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In this paper, we give a full account of our studies of the dynamics of electron-transfer reactions. We examine
bimolecularreactions of various donors and acceptors and focus on the reversible and dissociative elementary
steps probed directly using femtosecdimde, speed andangularresolutions. In particular, we report studies

of the bimolecular systems of the following electron donors: diethyl sulfidBpxane, acetone, and benzene.

The electron acceptors are iodine and iodine monochloride. The general phenomena of reversible and
dissociative electron transfer are found for all systems studied. The dynamics of the dative bonding, from the
transition state (TS) to final products, involve two elementary processes with different reaction times, speed
and angular distributions. For example, for the diethyl sulfmtiine system, it is shown that after charge
separation, the entire complex is trapped in the TS region and the reversible electron transfer occurs in less
than 500 femtosecond (lifetime), followed by the rupture of thebond with the release of the first exterior
[-atom. However, the second process of the remaining and trapped (caged) interior I-atom takes 1.15 ps with
its speed (500 m/s) being much smaller than the first one (1030 m/s). The initial structure is determined to
be a nearly linear configuration of3—I (165°), consistent with the ab inito calculations and predictions of

the HOMO-LUMO frontier orbitals. The observed time scales and bifurcation of the wave packet, with
different speeds, are illustrated on the global potential energy surface with the help of molecular dynamics
simulations. The findings on this and the other systems reported here elucidate the mechanism and address
the concepts of nonconcertedness, caging, and restricted energy dissipation, which are important to the
description of reaction mechanisms in the condensed phase, on surfaces, and in electrochemical studies.

. Introduction controlled solvatio/~1°in a precursor-determined geomettyz?

i 1 3
In early theories of chemical bonding by Lewifaulind, and |n.matr|xe§. , .
Mulliken,3 and others, the contribution @bvalent and ionic For isolated CT reactions between D and A, the dynamics

characters is essential to energetics and dynamics and hence t8'€ Unique in that the nature of the bond changes with time.
the physical and chemical properties. For many classes of With femtosecqnd time resolution it is possible to prepare the
reactions, where the covalent and ionic potential energy surfacesSyStém in a dative (& m < n < 1) structure by CT excitation

become closer in energy, the description of the dative bond takesand to observe the temporal evolution from the dative-bonding

into account the two structures, and the wave function becémes: région (0< mn < 1) to the final ionic (n =0, n = 1) or, by
reversible electron transfer (RET), covalent € 1, n = 0)

structure. In the process, chemical bonds may form or break
and the dynamics will elucidate such bond changes following
o o the initial ET. Such processes are relevant in many electro-
where the covalent and ionic structures are distinct for the -nemical and surface studigs?2? The following questions are
“supramolecular” donor (Dyacceptor (A) complex and the 4t central importance to the mechanism: What is the time scale
coefficientsm and n depend on the coupling strength of the ¢, cT reactions and their possible RET pathways? Are the
two potential energy surfaces (covalent and ionic). subsequent chemical events concerted or nonconcerted? What
The nature of these charge-transfer (CT) complexes wasig the geometrical structure in the TS region? And what is the

described by Muliiken in 1952after Hildebrand in 1949 3y e of the reaction trajectory, coherent (single-molecule type),
observed a new absorption band in a solution of benzene and

o X . ) or incoherent (ensemble type)?
iodine dissolved inn-heptané. Since then there have been In thi t'(b . y.p ) full t of wdi ¢
numerous studies in the liquid, gas, and solid phésasitrafast n this contribution, we give a full account of our studies o

studies in solutions have revealed the dissociation and (:agingthls c_Iass of reactions. _By observing the temporal _bo_nd
dynamics on different time scalé:13 Under the isolated evolutions and the resolution of the speed and angular distribu-

binary condition of D and A only recently has the famous tions (see Figure 1A) of the reactions at different times, we are
benzene-iodine system been studied on the femtos&and able to elucidate the dynamics and address the above questions.

nanosecorid time scales. Studies of electron transfer and related USing femtosecond kinetic-energy resolved time-of-flight

) ; o . 29 - :
processes have provided a microscopic picture in cli&temsler (KETOF) mass spectrometf§?® the isolated, bimolecular
reactions were studied in a molecular beam. We varied the

" This article is dedicated to Professor Kent Wilson, the epitome of human d0ONnors and acceptors to change the initial complex structures
decency and passion for science. and control the energetics, i.e., the location of the CT state.

IIJdative(DJr_'AC) = mlpcovalen(D_A) + nlpionic(D+!A7) (1)
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Figure 1 continues
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Figure 1 continued

Figure 1. (A, left page) Femtosecond-KETOF resolutiortiafie, velocity (and speedandorientationcorrelations involved in the reaction dynamics
reported here: (a) diethyl sulfidg, (b) p-dioxanel,, (c) acetond,. To the left we display the experimentally observedime correlations and to

the right we display the-time correlations, noting the drastic changes for the different reaction pathways in speed and time. Only one orientation
(magic angle) is shown; others are given below. The signal intensity is color coded as represented by the vertical bar on a linear relative scale
ranging from O (blue) to 100% (red). (B, above) A schematic representation of the multidimensional adiabatic ionic potential energy surface (the
elliptic paraboloid) for the bimolecular I, complex with one cut along the +I coordinate for the ionic exit channel. The other cut on the PES
results from the crossing with one of the dissociative covalent potential surfaces (the repulsive curve), which leads to a nonadiabaticotransition t
the covalent exit channel along thellcoordinate. At zero time, the initial structure is launched at the dative configuration (mostly ionic) by the
femtosecond pulse, and the ground-state structw®|RR = CH3;CH,), is at the vdW distance. The four snapshots show the reactibrr &,

after the electron transfer in the dative-bonding TS regien ¥), and after reaching the final € t;) products along either the neutral, dissociative
covalent or the ionic path. The simplified three-dimensional PES and the corresponding contour maps are depicted in Figures 20 and 21, respectively.

Specifically, we studied diethyl sulfidegy-dioxane, acetone, a nuclear rearrangement in order to achieve the new stable
benzene as donors, and iodine and iodine monochloride ascomplex structure.
acceptors. In the transition-state region, which is illustrated in Figure
In Figure 1B, we present the concept of the experiment, 1B by the elliptic paraboloid, the crossing with one of the
illustrated for the reaction of diethyl sulfide (D) and iodine (A). dissociative covalent potentials (the repulsive curve) makes
The femtosecond pulse prepares the compléx=ad, the dative possible the evolution toward the covalent character with D
structure, from the structure at the van der Waals (vdW) distance |+ being the products. On the other hand, the reaction pathway
in the neutral ground state. The ® ground-state bonding is  may still follow the ionic potential with enough energy flow
mainly van der Waals in nature while in the CT state it is mostly into the =1~ bond, leading to DI~+1 in the ionic exit channel.
ionic in character, bound by the Coulomb attraction. The initial However, during the energy redistribution in the TS region, an
excitation induces a femtosecond electron jump from the sulfide electron from the acceptor can return back to the donor by a
donor to the iodine acceptor and suddenly switches on the ionic nonadiabatic transition and the dative bond totally transforms
bonding between the donor and the acceptor. The iodine into the covalent character, along with the excitation of the donor
molecular anion is then rapidly pulled in toward the cation by and/or acceptor. Thus, the time scales of the RET and CT
the strong and attractive Coulomb force, defining the onset for processes determine the critical role of energy dissipation and
reaction dynamics. For the donor and acceptor themselves, thethe relevant nuclear motions important to the structural evolu-
femtosecond ionization to a localized cation geometry and the tion, the effective dimensionality, and the degree of concert-
vertical electron attachment to a localized anion geometry initiate edness.
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Experimentally, we follow the dynamics after charge separa- 0.3 " T T T
tion_ by mc_)nitqring the evolution of prqduct l-atoms as a function 277 nm Vapor phase spectra:
of time, kinetic energy (speednd orientation. Similarly, we - (1) diethylsulfide

can follow the decay of the initial complex (the transition state).
The kinetic energy resolution of the |-atoms establishes the
relative importance of the two pathways, ionic, and covalent.
The temporal behavior gives the time scale of the bond
evolution, RET, and energy dissipation, and explicates the
reaction dynamics. The recoil direction of the exterior I-atom
in the complex, relative to the CT transition dipole moment,
provides the initial molecular structure. The correlation of the :
recoil speed and the recoil direction indicates the structural
change with the energy release. 0.0 : . L
The results reported here are striking in demonstrating that, 250 300 350 400

although the initial ET occurs at early times from D to A, an Wavelength (nm)

electron from the acceptor reversibly goes back to the donor, Figure 2. Typical UV absorption spectra of gas-phase diethyl sulfide,

; ; iodine, and diethyl sulfidefl mixtures at a temperature of 373 K
:ia(\)/tlk?grtt/]vi)?g ; et%tgrir\:\iltl;gl %r;iil:/%h c%?]?irggr;?isrr]eg)kr?k;ng. (adapted from ref 35). Note the large enhancement around 290 nm in
’ gur: . the gas mixture. The excitation wavelength (277 nm) used in this work
1) totally converts to the covalent bondinm & 1, n = 0). is shown by the arrow.

During this transformation, the dative bond, for instance in the
case of diethyl sulfide withy] lives for about 500 femtosecond e —
as evidenced by the liberation time of the exterior (i.e., the one Y
away from the donor, the naked one) I-atom. Another striking T
observation comes from the temporal behavior of the interior 1EX
(i.e., the one facing the donor, the caged one) I-atom. It is caged
coherentlyin the force field of the “substrate” (diethyl sulfide)
for 800 femtosecond and completely departs in 1.15 ps. The
orientation of the exterior I-atom indicates a nearly linear
structure of S I—I (~165°, see Figure 1B) in the transition Ec Ip
state. These results elucidate the mechanism and provide a cleal
dynamical picture of the structural changes and the reaction
pathways on the time scale of nuclear motions, as detailed
below.

This paper is outlined in the following sections, and builds
on earlier reports of this class of reactidg? In section I,
we discuss the bonding properties of the complex systems and
the CT transition dipole moments. In section lll, the experi-
mental techniques are briefly described, including the experi-
mental apparatus and the KETOF method. In section IV, the
experimental results are presented. In section V, we discuss the
nature of dative bonding and transition states in CT reactions o+ D+A
and _the caging dynamics. Finally, we give our conclusion in E, AH vdw DA (b
section VI. E, YRy s DA, D*A-
Il. The CT Systems: Structures, Energetics, and (Fr=agtbéy
Moments ~ J

| hat foll hall ai brief d it f th Figure 3. Schematic energy levels of Mulliken’s resonance theory
n what follows, we shall give a briet description of the for a donor-acceptor bimolecular compleiz andRy are theresonance
energetics, transition moments and structures of the systems ognergies, ané is the Coulomb attraction energy:®stands for “no-

(2) iodine
(3) diethylsulfide/Il, mixture

o
(M)

Absorbance

o
N
T

D*+A+e

D*+A"

(Ye=a'9s-b'¢y)
D*-A", DA

R

E, [Re v D*-A" (4)

Energy

hver

interest here. bond” (vdW) configuration and D-A~ for the “dative-bond” config-
Beginning in the 1950s, CT complexes have extensively been uration.Wy andWe are the wave functions of the ground and CT states,
studied both eXperimentaﬁyg’sl_34 and theoreticall;?:“' The which are mixture of the “no-bond” and “dative-bond” wave functions.

experiments focused mainly on the physical and chemical
properties of the complex in the ground state, including the
binding energy, the equilibrium formation constant, the elec- X y - P !
tronic, vibrational, and NMR spectra, and the complex dipole |nt$ract_|ons between a “no-bond” (D,A) an(j a “dative-bond
moments and structures. The observed new UV absorption band?® ' —A") ET structures. The energy levéfs** for a donor-

from the mixture of the donor and acceptor drew special acceptor complex are shown in Flgure 3. Thg gro.und-statelwave
attentions because it is from neither the donor nor the acceptorfiunction of the complex can, to a first approximation, be written
molecules alone, and is attributed to the dormcceptor @S the sum of two terms

complex. In Figure 2, a typical example of UV absorption is

shown for one of the systems studied here, the diethyl suffide Wy, = agy(D,A) + b, (D" — A) (2)

I, mixture in the gas phaséFor an isolated system, the binding

energy, structure and electronic spectra are three main propertiesvherego(D,A) is the wave function of the no-bond configuration
for characterizing the CT complex. and ¢1(DT—A") is that of the dative ET configuration. An

The nature of the bonding in the complex was systematically
described by Mulliker?:* The complex is stabilized by resonance
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important requirement for the mixing is thag and¢; need to

be of the same symmetry in the entireADcomplex frame
(neglecting vibronic coupling). The no-bond configuratigs
(D,A) mainly results from the vdW interactions, the dispersion
force and classic electrostatic multipole interactions between
D and A. The dative-bond configuratiopy(D*—A~) is con-
ceptually associated with the interaction of molecular orbitals
and involves the transfer of an electron from the highest filled
donor orbital (HOMO) to the lowest vacant molecular orbital
(LUMO) of the acceptor.

The stability and structure of the complexes are very
dependent on the particular orbitals that participate in the
electron transfer. The donor molecules, according to their
HOMGOs, can be divided into three types; o, 7r; the molecule
may donate an electron from theunshared nonbonding
electron pair of a heteroatom (N, O, S), the bonding electron
pair of a o-bond (such as cyclohexane) or from bonding

m-electrons (aromatic and unsaturated compounds). The acceptor
molecules can also be divided into three types according to the

character of the accepting orbitals:, o, x, i.e., the lowest
unoccupied molecular orbital (LUMO) is the vacantalence
orbital of a metal atom, the antibondimgorbital of halogens,
or the antibondingm-orbitals (such as tetracyanoethylene,
TCNE).

Generally, the interaction of theo-complex is relatively
weak (~1—4 kcal/mol)é34and the complex in the ground state
is stabilized mainly by the vdW forces. Thus, the no-bond
configuration becomes dominant for the weakcomplex and
the contribution of the dative structure to the ground state is
very small. For example, in the benzeli@ complex, the dative-
bond contribution is<8.3% @ ~ 0.93 andb ~ 0.28)36 The
heat of formation is determined to be on the order-&.54
kcal/mol37-38 On the other hand, thesacomplex usually has a
strong binding energy> 3—13 kcal/mol$-3* and the dative-
bond contribution is not negligible; the dative-bond contribution
is 6.5% forp-dioxanely, 12% for diethyl sulfidel, and~25%
for pyridine1,.%3°The heat of complex formation is determined
to be in the range 0f-8.3 t0—9.0 kcal/mol for diethyl sulfide
I, in the gas phas®;*041—3.3 to—3.8 kcal/mol forp-dioxane
[,243in CCly, and —3.7 to —5.8 kcal/mol for acetoné& in
C,F3Cl3.4446 The dative-bond contribution changes in the
sequence from nitrogen (N)-containing donors (largest), to
sulfide (S)- containing donors, and to oxygen (O)-containing
donors.

According to Mulliken’s theory, the new UV absorption band
is simply the excitation of the complex from the ground state
to the first CT state and the wave function has the form

We=a"¢,(D"—A") — b*¢y(D.A) ®3)
For most CT complexes, the dative-bond configuration is
dominant &£90%) anda* is much larger that*. For example,
for the benzend, compleX a* and b* are estimated to be in
the range of 0.990.97 and 0.270.36, respectively. Most strong
UV absorption bands peak around 25800 nm (Figure 2), and
the excitation energy (Figure 3) can be approximated by the
following equality

hv=AH+ Iy — Ef — (Ec — RY) (4)

o

ID_EX_EC

whereAH is the binding energy of the complex in the ground
state,lp the ionization potential of the donoEX the vertical
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electron affinity of the acceptoEc the Coulomb energy, and
Re the resonance energy. Usually, the CT excitation energy can
be estimated fronhp — EX — Ec becauseAH andRe are very
small comparing with the other three terms. Spectroscopic
studies of a variety of electron doneacceptor systems have
in many cases confirmed this correlation of the CT band energy
with thelp andE,.#6-93%-34 The UV absorption, usinglas an
electron acceptorH, ~ 1.0 eV)?#” peaks at 290 nfi-“048for
diethyl sulfidel, (Ip = 8.7 eV), 270 nrff for p-dioxanel, (Ip
= 9.13 eV) and 242 nffi for acetond; (Ip = 9.7 eV). For the
benzendCl complex, the CT absorption peak is located-@82
nn® (Ip = 9.24 eV) but with a largeE, (~1.5 eV)30:51

The electronic transition dipole moment corresponding to the
CT excitation is given by

Ber = Weli| W= a*buy, — abfpg, + (@& — bb¥) py
(%)

Moo andui; are simply the static dipole moments of the no-
bond and dative-bond configurations, amg is the transition
dipole moment between them. The; is approximately about
eR(Ris the distance between the centers of chargeoabd
A~) and for typical vdW separations, the magnitude is of the
order of 20 D. The direction points from the “center of charge”
of D to that of A~. On the other hangyo is nearly zero or
very small € 4 D).° For example, the magnitude of tjpgg is
about 4.0 D for diethyl sulfidé,®? and 1.0 D forp-dioxane
1,.3953.54Thus, eq 5 reduces to

Her~ abpy, +aau, (6)
indicating that the CT transition dipole moment is dominated
by two major components. The magnitude ofy has been
shown by Mullikert to be roughly proportional to the spatial
overlap of the donating and accepting orbitals and the direction
is determined by the group theory and the CT-state symmetry.
Since D and A are in a vdW contact, this component is expected
to be small.

For the strong a-complex, b is large enough angcr is
dominated by thge1; component. Thus, for diethyl sulfiele,
p-dioxanel, and aceton¢, complexes, the transition dipole
momentucr points from the heteroatom (S, O) to the center of
I,. For the weakra-complexes, it is difficult to judge the relative
importance of the two components because of the small mixing
coefficientb and it might differ from case to case. However,
the w10 component alone is certainly not enough to explain the
observed strong CT transition in ther-complex and it turns
out in most cases that thg;; term also makes a major
contribution to the CT transition. For the benzdpeand
benzendCl complexes, the1; points from the center of charge
of benzene to that ok lor ICI, and theuo is determined from
the point group and the CT-state symmetry, as analyzed in detail
in the previous benzerlg studies'* Experimentally, by measur-
ing the vector correlation betweegrxr and the recoil velocity
of the I-atom (y) in term of the anisotropy parameted)( the
complex structure is obtained, as shown below.

Figure 4 shows the ab initio structub&s>8 for the different
complexes we studied, except for tpedioxanel, geometry
which is taken from the X-ray crystal structure piioxane
1,.59 The isolated 1:1 complex geometries predicted from recent
ab initio calculation%’5860are found to be very similar to the
early X-ray crystal structureéd,and most geometries can be
rationalized by a mutual orientation between D and A to reach
a maximum overlap of the donating and accepting orbitals. For
the large size of the I-atom, the electrostatic effect also plays
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Figure 4. Molecular structures of 1:1 bimolecular, dor@cceptor complexes based on the recent results of ab initio calculations: (A) diethyl
sulfidel,,% Rsj = 3.3 A, 051y = 175 andfc_s-; = 97°; (B) p-dioxanel,5 Ro- & 2.8 A, 01— ~ 180 andfc-o-1 ~ 116°; (C) actonel,,5s

Ro-1 = 2.8 A, 6011 = 18 (fixed) andfc—o—; = 132. Two minimum structures were found for benzd@é and benzen,, C-atom centered

or C—C bond centered, and only-€ bond centered structures are shown here: (D) ber@itf Re—; = 3.03 A, 6c__c = 177.5; (E) benzene

1,58 Re—; = 3.15 A, 61 = 175. Note that the structures of D and E are nearly the same.

an important role in forming the ground-state complex. All of the 609-nm laser beam were sent to a double-passed single-

structures have &s symmetry. For the diethyl sulfide stage dye amplifier and then delayed in time by a retroreflector
complex® the calculated binding energy is6.18 kcal/mol, mounted on a computer-controlled translation stage. A 0.5-mm
stabilized by the interaction of the-type lone-pair electrons  KDP crystal was used for frequency doubling to obtain the probe
(3P on sulfur with the +1 o* orbital. For the aceton& beam at around 304.5 nm-20 uJ/pulse) for 2-1 resonance-

complex38 the binding energy is calculated to bé.08 kcal/ enhanced multiphoton ionization (REMPI) detection of free
mol with the sp-type lone-pair electrons on oxygen interacting iodine atoms. Finally, the pump and probe pulses were
with the o* orbital of I1-I. The benzendCl compleX’ has a recombined collinearly, focused and spatially overlapped in the
binding energy of—3.19 kcal/mol with the I-atom facing the  extraction field region of the TOF mass spectrometer.

C-atom or the &C bond center. The ab initio predication of A supersonic molecular beam Containing the species of
the stabilization energy for thp-dioxanel, complex is not interest was generated in the first chamber, skimmed and
available yet, but an estimated value is arour#l0 kcal/mol intersected by the femtosecond laser beams in the extraction
with interaction of the shtype lone-pair electrons on oxygen region of a two-stage linear TOF-MS housed in the second
with 1-1 (0*), and should be close to the case of the aceene  chamber. The molecular beam, TOF-MS axis, and the femto-

complex. second laser beams were orthogonal to one another. For all
) results reported here, the pump laser polarization was orthogonal
Ill. Experimental and Methodology to the probe laser one and either parallel or at an angle of 54.7

A. Experimental Apparatus. All experiments were per-  to the TOF-MS axis 4). The TOF-MS was also used as a
formed in a two-chamber molecular-beam apparatus integratedkinetic-energy spectrometer, as described in section IIl.C, to
with a tunable femtosecond laser system. Most details have beerf€solve the speed and angular distributions of reaction products.
described in two recent publicatiofs?® and only a brief ~ The pump-probe cross correlation was typically 4@0 50
description is given here. femtosecond fwhm. Although a much shorter probe pulse can

The femtosecond laser pulses from the oscillator were passedoe easily reached, the resulting broader spectrum leads to the
through a home-build four-stage pu|sed dye amp”ﬁer to reach loss of tunability for the iodine-atom REMPI detection. All
an energy of 308400 uJ/pulse and were tuned to be centered transients reported here result from one-photon excitation as
at ~609 nm, typically with~3—4 nm full width at half- checked by the pump power dependence of the observed signal.
maximum (fwhm). The 277-nm pump pulse%—10 uJ/pulse) Molecules of interest were seeded~+800 Torr of He and
was obtained by focusing 80% of the amplified beam into a were expanded through the pulsed valve. The mixture was made
D,0 solution to generate a white-light continuum, selecting the by flowing the He over the donors and acceptors separately far
wavelength from the continuum, reamplifing through another away from the nozzle and then combining the two gas lines
three-stage pulsed dye amplifier and then frequency-doubling together before the nozzle. To avoid larger cluster formation,
through a 0.5-mm KDP nonlinear crystal. The remaining 20% except the 1:1 PA binary complex, the condition was carefully
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Figure 5. TOF mass spectra under the 1:1 doracceptor complex
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from the small DA complex TOF signal and broad distributions
of fragment mass peaks. Especially for the bendé@gthe 1:1
complex ion nearly goes to complete fragmentation. Experi-
mentally, when the donors were added into tjielé mixture,

the l-atomtransientintensities were enhanced by a factor of
~14, 4, 5 for diethyl sulfidep-dioxane, and acetone, respec-
tively. For the reaction of benzene with ICI, the I-attransient
signal was enhanced by a factor-ef. The observed enhance-
ment indicates a direct CT excitation and excludes the contribu-
tions from the locally excited DA and D-A* reactions, in
accord with the much stronger absorption of thé\@omplex
than those of dono#%46496365 and acceptof&®’ alone, as
illustrated in Figure 2 for the case of the diethyl sulfide/I
mixture.

The fragment mass peak Desulting from the 1:1 complex
(D-ly) ion fragmentation, reflects the nature of the bonding
between D and.ll. As mentioned in section Il, the binding
energies for diethyl sulfidé,, acetond,, p-dioxanel, and
benzendC| are —6.2, —5.1, ~—4.0, and —3.2 kcal/mol,
respectively. In Figure 5, the-Dpeak is very large for diethyl
sulfide’l; (DS1), small for acetond, (AO-1) and hardly seen
for p-dioxanel, and benzen¢Cl. This is consistent with the
D-1, (D-l) complex binding energies being relatively large. An
attempt was made to study the much stronger complex reactions
of pyridine'l, and diethyl sulfideCl, but it did not work out
because some chemical reactions between the donor and the
acceptor occur in the mixing line before expansion.

C. Femtosecond-Resolved Speed and Angular Resolutions.
To dissect the different elementary processes and elucidate the
mechanism involved in the CT reactions, we have used the
REMPI detection in combination with femtosecond techniques
and a KETOF mass spectrometry to measure the translational
energy and angular distributions of the reaction as a function
of time. In the following, we will briefly describe the basic ideas
of this method.

The translation energy release due to the bond breakage
causes a spread in the KETOF profile around the central time

conditions. Careful control was made of the delay time between the T, (in TOFMS). Because the time spreai{=T — To) is a

femtosecond laser pulses and the pulse valve opening, and the sampl
temperature. Note that no larger cluster traces except the 1:1 binar
complexes were found. The fragmentation is clear. The donor structures

finear function of the three-dimension velocity projection onto

Ythe TOF axis ?), the KETOF profile can be transformed into

are also shown on the right side. DS stands for diethy! sulfide, DO for the velocity {;) distribution by the equation

p-dioxane, AO for acetone, and Bz for benzene.

controlled in two ways: sampling the different portion of the

v,= ATgEm (7

gas pulse by varying the delay time between the femtosecondwherem andq are the mass and charge of the ionized fragment
laser pulses and the pulsed valve opening, and keeping the low and E is the electric field strength for extraction. In practice,
vapor pressure of the samples by maintaining them at low we calibrate for the precise (not apparent) valueEoby

temperatures.

All samples were purchased from Aldrich. For donors, the
diethyl sulfide (DS,> 98% pure),p-dioxane (DO,> 99%),
acetone (AOz 99.5%) and benzene (Bz,99.9%) were cooled
to —54°C, —20°C, —68 °C and—45 °C, providing 0.45 Torr,

measuring the known velocity profile of methyl iodine dis-
sociation!42°

As detailed in a recent publicatidh, the observedv,
distribution, f(v,), is sensitive to three parameters, speed
distribution f(v), anisotropyfs, and angley (the pump laser

2.8, 0.6, and 0.5 Torr of vapors, respectively. For acceptors, polarizationép, relative to thez axis), by the following equation

the iodine (b, 99.999%) was used at room temperature (vapor

pressure~1 Torr). The iodine monochloride (ICI) was subli-
mated from the iodine trichloride (Ig)l crystal in order to

eliminate the contamination because the vapor above the ICI

crystal containsl2 The existence of excess Glapor above
the ICk crystal suppresses thgfbrmation due to the reaction
of Cl; and b. The crystalline IH (= 97%) was cooled to-12
°C, giving an estimated ICI vapor ef2—3 Torr$?

B. Mass SpectraThe TOF mass spectra are shown in Figure
5. Note that only the 1:1 doneiacceptor binary complex was
formed under the well-controlled conditions and theAD

vz

e ﬁ(v)PZ(cosx)Pz(V)]f(v)vzdv ®8)

(Vo) = [ 5

where P, is the second Legendre polynomial. The speed
distributionf(v) is determined by the nature of the bond rupture
and the anisotropy is determinedpn the femtosecond time
scale where no rotation needs to be considebsdthe direction

0 of the recoil velocity relative to the initial alignment (transition
dipole); 5 = 2P,(cos6). The value ofs becomes 2 for a purely
parallel @ = 0°) transition, while for a perpendicular transition

complex ion fragmentation is evident for most cases, as seen(f = 90°) it is equal to—1.
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(A) Diethylsulfide-I, (B) Dioxane-1, (C) Acetone-L,

Reaction Time # 4 X-KETOF | | Reaction Time X-KETOF | | Reaction Time x-KETOF
7.0ps ¢4 \ 7.0 ps 7.0ps
\  x=90° x=90° x=90°

-1200 -600 0 600 1200 -1200 -600 0 600 1200 -1200 -600 [ 600 1200
Velocity (v,, m/s)

Figure 6. Angular-resolved KETOF distributions for the three differgis as indicated, at a fixed delay time of 7.0 ps. All three complexes show
a parallel-transition behavior at 277 nm excitation. Note that for each case two velocity distributions are present. The open circles are éimedxperim
data and the smoothed solid lines are shown only for guidance of the eye.

Of particular importance is the special case(ct 54.7, or no-complexes at a fixed delay time of 7.0 ps. The data were
the “magic angle”, wherd(cog)) = 0. The distribution is taken very carefully: (1) the pump and probe intensities were
independent off and becomes kept as low as possible to reduce the space-charge effect and

minimize the KETOF broadening, and (2) the I-atom transient
f(v,,54.7) = f‘” lf(V)VZdV 9) KETOF distributions from the backgroungldissociation in the
\ZPAY;

molecular beam, which accounts for 7% of the total signal for
diethyl sulfidel,, 25% for p-dioxanel, and 20% for acetone

I,, were subtracted out from each measurement. The iodine
molecule was found to have a pure perpendicular transition at

At this pump angle, thg, profile depends only on the scalar
speed distribution. Equation 9 allows the speed distribution to

be extracted directly by differentiation 277 nm (G-X)%8 and the KETOF shaf&72 (8 ~ —1.0) is
2 d totally different from those shown in Figure 6, especiallyat
f(V)z_ngf(Vz,54-7})|Vz=V (10) = 0°. No noticeable change was found for all KETOF
4

distributions (Figure 6) after 7 ps delay time. These distributions
| (x = 0°) clearly indicate that two distinct velocity components
are present, especially evident for the diethyl sutigeomplex.
All three systems show a parallel transition and their different
) g(v) shapes reflect the different translational energy and anisotropy
g(v) =f(v)v5, P(E) = v (11) distributions of the I-atom release.
To reveal the dynamic behavior of the two velocity distribu-
Oncef(v) is known, the anisotropy paramejé(v) can also be  tions, the temporal evolution of the KETOF distributions was
derived by fitting thev, distribution measured at the parallel measured and for each measurement, the background I-atom
polarization § = 0°) according to eq 8. transient KETOF distribution was subtracted out. Figure 7 shows
Typically, we resolve the I-atom KETOF profiles)at= 54.7 the femtosecond-resolved KETOF distributions at the parallel
for the different delay times (femtosecond-KETOF) to directly (y = 0°) and magic angley(= 54.7) polarizations for the
obtain the evolution of the speed distributions. We then observe diethyl sulfidel, complex. Clearly, two distinct velocity dis-
the flux of I-atoms for different pump polarizations at fixed tributions, fast and slow, show a dramatic difference in the
delay times x-KETOF) to obtain the evolution of the angular temporal behavior. At early times, only the fast I-atoms appear
distributions (). Using this powerful method, we can obtain and the distribution reaches a plateau value after 1.75 ps.
femtosecond-resetéd speed and angular timev@ution of However, the slow ones show up only afte®00 femtosecond
products. It should be noted that there are two modes of and gradually buildup until 7 ps, and also have a higher
detection, that involving the projection of all velocities and the anisotropy than the fast ones, as clearly seen from the growth
other is a core-sampling mode using an aperture. Here, we useof the two components at = 0°.
the f_ormer, carefg!ly (_:onS|der|ng the relative transverse and  The femtosecond-resolved KETOF distributions for the
longitudinal velocities involved?2? p-dioxanel, and acetond, complexes are shown in Figure 8
for y = 54.7. Once again, two velocity distributions, fast and
IV. Results slow, are present and have different time behavior. For
A. Time and Velocity Correlations. The angular-resolved  p-dioxanely, the fast I-atoms are released quickly and after 2.26
I-atom KETOF distributions (-KETOF) for three different ps, the signal \(; = 800 m/s) stays constant but the slow
pump polarizations are shown in Figure 6 for the three distribution keeps growing until 7 ps. For acetdngalthough

The speed probability distribution and the fragment translational
energy distribution can be obtained
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Diethylsulfide-I, (A) Dioxane'l,

fs-KETOF {s-KETOF

Reaction Time
6.85 ps

5.01 ps
% 3.79 ps
3.03 ps
2.26 ps
1.43 ps
730 fs

Reaction Time

7.03 ps

2.44 ps
1.52 ps

—M 903 fs
525 fs

-1500 -1000 -500 0 500 1000 1500

-1500 -1000 -500 0O 500 1000 1500

(B) Acetone'l,

fs-KETOF

x=54.7° Reaction Time

5.35 ps
4.50 ps
3.76 ps
J 3.03 ps
Ca el b e L g bl 2.30 ps

-1500 -1000 -500 0 500 1000 1500

N 151 ps
Velocity (vz, m/s) 807 fs
Figure 7. Femtosecond-resolved KETOF distributions at two different At bttt b sl
x's (y = 0° and 54.7) for diethy! sulfidel,. Note the different temporal *1500 1000 500 0 500 1000 1500
behavior for the two velocity distributions. The open circles are the Velocity (v,, m/s)
experimental data and the smoothed solid lines are shown for guidance _. o
of the eye. Figure 8. Fs-resolved KETOF distributions gt = 54.7 for (A)

p-dioxanel, and (B) acetorr,. Note the different time evolution of

the two distributions overlap heavily, the fast distributiorvat the two velocity distributions. The open circles are the experimental
> 800 m/s under careful examination shows a constancy afterdata and the smoothed solid lines are shown only for guidance of the
3.03 ps and the slow I-atom signal continues to increase up to®Y¢:
7 ps. To account for a fraction ET, we take the value in the range of

In Figure 9, the two velocity distributions are clearly revealed 2.7—3.7 A, predicting that the lower limit of the zero-point
in the speed distributions, derived from the magic-angle=( energy of DSI~ is ~2.1 eV above its ground state. Therefore,
54.7) data (Figures 7 and 8, Figure 1A). The corresponding the upper limit of the available energy for the ionic exit channel
translational energy distributions of I-atoms are shown in Figure is ~0.6 eV at 277 nm excitation and the maximum translational
10. The high-speedv(= 800 m/s) components of the three energy of the released exterior I-atoms, based on the kinematics,
complexes are very similar whereas the three slow-speedis ~3000 cntt, much smaller than our observed 10000¢ém
distributions are very different. For diethyl sulfidg the two for the fast I-atom. Similar considerations are applied to the
speed distributions are well separated at\800 m/s Er = other two oxygen-containing complexes. Thus, the presence of
3420 cntl). For the oxygen-containing donors, the two distribu- such covalent channel indicates that RET must occur and is
tions overlap in the range of 75@50 m/s Er = 3000-3860 responsible for the high-speed distribution acquired by the
cm™1). The dramatic difference in the temporal behavior for fragment I-atom, much higher than that from the ionic exit
the two speed distributions observed here for all three complexeschannel (see Figure 1B).
clearly shows that the two types of I-atoms fen two different For the diethyl sulfidd, complex, the slow distribution is
dynamic processes of the reaction, not resulting from the centered at a final speed of = 500 m/s (1335 cm') but
parallel reaction pathways wolving the two spir-orbit states terminates at 300 m/s (480 cA). Furthermorethe peak shifts
of I and I (separated by 7600 cm), e.g., for the covalent  (Figure 9A, see also Figure 1A) from the maximumof=
channel I/I*+D-1/D-I*. Analyses of the two translational energy 620 m/s at early times to = 500 m/s after 7 ps, indicating the
distributions, as discussed below, also support this conclusion.degree of inelastic energy transfer from the atomic motion to

The high-speed component is centered-a030 m/s (5700 the donor molecule. The slow |-atom release is also from the

cm 1) and extends te~1300 m/s (10000 cmi) for all three dissociative covalent channel and any contribution from the ionic
complexes. This fast componestunambiguously assigned to  one must be negligible. This is supported by the followfing

the exterior I-atom released through the dissociatcaalent observations, detailed below: (1) the branching ratio of the fast
channe] simply because of energetics. For example, the I-atoms to slow ones, (2) the difference in coherent caging time
maximum CT absorption of the diethyl sulfide complex in from the fast I-atom distribution, (3) the difference in anisotropy

the gas phase is at 290 Bmi%48(Figure 2) and recent ab initio  of the two I-atoms (+3 as detailed below), (4) the shift of the
calculation&® give an equilibrium distance of 3.32 A between entire distribution with time (shown above), and (5) the fact
S and |, and a binding energy 6.2 kcal/mol. For a complete  that the I-atom distribution observed here did not extend to zero
ET, the DS~ equilibrium distance is derived to be 3.71A. speed, typically observed in many harpoon reactiSris.
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Speed Distribution, g(v)
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Figure 9. Fs-resolved speed distributions of the I-atoms obtained frem54.7 magic-angle data of Figs.7 and 8 for (A) diethyl sulfide(B)
p-dioxanel,, and (C) acetoné&,. The two speed distributions are clearly revealed and the slow component shows a dramatic difference in the

temporal behavior when compared with the fast one. Note the shift of the slow component with time and the lack thereof in the fast component.

In (A), the slow speed distribution terminatesvat 300 m/s. A contour map of the speed-time correlations is presented on the right side in Figure
1A.
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Figure 10. The corresponding translational energy distributions of the |-atoms obtained from the speed distributions (Figure 9) for (A) diethyl
sulfide'l,, (B) p-dioxanel,, and (C) acetoné. Note that the two distributions are well separateBat- 3500 cnt? for (A) but the two are heavily
overlapped for (C).

Accordingly, this slow component results from the interior it terminates at~200 m/s and at the later delay time (7 ps)
I-atoms, released from the dissociative covalent channel afterextends to 0. The slow component for acetbnpeaks at the
collisions with diethyl sulfide in ane-molecule cagingNote final speed o~600 m/s (1925 cmt) and gradually extends to
that the reversible ET ensures the covalent dynamics for bothO with time. Although the contribution from the ionic exit
l-atoms, and the above observations suggest that the fractionchannel for the two oxygen-containing donor complexes could
of the harpoon to the covalent channel is negligible. not be exclusively ruled out, it should be negligible based on
For the oxygen-containing donor complexes, although the the following measurements of the branching ratios of the slow
slow distribution is not well separated from the fast one, similar I-atoms to the fast ones and the difference in anisotropy for the
processes of the one-molecule caging for the slow I-atoms werefast and slow components.
observed. The slow distribution f@rdioxanel, is centered at B. Femtosecond Transients and Branching RatiosThe
the final speed of 500 m/s, similar to the diethyl sulfide temporal behavior of the two dynamical processes is also
complex, and also changes with time: at the early delay time revealed clearly by gating of the fast and slow components
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The reaction time of the exterior I-atom (fast component)
(A) Diethylsulfide-I, 1=850150 fs total 1 represents the-l bond rupture in the B, system, i.e., the
B dative-bonding TS lifetime of D—-I--I*. Specifically, the
observed 510, 860 and 830 femtosecond reaction times are the
At-150fs, 1=5101s  fastI entire complex lifetimes of DS-~1--1¥, DO*—"1-:I* and AO"—
~1-+1%, respectively. Since RET is responsible for the extinction
At-800fs, ==1150fs slow I of the dative bonding gnq the birth of the covaleqt bonding,
v - the obseved complex lifetime here is actually the time of the
overall RET process, of the dag bonding of the complex in
the transition state, and of the dissociaticasalent bonding
M formation.The coherent shift of 150 femtosecond observed for
1000 0 1000 2000 3000 4000 5000 6000 7000 all three complexes indicates the nature of the coherent reaction
trajectories and is the shortest time for some trajectories moving
from the initialwell-localizedconfiguration to the final products.
This coherent delay equals to the typicalllbond breaking
time on a repulsive potential surfageThus, after the dative
wave packet preparation st 0, some trajectories quickly hop
to the dissociative covalent exit channel by RET and the dative
bonding promptly switches to the covalent bonding.

The reaction times of the interior I-atoms (slow component)
slow I represent the entire dynamical processes of the CT reactions
including the one-molecule caging of the:-D complexes.
Specifically, the observed 1.15, 2.23, and 2.1 ps contain the
entire complex evolution time and the collision complex
lifetimes of DS:I, DO--I, and AO-I, respectively. The observed
1=1200+50 fs total I large coherent shift (800 femtosecond) from-B$dicates that

the interior I-atom wasrappedin the force field of the donor
(DS) during the collision. The 150 femtosecond coherent delay
for both DO+l and AO+I gives the shortest time for the interior
=830 fs fastl I-atom to liberate from the force field of both the donor and
- . the fast exterior l-atom. This time equals to the observed
coherent shift of the fast exterior I-atom, implying that some
1=2100fs  slowl trajectories coherently evolve along the three-body pathway to
D+I+I after RET.

Since the exterior I-atoms are released from the covalent
channel, the interior I-atoms, facing the donor, proceed to an
inelastic collision with the donor. For an ideal case in which
the interaction between the I-atom and the donor is very weak,
Figure 11. Fs-gating of different speed distributions. Shown are the the interior I-atoms should be completely liberated and the
total iodine atom transients (open circle) and the gated transients (solidpranching ratio of the slow I-atoms to fast ones is 1. Experi-
circle) of the fast and slow components: (A) diethyl sulfide(B) mentally, we obtained the branching ratios (after 7 ps in Figure
thlof);i?e;eag%;&%)O?Cgé?f&j T;:]% bg%?fggn%f"(%’c’f(g;’e ZII’?(\;V Eg)‘ 11) of 55:100 for diethyl sulfidd,, 65:100 forp-dioxane, and
respectively. The solid lines are the theoretical results fitted using a 88:100 for acetoné,. These ratios are all less than 1, indicating
coherent delay and an exponential rise describing the time evolution that the slow exterior I-atoms from the ionic exit channel are
(see text). Note that the slow l-atom component of (A) has an 800 negligible (otherwise, the branching ratio should be larger than
femtosecond coherent delay and that _aII other femtosecond transients]_),
show a 150 femtosecond coherent shift. As much as 45% of the caged interior I-atoms are not

(usingv = 800 m/s as the dividing line of the two distributions liberated from the collision complex of D, consistent with

for the oxygen-containing complexes). The transients are shownthe strong binding energy;- —6 kcal/mol, between diethyl

in Figure 11, together with the experimental transients while sulfide and the I-atonf Further evidence of the speed cutoff
collecting all I-atoms (the background I-atom transient from the at 300 m/s (Figure 9) for the interior I-atoms indicates that some

I monomer has been subtracted out). The slow I-atoms showinterior I-atoms with the low translational energy are trapped
a dramatic difference in time evolution from the fast ones for in the force field of diethyl sulfide and that there exists a barrier

all cases studied here. for dissociation to DS I. It is surprising that as much as 35%
The total I-atom transients give time constants ¢ 850, of the caged I-atoms are trapped in the €1@ollision complex
1200, and 1200450) femtosecond for the overall reactions of ~€ven though the binding energy is not so strong, erdykcal/
d|ethy| Su|fide|2, p_dioxane|2, and acetondy, respective|y_ The mol. For the AQ-I collision CompIeX, Only 12% of the interior
fast components, however, give rises of 510, 860, and 830 |-atoms are trapped though the binding energ$.(L kcal/mol)
femtosecond, all with 150 femtosecond coherent delay from IS larger than that of the D@ complex.
the time zero, whereas the slow components show rise times of C. Recoil Anisotropy and Initial Complex Structure.
1.15, 2.23, and 2.1 ps, but with~-a800 femtosecond coherent Because the dynamics of CT reactions occur on the femtosecond
shift for diethyl sulfidel, and only a~150 femtosecond time scale, the rotational motion is negligible, and, therefore,
coherent delay, similar to the fast I-atom transients, for both the measured recoil anisotropy of I-atoms reflects the vectorial
oxygen-containing complexes. correlation @, B = 2P,(cos 0)) between the recoil direction

(B) Dioxane'I, 1=1200150 fs total I

1=860 fs fastI

1=2230 fs
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Figure 12. The final &7 ps) I-atom speed distributions, anisotropy distributions and corresponding angles between the recoil direction (the bond
orientation) and the initial transition dipole momeryr for (A) diethyl sulfidel,, (B) p-dioxanel,, and (C) acetoné. Note the different anisotropy
distributions for the naked, exterior (fast) and caged, interior (slow) I-atoms for each system. The initial angles of the naked, exterior ¢#atoms an
the angle changes of the caged, interior I-atoms are marked by the dashed lines; see the text for detail.

(recoil velocity v) and the initial transition dipole momeptf). For a given value of, the derived angle could be two values,

The final recoil anisotropy distributiong(v) and the corre- 0 or 180 — 6, depending on the relative recoil directions of
sponding angles are shown in Figure 12 from a satisfied fitting the two I-atoms. Note that the angle between the recoil velocity

of both the parallel and perpendicular polarizations of KETOF of the exterior I-atom angicr is always less than 90(6).
distributions (aty = 0° and 90) according to eq 8, described However, the recoil direction of the interior I-atom relative to

in section IIIC, using the derived speed distributions (Figure ucr could be eithe® or 180 — 6 depending on the interior

9). Figure 13 shows the typical results of the fits for the three I-atom recoil direction relative to the exterior one. After RET,
complexes ay = 0°. if most available energy is stored in thellbond (potential
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Figure 13. Typical results of the nonlinear least-squares fit of the
parallel polarization KETOF distributions for three systems. The open
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Figure 14. The 1:1 donofracceptor complex structures based on the
derived angles betweemcr = ucr and the initial recoil directiory,
(and recent ab initio calculations): (A) diethyl sulfitie(R = CHs-
CH2), Os-1- = 165°, (B) p-diOXane|2 (R=CH2), Oo-1- = 172.5 and
(C) acetond, (R=CHj), 6o = 165°. Both directions ofucr and
the initial v are shown by arrows.

nearly linear configuration of S(@)—I for all three complexes,
consistent with recent ab initio predictions for the ground-state
structures (Figure 4956 This linear orientation is a perfect
geometry for the maximum overlap between the donating orbital
(lone-pair electron, p-type) and the accepting orhital The
experimental structures of the three complexes are depicted in
Figure 14 and are based on the ab initio predicted interaction
scheme.

Thef(v) distributions of the fast exterior I-atoms for the three
systems have the similar trend, monotonically decreasing from
the same higher value-{L.9) to a lower one. This observation

circles are the experimental data and the solid lines are the results ofindicates the structural changes with the energy release. For each

the theoretical simulation. The simulation procedli@nly uses the
first half (v, < 0) of the KETOF distribution; because of symmetry,
the second half\; > 0) of the data here is the replica of the first half.

energy), the interior I-atom will move away from the exterior
one and the angle derived from the anisotropy should bé 180
— 6 (larger than 9¢), and if the D-1 bond acquires most

system, the two components, naked exterior, and caged interior
I-atoms, have different anisotropy distributions. Specifically, for
diethyl sulfidel, (Figure 12a), the anisotrop§ for the fast
component monotonically decreases from 1.9-10.5 with
decreasing the speed and has an average valu€df8 and

the corresponding angle is 45.e., 35 difference away from

the uct direction, compared with the initial one. However, the

available energy (translational), the two I-atoms will move the sjow |-atoms have a higher, neadgnstan{3’s~0.9, indicating
same side away from the donor by three-body dissociation andthat all interior I-atoms are released nearly along the same

the corresponding angle should B€less than 99).

The observed fastest exterior I-atonas-1250-1300 m/s and
Er ~ 8360-9040 cnt1?) indicate that most available energy is
deposited in the+1 bond after RET, according to the energy

direction. Fomp-dioxanel, (Figure 12b), theg distribution shows
a monotonic decrease from 1.9t®.5. The averagg for the
fast l-atoms is~1.25 and the corresponding angle is’ 30he
slow I-atoms have an averagef ~1.0. For acetoné, (Figure

conservation, and there are no other significant vibrations to 12c), thef distribution for the fast component monotonically

alter the structure on this initial femtosecond time. Therefore,

decreases, 1.95 to 1.25, with an average of 1.7 and the

it is reasonable to consider the complex structure, which releasescorresponding angle of-18°. The slow I-atoms show a
the fastest exterior |-atoms, as the initial one. From the measuredmonotonic decreasing anisotropy, from 1.25 to 0, and have an
p’s of the fastest exterior I-atom release we obtain the angles average of~1.0. These correlations of the structural evolution

of the I-I bond orientation (recoil velocity) relative {@ct in
the range of ©-10° (Figure 12) for all three systems.

As discussed in section Il, the overall transition dipole
momentucr in the strong a-complex is dominated by the CT-
state dipole momenti; and the direction points from the donor

with the energy release for each CT complex will be discussed
in more detail in section V.

D. BenzenelCl: A Direct Examination of Structure and
Mechanism. The CT reactions of the 1:1 weato-complexes
of benzene (and its deuterated and methyl-substituted species)

atoms (S, O) to the center-of-mass of the iodine molecule. Thus,with |, have been previously studied in a great détairhe

the corresponding angles derived from fhelistributions are
the relative direction gfi1; and the recoil speed.vihe observed
initial angles, 0—10°, of the fastest exterior I-atoms indicate a

results are similar to those observed for the threeomplexes
presented in the above. Basically, two speed distributions, fast
and slow, were observed and the fast one is from the exterior
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Figure 15. (A) Angular-resolved KETOF distributions of I-atoms for
the three differeny’s at a fixed delay time of 7.0 ps for benzel@.
(B) The results from the benzethg complex are also shown for
comparisort* Note that the three velocity distributions of (A) are very
similar, narrower and sharper.

l-atoms, released from the dissociative covalent channel, and
the slow one is liberated mainly from the one-molecule caging
of the interior I-atoms after RET. The contribution of the ionic
exit channel to the slow component is minor. The recoll
anisotropy for the fast exterior I-atoms was abedt0 and the
corresponding angle is 3pindicating that the recoil direction

is tilted away from the initial transition dipole, which is also
supported by recent ab initio calculatiéhéFigure 4). For the
slow interior Il-atoms, the anisotropy shows a monotonic
decreasing value from 0.6 to 0.1.

The study of the benzer€l complex is unique, compared
with the benzeng, complex. Using ICl as the electron acceptor
instead of 4, only one I-atom is observed and, therefore, only
one speed distribution is expected. If the I-atom faces the
benzene molecule in the complex, no I-atoms will be observed
from theionic channel on the femtosecond time scale because
the BZ"I~ ion pair (exciplex) usually has a ns lifetime, as many
rare-gas halide exciplexes halfeBut for the dissociative
covalentpathway after RET, a slow speed distribution will be
expected with a reaction time ofl ps. If the Cl-atom faces
the benzene ring, the exterior I-atom will be released from the
ionic exit channel with a slow speed distribution, but for the
covalent channel a fast distribution is expected; the reaction
time will be subpicosecond (covalent) & 1 ps(ionic). Recent
ab initio calculation® predict aCs-symmetry structure, similar
to the benzent, one®8 with the I-atom facing the benzene ring
(Figure 4). Thus, only the slow speed distribution of interior

Zhong et al.
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Figure 16. Total iodine atom transients (open circle) and the gated
transients (solid circle) of the fast and slow components. Note that only
one temporal evolution of I-atoms was observed for benz€héA).

All transients have a-150 femtosecond coherent shift from the time
zero. The branching ratio of the slow to the fast~400:100 for
benzend, (B). The solid lines are the theoretical results using a
coherent delay~+150 femtosecond) and an exponential rise describing
the time evolution (see text).

total signal resulting from the ICI molecules alone in the
molecular beam, has been subtracted out. The ICI molecule at
277 nm has a pure parallel transition and dissociates iAt€&IF
CI*, 7778 and the l-atom KETOF distributioA8’® (8 ~ 2.0) is
totally different from those shown in Figure 15, especially at
= 0° and 54.7.

Comparing the two distributions gt= 0° in Figure 15, the
fast distribution from the benzefi€l complex is dramatically
reduced and the slow one dominates. The whole distribution
shows no significant time dependence, indicating #fldtatoms

[-atoms is expected and on the femtosecond time scale it mustare from one dynamic procesBy gating the total I-atoms, the

be from the dissociative covalent channel, not the ionic one. In
the following, the results from both reactions of benzene with
ICl and |, are presented together for comparison.

The angular-resolved KETOF distributions for three pump
polarizations are shown in Figure 15 at a delay time of 7 ps.
After 7ps, the distributions stay unchanged and the CT reaction
is complete. The three I-atom KETOF distributions from the
benzendCl complex are surprisingly similar, indicating that
the overall anisotropy is very small, close to 0. The much
narrower distribution is due to the less total available energy
(the strong +CI bond) and the dissociation kinematics of ICl,
in which the Cl-atom takes more translational energy away. The
background I-atom transient KETOF distribution, 15% of the

femtosecond transient is shown in Figure 16A with a 950
femtosecond rise time by a single-exponential fit. The KETOF
distribution from the benzerle complex shows two compo-
nents, fast and slow, with different time behavior (not shown).
The fast I-atoms have a 450 femtosecond rise time and the slow
ones with 1.4 ps (Figure 16B). The branching ratio of the slow
l-atoms to the fast ones is100:100, implying that a small
percentage of the slow I-atoms is from the exterior ones of the
ionic exit channel because there are some trapped interior
I-atoms from the covalent channel. All transients havel®0
femtosecond coherent delay from time zero, similar to that
observed in the threesacomplexes, indicating the coherent
nature of the CT reactions and that some trajectories after CT
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Figure 17. The speed distributions derived from the magic-angle- 64.7) data shown in Figure 15, together with the corresponding translational
energy distributions for (A) benzerl€l and (B) benzend,. Note the dramatic difference in the high translational energy distributions of both

cases.

excitation promptly hop into the covalent channel by RET. The
150 femtosecond coherent shift is simply the bond breaking
time of I-Cl on a repulsive potential energy surface.

The final speed distributions derived from the magic angle
data (Figure 15) are shown in Figure 17, together with the
corresponding translational energy distributions. The whole
speed and translational energy distributions for the benzene
ICI complex shifts to the low values as expected. The distribu-
tion consists of a major peak centeredrat 170 m/s and a tail
peaking av ~ 585 m/s and extending t8830 m/s. The major
peak accounts for75% of the total signal and the tail for 25%.
This tail distribution is only from the covalent channel because
the ionic channel, even though the Cl-atom faces the benzen
ring, could not produce this high-speed I-atom according to the
following energetics. The maximum CT absorption is-&82
nm° and the complex binding energy is assumed to13e2
kcal/mol with a distance of 3.0 A between benzene ané Cl.
For a complete ET, the BLI~ equilibrium distance is derived
to be 3.26 A. To account for a fraction ET, a range of-2.7
3.26 A is used and the predicted low limit of the zero-point
energy of BZCI™ is ~1.92 eV above its ground state. Therefore,
the upper limit of the available energy for the ionic channel is
~0.27 eV at 277 nm excitation and the maximum translational
energy of the released I-atom, based on the kinematiesl,025
cm1, much smaller than our observe®700 cnt? for the high-
speed component. Excluding the high-speed I-atoms from the

ionic channel, the slow ones therefore are also from the covalent

channel based on two key observations: (1) the high- and low-
speed I-atoms show no dramatic temporal difference, thus all

€

from the benzené, complex (Figure 18), implying that both
structures are nearly the same and consistent with the ab initio
predictions (Figure 4)758 This observation indicates thtte
I-atom faces the benzene ring in the complex structure and all
interior l-atoms result from the one-molecule caging of the
covalent channel through RET.

Finally, the two distributions, the major peak and small tail,
result from the parallel reaction pathways involving the two
spin—orbit states of I* and | (7605 cm separation) in the
dissociation of ICI. The tail component is centerec~&t830
cm! and the major peak at155 cntl. The energy difference
is ~1675 cnt! and this value is the santenslationalenergy
separation of | and I* from the dissociation of IG&{ = mc)/
MciEav, B = Ma/Mici(Eav + 7605)= Ei- + 1673 cnt?). This
observation is very surprising in that, during the inelastic
collision between I/I* and benzene, the amount of the transferred
atomic translational energy to the benzene moiety is the same
for both | and I*. Assuming that the total available energy is
deposited in the+Cl bond after RET, the I-atom acquires 3955
cm1 of translational energy and the I*-atom gets 2329ém
The amount of the energy loss from both | and *~2150
cm~1, an upper limit of the energy transferred to the benzene
molecule (C-C motion and molecular rotation) during the
collision. The electronic energy of I* was found to be conserved
during the collisiont>

The observed branching ratio of I* to | is 3:1. This ratio
represents a lower limit because most trapped iodine atoms are
from the I* pathway, which has less available energy and

l-atoms are released from one dynamical process of the covalenfroduces slow-speed I*-atoms. Because of the different nature

exit channel (shown above); and (2) the anisotropy measure-
ment, discussed next, shows no dramatic difference for the
whole |-atoms, indicating that all I-atoms are from the same
channel.

The anisotropy distributions by fitting both the parallel and
perpendicular KETOF profiles are given in Figure 18, together
with the corresponding angles. The typical theoretical simulation
of the KETOF distributions is shown in Figure 19 fpr= 0°.

The anisotropy distributions show a monotonic decrease from
0.5 to 0 and have the similar values of the caged interior |I-atoms

of the potential energy curves of ICI ang this value (3:1)
cannot be used to correct the branching ratios of the interior
[-atoms to the exterior ones obtained from thd JDeactions
(section IVB). Also, because of the less translational energy
partition in the I* pathway, more iodine-atoms in the benzene
ICI reaction would be trapped when compared with thé,D
reactions. Actually, as discussed in the next section (Sec.VA),
the percentage of the caged interior iodine atoms from the |
pathway (H1), hidden in the fast speed distribution of thel P
reactions, is negligible.
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Figure 18. The final &7 ps) I-atom speed distributions, anisotropy distributions and corresponding angles between the recoil direction (the bond
orientation) and the initial transition dipole momenrdr. (A) benzendCl: Only caged interior I-atoms were detected because the I-atom faces the
benzene ring in the complex structure. The anisotropy monotonically decreases from 0.5 to 0. (B)-benZbeeanisotropy for all I-atoms shows

a monotonic decreasing from the initial 1.0 to the final 0. The initial angle is abduta®®l the angle changes of the caged interior I-atoms are
marked by the dashed lines. Note the similarity of the anisotropy distributions of the caged interior I-atoms for both cases, reflecting the similar

complex structures and caging dynamics.
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Figure 19. Typical results of the nonlinear least-squares fit of the
parallel polarization KETOF distributions for (A) benzelt@ and (B)
benzend,. The open circles are the experimental data and the solid
lines are the results of the theoretical simulation. The simulation
proceduré only uses the first half; < 0) of the KETOF distribution;
because of symmetry, the second half£ 0) of the data here is the
replica of the first half. Note the dramatic difference in the shapes of
the two complexes.

V. Discussion

caging and restricted energy dissipation in reversible, dissocia-
tive ET reactions. The nature of the transition-state dative
structure, which is mostly ionic, is important to the vectorial
correlation of reaction times, velocities, and orientations (Figure
20, also see Figure 1). The two distinct translational energy
distributions of the I-atom product, high and low, result from
the two elementary processes involved in the covalent exit
channel: The high translational energy distribution of the
exterior I-atoms () reflects the energy dissipation in the dative-
bonding TS of the supramolecular'B~1:+I¥ complex before
RET and the low one of the interior I-atoms) (indicates the
energy transfer to the donor after the ensuing one-molecule
caging (D-l collision) following RET. Thus, the reaction
mechanism can be described by the following elementary steps:

TS products
— Defex¥ — Dol + 1,
exterior-atom release (12a)

— D+1+1,
interior-atom release

transition state
Df—"lepr?
dative ¢~ionic)
Deelyeel,
collision complex

covalent

(12b)

Reaction 12a indicates a “two-body” {(Ip and k) bond
breakage with some interior I-atoms being trapped in the force
field of the donor during the inelastic collision. Reaction 12b
is an atom-molecule collision process after RET, resulting in
a “three-body” (B-l;--+l¢) decomposition. These two processes
are illustrated in Figure 21D, without details of crossings, and
in Figure 21A-C with the actual surface crossings. The
temporal behavior of thegdatom gives the dative-bonding
dynamics in the TS before RET. The time evolution of the |
atom reflects the entire dynamical process of reaction trajectories
from t = 0 to the final three-body formation of Bli+l,
including the one-molecule caging by nonconcerted and asyn-
chronous concerted pathways (see Figure 21D).

In the following, we discuss the two distinct processes of
the dative-bonding TS, and the one-molecule caging after RET.

A. Dative-bonding Transition States. At time zero, the

The experimental results presented above elucidate thecomplex in the ground state is promoted in femtoseconds to

mechanism and highlight the concepts of nonconcertedness

the dative bonding state, mostly ionic in character, and launching
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Figure 20. The three-dimensional PESs of the bimolecular complex, calculated for the two reactive coordinateandl---1, for the neutral

ground state, the first CT state and one of the excited dissociative covalent statesh{e C state). The CT PES is drawn for a fraction ET of

89%, which is determined by characteristic of the CT band; this fraction, which reflects the net Coulomb interaction, determines the equilibrium
position of the well, see the text. The seam, the crossing of the ionic and covalent PESs, is shown by the thick solid line. Two trajectories, the result
of the bifurcation from the first crossing, represent two typical dissociation routes by RET in the dative-bonding TS: One is from the crossing at
the smaller(I—1) and the other results from the electron hopping at the lar@ierl).

a well-localized nonequilibrium configuration. The initial energy two exit channels, ionic and covalent, are mainly considered.
is stored mainly in D—I,~ and I~ bonds and begins the  The ionic channel finishes with D~+I and the covalent
dissipation into other vibrational modes. Figure 20 represents channel ends up with two pathways:1B¥ and D*:I,. For the
three simplified ground-state, ionic, and covalent PESs, con- covalent channel, RET must occur from the acceptor to the
structed on the two reactive-Bl and I--+I coordinates, and  donor.

Figure 21 is the contour maps of the ionic and covalent PESs After the vertical femtosecond excitation at= 0, the HI

with a typical trajectory obtained from MD simulations. The bond is weakenedst) and the b anion is produced in high
prepared wave packet moves toward the dative-bonding TSvibrational levels, around the dissociation liffitor the ionic
region aftert = 0 and the entire complex begins the nuclear channel to release the exterior I-atom, as studied by MD
motion to search for the new stable structure or the exit channelssimulationst? it takes several picoseconds because of the nature
(Figures 1, 20, and 21). At our excitation energy (36100%9m of the attraction in both D—1~ and -1~ bonds, indicating that



10110 J. Phys. Chem. A, Vol. 103, No. 49, 1999 Zhong et al.

8.0 8.0
10
— 8
I ’
a
7.0 7.0 2
o Ve
10
I ~ 8
6
6.0 6.0} b
>y o< 10
< T 7 0 :
i : M
© 50 A 50| 4
£ ) : =
[m)] = 0
= | - 10
8
6
4.0 - 4.0 4 -
2
0 v [
F B 10 c |
i 8 v |
> ]
6 =
30 F 801 5 =
2 —]
w 2 —]
| 0 =
2.0 I | 1 1 L | I 1 I 1 I |
2.0 8.0 8.0
8.0
7.0
6.0 -
<
— B
A 5ol
k=g
40|
30
2.0 1 | ul | 1 | 1 1 1 I 1 |
2.0 3.0 4.0 5.0 6.0 7.0 8.0 3.0
DL A) (DI A)

Figure 21. (upper left, A) The energy contour map of the ionic PES of Figure 20. The crossing seam (thick solid line) of the ionic and covalent
PESs is also shown. A typical ionic trajectory (dashed line) takes more than 1 ps to reach a disgahdera (I—1-). The reactive trajectory (gray

solid line) finally evolves along the covalent potential with the multiple crossings in the dative-bonding TS region and this route is the dominant
pathway of the CT reactions. Also shown are three snapshots of the structure, assuming a linear configuration(iritial wave packet, solid

oval), at the seam and in the final ionic product channel if possible. (upper right, B) The energy contour map of the covalent PES of Figure 20 with
the crossing seam (thick solid line) and a reactive trajectory (dashed line) in the dative-bonding TS. The potential energy curves (ionic §nd covalen
cut along the reaction pathway at five, typical, crossing points, one (a) with the sm{&héy and the other four (be) with the larger(l1—I), are

shown on the right side. (lower left, C) The energy contour map of the covalent PES of Figure 20 with the crossing seam (thick solid line) and the
subsequent moving directions after RET at the five crossings. The corresponding relative motierisapidD—1 are shown in the five panels on

the right. (lower right, D) lllustration of the two processes indicated in eqs 12a and b. Nonconcerted and asynchronous concerted trajectories are
schematically shown. They evolve from the two different crossing regions (s¢hall) and larger(I—1)) and lead to the two-body and three-body
reaction channels on the covalent PES.

the entire complex is initially trapped in the dative-bonding in the back transfer is different from the initial one because
region. However, in the dative-bonding TS, an electron from such back transfer will lead to the ground-statd,Pbut for

the filled orbital of b~ can jump back to the HOMO orbital of  the isolated system the energy must be conserved. Thus this
the donor to form Biy*, leaving I, still with one electron in transfer, which leaves; lin the ground state, will not lead to
theo* orbital (repulsive excited states) and releasing the exterior bond breakage. A*-type configuration, obtained by the CT,
I-atom in ~150 femtoseconé? Clearly, this process is much  requires the jump of another electron.

faster than the ionic one to liberate the exterior I-atom as long  For the covalent channel of B%, although some probabilities

as the initial dative-bonding structure takes less than picosecondsexist for the same initial electron in1 (0*) to hop into the

to encounter the covalent configuration. The electron involved excited orbital of the dond# leaving b in the ground state
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and the donor in the excited state (D*), the chance for this o oo

process is minor because of the large change of the |
configuration and the less overlap @f and the donor excited
orbital. Furthermore, the first electronic excited states of diethyl
sulfide andp-dioxane lie above our excitation energy (36100
cm~1),8364indicating that at least the covalent D channel is
not available to these two complexes.

The occurrence of RET in the dative-bonding TS to form
D-1,* depends on the overlap between one filled orbitalof |
and the unpaired HOMO orbital of D and the wave function
overlap (Franck Condon factor) between1 and b*. Thus, Vi v Vi Ve Ve
the b* states are likely the same states accessed by the optical T
excitation. Near our excitation energy of 36100 Crthere is
only oneoptically accessible QZIU state, which correlates to
I-+1*.%8 The electronic configuration of the ground-state is
ofnngtot (2441) and the C state belongs dgtmrgo,t
(1441). Since theoy and oy orbitals of b have the same
symmetry in the entire complex and can interact similarly with
the HOMO orbital of the donor, one electron from thgorbital
promptly returns back to the donor (charge recombination) v vy vV
during RET. I

There are some optically forbidden, repulsive excited states ‘
with the vertical energies close to our excitation energy but the (C)
probability to form these states through RET is minor. Specif-
ically, the 123 and 1Ay states of the (2422) configuration,
which correlate to I*1* and I*+1, respectively, involve two-
electron transfer to two different moieties, ongelectronto  |o.r? . ________
the donor and the other electron to they, orbital. These states ‘ — —

0 300 600 900 1200 1500

are highly unfavored. The other optically forbidden repulsive
states are threélly, °Ily, and °Ily, states from the (2341) Speed (v, m/s)
configuration, which all correlate to 1, and one® "y, state Figure 22. The final =7 ps) speed distributions of the three

of the (1441) configuration which correlates te-ll RET complexes: (A) diethyl sulfide,, (B) p-dioxanel, and (C) acetone
involves one electron transfer of 1 (7, or og) to the donor l2. The maximum speeds from the two extreme conditions (see the text)

E th h th . I bability to f th tat for the exterior and interior I-atoms are shown. Also marked are the
ven thoug ere 1s a small proba ,' ity 10 Torm these states average speeds for the both I-atoms of the three complexes and the
after RET, most states correlate with a product asymptote cytoff speed of the interior I-atom from diethy! sulfidg
yielding I*+1, the same as that of the optically allowedX,
state. Thus, ngHatoms are produced from the | pathway-()
after RET, as also evidenced from the following energy analysis
of the lk-atom. This conclusion indicates that ngatom 2
distribution is located at the high-speed region under the |
atom distribution, as mentioned in section IVD.

From the translational energy distribution of theatom the

before RET is 46867030 cnt? for diethyl sulfidel,, 4680
7000 cn1? for p-dioxanel,, and 4686-6460 cnt! for acetone

If considering the three-body dissociation -([>-:l¢), the
derived internal energy from the extreme condition of strong
interaction between D and | is an upper limit for the donor
X because the three-body dissociation requires more translational
CT reaction does evolvenly along the I* pathway after RET.  onargy to produce the-htoms with 5670 crm translational
The distribution reaches the speed limit of thelt pathway energy. The total energy stored in the first CT excitation state
as determined by the total available energy; see Figure 22.jg or excitation energy, 36100 crh Therefore, the percentage
However, the average translation energy of thetdbms is about of the energy flow into the donor before RET is 13%9.5%
5670 cm (~1030 m/s), lower than the expected value for diethyl sulfidel,, 13%-19.4% for dioxand,, and 13%-
estimated from the total available energy and indicating that 17 9o for acetond,. We conclude that an upper limit of about
some energy is channeled into the donor “substrate” before RET. 1994 of the total excitation energy;6860 cnt?, is channeled
Assuming that the I-atoms corresponding to the average into the donor substrate before RET. Thus, in the dative-bonding
translational energy result from the two-body dissociation (D TS, the chemical reaction competes with the energy dissipation
litle), the average total translational energy of the entire o the donor substrate and the time scales of RET and the energy
complex after RET is in the range of 89901340 cn* for redistribution are critical in determining the final outcome of
diethyl sulfidel,, 9020-11340 cm! for p-dioxanel,, and the CT reaction. Probably, there is a small portion of CT reaction
9560-11340 cm* for acetonel; with two extreme conditions,  trajectories trapped in the TS well (Figure 21) because the
strong interaction between D and | or no interaction between energy in the reactive coordinates®l~ and 1-) after the
them, during the +1 dissociation. For the first extreme, we  energy dissipation becomes lower than the required energy for
assume that the dissociation first produces an I-atom and a D forming D-1,*. This energy-transfer process is very similar to
complex and then the complex subsequently falls apart without those found in many studies of surface and surface-aligned
significant translational energy change, whereas for the secondphotochemical reactiorf§:82
extreme we assume that D is simply a spectator and there isno The time scale of the RET process was evidenced in the
interaction between D and I. Thus, the expected amount of detection of thedatoms and is less than 1 ps for all systems
energy dissipated into the internal modes of the donor substratereported here (Figure 11). On this ultrafast time scale, there is
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not enough time to reach complete energy redistribution in the I1; state, correlating to#Cl*, and other two®[1y+ and 31,
entire complex and the dissipated energy probably activates onlystates, which correlate to+ICl, are all from the (2341)

several internal coordinates of the donor, such as th® ©r
C—S motion. The temporal evolution of the dative-bonding TS
is illustrated in Figures 20 and 21. At each crossing point of

configuration and involve one electron transfer from the
orbital to the donor HOMO orbital. However, the largest
absorption to thélly+ state at our excitation energy strongly

covalent and ionic PESs, the wave packet bifurcates: One partcouples to the’s,, state of the (2422) configuration, which
hops into the covalent exit channel by RET and the other correlates to I14-Cl. Thus, both | and I* pathways are involved
remaining one continues on the dative (mostly ionic) surface after RET, as observed in Figure 17, unlike thedse in which

and is trapped in the TS well to search for another crossing andonly the I* pathway is formed. The formation of the I* pathway
RET. Basically, there are two crossing areas: One is in the rangein the CT benzen¢Cl reaction implies that in the RET process

of the smaller(I—1) (case a in Figure 21, BD) and the other
is with the largerr(I—1) and r(D—1) (case b-e in Figure 21,
B—D). Ther(D—1) for the latter crossing area is larger than its

oneu, electron of ICt transfers into the donor HOMO orbital
and during the ICI dissociation, twag electrons of ICl in the
(2341) configuration move into its, and oy orbitals, respec-

initial distance. The exterior |-atoms at the higher speed come tively, to form I*+Cl as asymptotic products from the (2422)

from the crossing with the smallefl —I) because most available
energy is transferred into the potential energy in thébond
after RET. The lower-speed exterior I-atoms are mainly from
the crossing area with the larggi—I) because some energy is
transferred into the translational energy in thelDbond. With

configuration.

The vertical electron attachment to ICltat O produces the
ICI anion above the dissociation limit. Thus, the dynamics in
the dative-bonding TS are different from the-Bzase because
of the nature of the repulsion in the anioACl bond. The TS

the energy dissipation, there is a high crossing probability at ifetime of Bz*—1--Cl* is expected to be much shorter than

the beginning with the smalle(l—1) and in the later time with
the largerr(1—I) because the potential energy is larger at the

that obtained for Bz—"1+:1¥, 450 femtosecond, and the branch-
ing ratio of the ionic channel (B2~+Cl) should increase. The

smallerr(I—I). Our observed broad energy distribution of the observed jtatoms indicate that the coupling to the covalent
exterior l-atoms {-7.5 kcal/mol at fwhm) is basically due to  channel is so prompt and efficient in such a short time.
the distribution of multiple crossings (Figure 21) and the energy  The opserved-150 femtosecond coherent delay time of the
dissipation. The fate of each trajectory to evolve to two- or three- ast exterior I-atoms for all systems reported here indicates that
body dissociation depends on how much translational energy the reaction trajectories are coherent. This robust observation
is stored in the Bl bond during RET and the nature of the  yiginates from the initial well-defined localized wave packet
interaction between the interior I-atom and the donor, which is preparation. The observed time is simply the direct bond-
discussed in section VB. breaking time of 4 on the repulsive surface. Thus, some
The covalent PES of i,* is the same for all CT systems trajectories after the CT excitation promptly hop into the
and most ionic PESs have also similar shapes; the difference iscovalent channel through RET and all available energy is
only in the constant energy due to the difference in ionization channeled into the4l bond (potential energy) before any energy
potential (p) of the donor; see eq 4. Although the crossing dissipation to the donor substrate, as depicted in Figures 20
configurations are different for each CT complex, the time for 22. Meanwhile, from the anisotropy of the fastestalom
the wave packet to be in the dative-bonding (TS) well would (~1250-1300 m/s), we deduced the structure as the initial
not be dramatically different as long as the total energy in the ground-state one, as shown in Figure 14.
reactive coordinates before RET is higher than that at the For the fast exterior I-atoms of the three-nomplexes a

crossing positions. However, this time depends highly on the strong correlation is observed betweandv (Figure 12): the
initial configuration ofr(D—1) and the shape of the ionic PES  |ower the speed, the smaller the anisotropy and the larger the
(driving force, similar for most complexes). Experimentally, we corresponding angle, i.e., the less translational energy the
observed the survival times of 450, 510, 860, and 830 femto- exterior I-atom is released with, the larger angle it is tilted away
second for BZ—"1-+*14 DS*—"1-+I*, DO*—"I-:I¥, AO"—"I- from ucr. This dynamic correlation with the molecular structure
‘I¥, respectively. Note that for the two oxygen-containing is elucidated from the following three facts. First, after the wave
complexes, the initial configuration ofO—I) is nearly the same,  packet experiences the first crossing (smai(er-1) in Figs.20
~2.8 A558thus the same lifetimes for the dative-bonding TS, and 21) and moves into the dative-bonding TS, RET occurs at
~850 femtosecond. The initial configuration ofS—1) for the largerr(I—1) and r(D—I). For a given total energy in the
diethyl sulfidel, is 3.27 A and that of (Bz-) is 3.2 A for reactive coordinates (D-1- and H1-), if more translational
bezend,; thus, the observed similar lifetime 8500 femto- energy is deposited in the-fl bond and less energy in the'l
second. MD simulations do indicate that the lifetime of the hond, the B-I bond stretches longer and the exterior I-atom
dative-bonding TS is sensitive to the initial configuration of acquires less translational energy with a lower speed. The longer
r(D—1).** It should be noted that although the lifetimes are the D-1 bond distance extends, the larger the angle of thie |
different the dissipated energies into the donor are similar due bond orientation is altered away fromer. This correlation is

to the similar accepted modes of the-O and C-S motions. illustrated in Figure 23.

T.he' slight difference . of some higher translational energy  gecond, with the energy dissipation to the donor, theSE)
distribution of the exterior I-atoms from the acetda@omplex,  qtion of the donor is probably activated and the stretching of
compared with the other twasrcomplexes, is probably due to e ¢-S(0) bond makes the-Il bond orientation tilt away from
the stiff bond of G=0. uct. The more the energy flows into the-G(0) motion, the

For thewro-benzendCl complex, the electronic configuration  |arger the angle of thedl orientation. Consequently, the exterior
of ICl is similar to that of the 4 molecule, but the four states  |-atom is released with less translational energy and a larger
near our excitation energy are all optically allowed transitions tilted angle after RET. Finally, the anisotropy distributions of
and three ones can be accessible during RET process. The othethe exterior I-atoms for three complexes show a robust
one,’3;, state of the (2422) configuration, is highly unfavored monotonic decrease from 1.9 to a lower value, indicating that
because of the involvement of two-electron transfer. The one a bending motion of S(G)I—I is probably involved after the
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Figure 23. The correlation of the dynamics and the structural evolution
is illustrated by the measurement of the exterior I-atom recoil speed
and its direction relative to the initial femtosecond alignmemt; =

uct. (A) RET occurs at the smallel—I) and all available energy is
deposited in the-+I bond (potential energy), resulting in the largest
speed ;) with the smallest tilted angle. (B) and (C) RET occurs at the
largerr(I—I) with most available energy transformed into the transla-
tional energy in both Bl and I-1 bonds. In case (B), more translation
energy in the +1 bond results in the larger speed with the smaller
tilted angle, whereas in case (C) more translational energy in thie D
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(b—e), assuming a linear configuration, are considered to
illustrate the different collision processes between tretdm

and the donor after RET. These crossings occur at the larger
r(D—I) andr(I—1) than their equilibrium distances. At the-%

A distance of I, the repulsive potential energy of the
I2(C321’u) state is very small and most available energy will
transform into the translational energy in both-Dand -1
bonds after RET.

In case b, both D—1~ and 1~ bonds stretch toward the
outer turning point and more translational energy is stored in
D—I bond after RET. Both I-atoms move in the same direction
(0) and this is a typical three-body dissociation. Case ¢ shows
the accelerated attraction interaction in both bonds after reaching
the outer turning point and the -B bond acquires more
translational energy after RET. Theatom first collides with
the donor, flips the direction and then has a head-on collision
with the coming é-atom. Both I-atoms exchange the momentum
and flip the direction, and the-atom flies away from theel
atom, having a corresponding angle of 1:80(Figure 12). If
the f-atom is trapped during the first collision with the donor,
the le-atom will collide with the BI complex.

In case d, the D—I1~ bond has an accelerated attraction
interaction and the+tl~ bond stretches toward the outer turning

bond results in the smaller speed with the larger tilted angle. Note that point. The J-atom has a head-on collision with the donor, flips

the interior I-atom is moving away fromcr more than the exterior
I-atom by the collision with the donor (D).

initial CT excitation. This observation is especially clear for
the diethyl sulfidel, complex and the-+I bond orientation
changes from 10to 60, relative toucr, in the dative-bonding

TS. Thus, with the bending-angle increase and more energy
dissipation to the donor, the released exterior I-atom after RET

has a larger tilted angle with a lower speed.

B. One-Molecule Caging.In the crossing area with the
smallerr(1-1), the total energy is mainly deposited in thell
bond (Figure 21) after RET and the ensuing dynamics of the

entire complex can be understood on the basis of the isolated
I,* dissociation and subsequent one-molecule caging. After the

direct I-1 bond rupture and the release of th@tom, the caged
li-atom recoils away from the-atom (180 — 6), as shown in
Figure 21A. The initial incident angles of thedtom can be
obtained from the recoil direction of thedtom. The (remain-
ing) dynamical process is an atom-molecule collision (one-
molecule caging) and is determined by the relative collision

the direction with a corresponding angletfCase e is opposite

to case (d) and the-atom collides with thegdatom, switches

the momentum and moves toward the donor with a correspond-

ing angle of 180-0 (Figure 12). Thus, the recoil direction of

the -atom isf or 180 — 6 depending on the relative motion

of D—I and I-1 during RET. In addition, it should be pointed

out that the crossing probability is higher with the smallgr

I) and lower with the larger(I—1) at the beginning, and only

when the total energy dissipates into the donor and the total

available energy in the reactive coordinates decreases, the

crossing at the largefl —1) becomes significant. Also, it should

be mentioned that although thgdtoms, even after RET, are

still involved in the one-molecule caging such as in cases ¢

and e, this period of time is very short{50 femtosecond)

and the observed formation time of theatom mainly represents

the dynamic process in the dative-bonding TS before RET.
Besides the kinematics consideration discussed above, during

the collision some available energy can be channeled into the

internal modes of D’s, reducing the energy available for

energy between D and I, the impact parameter, and the bindingdissociation of the E} complex. Although the translation-to-

energy of the Dl complex.

If assuming that alldatoms are from this crossing area, the
initial incident angles of thedatoms are~170°—120C (relative
to ucr), 170—150C, and 178—15C° and the initial distributions
of the collision energies are 4-1.0.7 kcal/mol (average 6.7
kcal/mol), 4.6-10.6 kcal/mol (6.6 kcal/mol), and 8-13.1 kcal/
mol (5.1 kcal/mol) for diethyl sulfidep-dioxane and acetone,
respectively. The binding energies of thel Domplexes have
been shown in general to be similar to their corresponding
molecular } complexe& thus they are 6.2 kcal/mo#4.0 and
5.1 kcal/mol for DSI, DO-I and ACH, respectively?>5¢ The
equilibrium distance between S(O) and | irl B slightly larger
than that in DI»,58 but the orientation of the-atom to the donor
could be very different from that in the-D complex. Clearly,

vibration energy transfer (fV) process is expected to be slow
and rather inefficient owing to the weak coupling between the
D internal modes and the-Bl intermolecular vdW mode, the
D—I collision, because of its large binding energy, can result
in a collision complex of a new chemical identity. This is the
analogue of an intermediate toward chemical reactions and the
energy can be transferred to the internal modes of D in a short
period of time through a much stronger chemical interaction.
This consideration is supported by the results of a cross-beam
experiment on Btchlorotoluene reactiori¥, for which the
collision complex was found to have a lifetime shorter than a
rotational period £5 ps) at collision energies of 285 kcal/

mol and most available energy is channeled into the internal
vibrational modes of the aromatic ring.

the D-I complexes are launched at a repulsive, anisotropic PES  For the DSI complex, we observed that 45% of theatoms
between D and | in both azimuthal and radial directions. Based could not be liberated from the force field of DS and the trapped

on the collision energies and the binding energies, sorie D

li-atom may form a new “chemical” species with DS, such as

complexes are trapped in the potential well and never escapean inner-sphere CT supramolecfdhe anisotropy distribution

In the crossing area with the largefi—1), the molecular
configuration is complicated. In Figure 21, four typical crossings

(Figure 12A) of the escapegtdtoms is very striking with a
nearly constant value (0.85), indicating that thetbms are
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“bound” to DS for certain time and then are released along the For the benzen&Cl weak complex, the entire dynamic
same direction. The observed®00 femtosecond coherent delay process of the escapaedtoms has a 950 femtosecond lifetime,
time reflects this trapping process and indicates that the fastestshorter than that for the benzehecomplex (1.4 ps). This
trajectories of the escapedatoms take 800 femtosecond to observation results from the following: The initigldtoms after
reach the final B+-1;. A similar time behavior was also observed RET have much lower translational energy than that of the
for the CHl+I collision complex with a 1.4 ps coherent delay benzend, complex and more cagegdtoms are expected to
time 86 be trapped; the process in the dative-bonding TS is much shorter
The temporal evolution (1150 femtosecond lifetime) of the for the benzendCl complex because of the nature of repulsion
escaped;datoms integrates the entire dynamic process including in the I=CI™ bond, as discussed in section VA. Comparing the
the time behavior in the dative-bonding TS and the subsequentWeak benzen¢, complex with the oxygen-containing com-
one molecule caging after RET. The first dynamical process Plexes, the process for benzein¢1.4 ps lifetime) is faster than
takes 510 femtosecond (lifetime) from the detection of the |  that forp-dioxanel (2.23 ps) and that for acetotig (2.1 ps)
atoms and the entire process needs 1150 femtosecond, indicatingnd this is due to the shorter dynamical time scale in the dative-

that the one-molecule caging finishes ir-2 ps. From the onding TS (450 femtosecond lifetime), whereas the lifetime
translational energy distribution of thedtoms, the fraction of  Of the corresponding process takes 860 femtosecopdiioxane
the f-atom energy transferred in the caging~80% (5133 I> and 830 femtosecond in aceteheIn fact, the caging takes

cm~Y) and 47% of the transferred energy (2400 ¢épgoes into nearly the similar time of 23 ps.
the internal energy and 53% (2733 cthito the translational VI. Conclusion

energy of diethyl sulfide, assuming the crossing at the smaller
r(I-1) during RET. The energy transfer is very efficient in such
a short time, supporting the new chemical species involved. This
is further supported by the observation of the speed cutoff at
300 m/s, indicating a new chemical species with a dissociation
barrier of ~3.7 kcal/mol (upper limit). This inelastic energy

The time, speedand orientationresolution of dynamics of
CT reactions is a powerful approach for dissecting the different
elementary processes, elucidating the mechanism and the
molecular structure. The CT supramolecular complex evolves
along the dissociative covalent channel by reversible ET and
transfer is also evident in the temporal shift of the slow speed the reaction procegds by two d'St'nqt. pathways: The primary
process in the dative-bonding transition state region involves

component with the time in Figures 1A and 9A. . . . .
. . the dynamically active space of nuclear motions which lead to
For the two oxygen-containing CT complexes, the anisotropy gome energy dissipation to the donor substrate, with the

distributions of the caged-atoms_ are very S'.m'l‘.”“ fpr both probability of crossing to the covalent surface following RET.
complexes and show a monotonic decrease, indicating that théryis hrocess occurs on the femtosecond time scale and is
li-atoms are scattered by the donor away from the incident anglesygniored by the release of teateriorl-atom; the first coherent

(Figure 23), quite different from the DS complex. Although — yaiectory takes~ 150 femtosecond. The second dynamical

the binding energy for the DOcomplex is smaller than that  ,5cass after RET is the one-molecule caging. This caging takes
for the AO| one, the energy transfer must be more efficient ,q.o than 1 ps to liberate thiaterior I-atom. The energy

because 35% of the-atoms are trapped in DOwhereas only  yancfer of the atomic motion to the donor substrate in this
12% in AGI. The energy distributions of the escapedtoms —  ,rqcess of caging is very efficient and is evident in the clear
support the observed branching ratios. Assuming that RET gpitt of the speed distributions with time. The efficient trapping
occurs at the smalle(l—I), for the DOI complex the fraction o 5ch short time scales and the highly directional ejection
of the |-atom energy transferred in the cagingi88% (4785 from the substrate suggest the formation of a new chemical
cm™) and 50% of the transferred energy (2393 “éjnis species during the inelastic collision. The correlation of the
channeled into the internal modes pfiioxane and the other  gynamics and the structural evolution during the entire process
50% into its trans_lat_lonal energy. This efficient energy-transfer 5 5150 elucidated by the measurement of the recoil speed and
process is very similar to the D$ complex, but the temporal ji5 direction relative to the initial femtosecond complex align-
behavior is different. The escapgeatoms only have a-150 ment.
femtosecond coherent delay, similar to that of tk@tbms, These studies emphasize several concepts. Firstetiees-
indicating no significant trapping time during the caging and pjjity of ET, which leads to a dominant covalent pathway, is
the involvement of three-body dissociation such as case b in gn important mechanism and could be general in the so-called
Figure 21. The dynamics in the dative-bonding TS show & parpoon reaction mechanism. Second, the separation of time
lifetime of 860 femtosecond, and the entire time evolution from gcgjes for the two dynamical processes by RET indicates the
the escaped-atoms has a 2.23 ps lifetime. Thus, the caging ponconcertednegsetween ET and the chemical bond breakage,
takes about 23 ps. a point of debate in many areas of studies. Moreover, the
For the AO:l complex, the fraction of thej-atom energy appearance afoherentreaction trajectories is evidence of the
transferred in the caging is66% (3748 cm?) and 56% of the localized nuclear wave packet motion. Third, the dynamics of
transferred energy (2089 cr) is coupled into the internal  energy dissipatioto the donor substrate in the dative-bonding
modes of acetone and the other 44% (1659 Yninto its TS critically depends on the time scales of RET and bond
translational energy. Compared with the DIcomplex, less breakage. On the ultrashort time scale, this energy dissipation
translational energy of the cagegatoms is transferred to  is not dominant. In the cases reported here, an upper limit of
acetone, which is probably due to the stronger@bond. The ~19% of thetotal excitation energy dissipates as internal energy
temporal evolution of the caging is very similar to that of the of the donor substrate. Thus only few internal coordinates can
DO-+l complex (2-3 ps) whereas the entire complex has a be activated since there is not enough time to reach complete
lifetime of 830 femtosecond and the whole dynamic process of energy redistribution. This concept of dynamically active space
the escapedi-atoms has a 2.1 ps lifetime. Nevertheless, the should be important in studies of surface and surface-aligned
T—V energy transfer is so efficient in such a short time for photochemical reactiorf8:82
these two complexes thus this process must involve some The interplay between the structure and the ensuing dynamics
“loose” new chemical species. is rationalized with the help of LUMOGHOMO interactions
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Structure and Dynamics
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Figure 24. Frontier orbital representation of the concept of RET, and the correlation of dynamics and structure in the reversible and dissociative
electron-transfer reactions. Note that tdifferent electrons are involved in the reaction as discussed in the text. The ultrafast RET shifts the
dominance toward the covalent channel and thedond rupture.

(Figure 24). As depicted in Figures 1, 20, and 21, the initial dynamical process of the-ttoms (150-500 femtosecond)
structure, corresponding to the wave packet at zero time, hasin the gas phase. The second process in solution involves the
mostly ionic character with the transferred electron being in formation of a D+l complex and this mimics the one-molecule
the o* LUMO of the 1-I bond. When the trajectory of the caging for the trapped-atoms (~1ps) in the gas phase. Both
motion reaches the seam between ionic and covalent PESs angiathways are somewhat faster in solution because the time for
an electron goes back to the donor, the acceptdon ICl) the appearance of the-Dcomplex in solution is shorter than
system is in an equivalent structure to that of afi repulsive the time for the ¢- and |-atoms to be detected as free fragments
potential (Figure 24). Thus, the reason for the dominance of from the isolated complex, i.e., in solution the distance traveled
trajectories on the covalent potential by RET can now be is shorter. The random solutsolvent interactions may also
understood. The trapping in the Coulomb potential (ionic enhance the coupling of the ionic and covalent potentials. The
channel) takes much longer time than the rupture on the formation of ground-state iodine molecules in solution is also
repulsive surface (covalent channel) which releases the exteriorunderstood. As mentioned in the text, the overlap of dhe
I-atom. Hence it is the time scale of the nuclear motion which orbital (I,7) and the donor excited orbital (D*) is less favorable
shifts the dominance toward the covalent bond breakage for the isolated system. However, in solution this could be
following RET. enhanced because of structural fluctuations, resultingzin |
On the ultrashort time scale, the dynamics and mechanismformation from D*I,. In addition, a fast geminate recombination
for the isolated reactions should have strong correlation to those(l—I) may occur, as observed farih dense fluids and liquid®.
in the condensed phase especially in nonpolar solvents. TheLonger-time (10s of ps) processes in solution typically reflect
formation of the DI complex in solution has two distinct time  the onset of vibrational relaxation, which we observed clearly
scales, 25250 femtosecond and400 femtosecond. Given our  in our studies of clusters of in benzené&858 One final point
picture, we suggest that the species|*Dn solution is actually is that both the isolated reactions and those in liquids share the
the Drl; in our picture; its formation in 25250 femtosecond  importance of RET as it would not be possible to detedtib
reflects the prompt RET in solution and corresponds to the solutions if ET persists to form 0.
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