gets larger at longer wavelengths, ex-
The starting point for their proposal that thH , state is  citing lower into the upper state vibrational manifold.
unimportant for predissociation compared to ¢hstate goes These authors argue that the strong drops in intensity at

back to the symmetry arguments of Tellinghui@rcon-  distinct overtones indicate that the predissociation occurs
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