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We report a new type of photofragment caging reaction that is only possible because of the strong
solvent-induced perturbation of the inherent electronic structure of the chromophore. The
photoexcitation of J at 395 nm promotes it to a dissociative state correlating withI¥ (°P,,),

the only near-ultraviolet dissociation channel for unsolvajedn I, (CO,),, and |, (OC9,, clusters,
interaction with the solvent is observed to result in extremely fast spin-orbit relaxation. In general,
we detect three reaction pathways) direct dissociation of the chromophore toH1* (?Py); (2)

the I, —1~+1* dissociation, followed by spin-orbit quenching leading te-l(?P3,) products; and

(3) the L —I +I* dissociation, followed by spin-orbit quenching and HI(?Ps,)— 1,
recombination and vibrational relaxation. We present experimental evidence of the spin-orbit
relaxation and caging and discuss possible mechanisms. The results include: the measured
translational energy release in 395 nm photodissociation of unsolvgtedntlicating that
solvation-free dissociation proceeds exclusively via the I channel; ionic product distributions

in the photodissociation of size-selected@0,),, and |, (OC9,, clusters at the same wavelength,
indicating the above three reaction channels; and ultrafast pump-probe measurements of absorption
recovery, indicating picosecond time scales of the caging reaction. We rule out the mechanisms of
spin-orbit quenching relying orf tsolvent interactions without explicitly considering the perturbed
electronic structure of,l. Instead, as described by Delaretyal. (companion papgrthe spin-orbit
relaxation occurs by electron transfer fromtb 1* (2Py,,), giving 1(?P3,) +1~. The 0.93 eV gap
between the initial and final states in this transition is bridged by differential solvation due to solvent
asymmetry. Favorable comparison of our experimental results and the theoretical simulations of
Delaneyet al. yield confidence in the mechanism and provide understanding of the role of cluster
structure in spin-orbit relaxation and recombination dynamics.1999 American Institute of
Physics[S0021-960809)01726-3

I. INTRODUCTION involving nonadiabatic transitions between electronic states.
It is especially important in clusters with weakly bound ionic
cores, in which the strong ion-solvent interactions can be
comparable to chemical bonding. For exampje,dne of the

The multitude of interactions implicated in solvation af-
fords chemical reactions a variety of pathways and mech

ISMS. For decades_, many experimental an_d theoretical SWUfost studied ionic chromophorés*? has a dissociation en-
ies have been directed at understanding the detaile

: : . ) rgy of 1.01 eV*>* compared to a typical solvent bindin
mechanisms of reactions in solutions. Nonetheless, new e_gy of 1.01 eV, compared to a typical solvent binding

- 0
fects and mechanisms continue to be discovered. Gas phaggergy of ~0.2 eV per solvent molecuft? Clearly, the

clusters are especially appealing for the studies of SolVations_olvent-lnduced perturbation of the electronic structure can-

they serve as model microsolutions that simplify interpreta-ﬁOt be considered trivial even in a moderate-size cluster.
Although solvent-induced perturbation of the solute

tion of observables and allow for unraveling the effects of lectronic struct ic al il f ‘ deli
solvation on a microscopic lev&t? electronic structure is always crucial for accurate modeling,

The effect of solvation can be described as threefolgdifferent types of solvent-driven reactions require various de-
The first and most obvious effect is the limitation of spacedr€es Of such perturbation. In many cases, the perturbation is
available to the solute, whose motion becomes constraind@rge. b_Ut_ the reaction could proceed, in principle, even _'f it
by physical barriers. Second, the solvent acts as an energyereé minimal. One example is solvent-induced recombina-
bath, opening a pathway for internal relaxation of the solutetion, or caging, of photofragments:®2¢-*245-%he funda-
The third, and most theoretically challenging aspect of solmental appeal of this process is that it involves both the
vation, is the perturbation of the internal electronic structuredreaking and remaking of chemical bonds affected by solva-
of both the solute and the solvent. tion. The [, caging reactions studied so ¥af® evolved on

This publication presents new experimental evidence fopotential energy surfaces correlating with the?Pig;,)
the paramount importance of solvent-induced perturbation of- 17 (*S) dissociation limit(see } potentials in Fig. L With
the electronic structure in driving the chemical reactionsl; dissociated via the visible/near-infraré®) transition(in-
This aspect of solvation is particularly critical for reactions dicated by the shorter arrow in Fig.),1the 1@P3)
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2 ! L L L L the 395 nm transition indicated by the longer arrow in Fig. 1.
The excitation leads to dissociation via thé&(4P,,)
+17(*S) channel, where a simple reversal of fragment tra-
, jectories cannot result in recombination, because the
L 212 I'eP,,)+ 1| I* (2P, +17(1S) potentials are not bounfHereinafter, *
denotes IP,,,).] Nevertheless, caging on the ground elec-
tronic state is observed, which requires electronic quenching
of I* to precede the recombination. This crucial transition
involves an energy mismatch of nearly 1 eV and is known to
be extremely slow when occurring via radiative or collisional
ICPy,) + 17 energy transfer mechanisms.

This paper and its compani®tdemonstrate that the ob-
served spin-orbit quenching followed by tecombination is
only possible because of the strong perturbation,oélec-
tronic structure by the solvent. We report further experimen-

T T T T T tal evidence of this reaction and discuss possible mecha-
3 4 > 2 7 8 nisms. In Sec. lll, we first present the results showing that
- bond length (A) 395 nm photodissociation of unsolvated proceeds exclu-
FIG. 1. The potentials of,l calculated by Faedast al. (Ref. 35, scaled to  Sively via the I'+1* channel, with no 1tP1/,— 2Pg)p) relax-
the experimental;l well depth(Refs. 13 and 44 Arrows indicate the 790  ation. This observation proves that the spin-orbit relaxation
and 395 nm transitions. of I* in clusters is driven by the solvent. We then report the
ion product distributions in the photodissociation of
+17(*S) recombination proceeds via the mecharfisit IE(COZ)“_ and E(OCS” clusters at the same wavelength.
common for caging phenomena in both neutral and ionicThese distributions show that solvent-induced relaxatlon of
gas- and condensed phase systems. According to this mectie nascent photofragments leads to the formation of neutral
nism, the fragment separation is halted by the solvent thdtragments in both spin-orbit states, and the spin-orbit refax-
absorbs the translational energy. The fragments recombirion is often followed by T+1(*Pg;)—1; recombination.
following the conversion at large separation to the grognd | Finally, we present the ultrafast pump-probe measurements,
electronic state. Subsequently, the recombinedridergoes Which indicate a surprisingly fasfpicosecongi rate of the
vibrational relaxation as the excitation energy is transferre@¢aging reaction. In Sec. IV, we rule out the mechanisms that
to the solvent. Although the; | electronic structure can be Wwould explain the observed spin-orbit quenching without ex-
greatly perturbed by Solvatiolﬁ;m only modest solvent- plicitly considering the perturbed Ipotentials. We then use
induced coupling between electronic states is actuallyhe solvent asymmetry mediated electron transfer model, first
needed, because the states in question are asymptotically desggested by Masleet al®” and discussed in detail in the
generate. companion papét’ to interpret the experimental results. Fa-

In other cases, however, a much larger degree oforable comparison of the experimental and calcuf&test
solvent-induced perturbation of the inherent electronic strucsults yields confidence in the proposed mechanism and al-
ture of the solute is required for the reaction to be possible itows for improved understanding of quenching dynamics.
principle. In a recent publicatiot?,we presented first experi- The following chart describes the reaction steps and de-
mental evidence of a new type of caging reaction in whichfines the final product channels as they are labeled through-
the [, chromophore was dissociated within OCS clusters visout the paper:

Energy (eV)

|
I, +395 nm-I*(?Py,) +17(*S)—final uncaged(type A) products (A)

spin-orbit quenchin

1(2P3,) +17(1S)—final uncaged(type B products (B)

recombination|

I, —final caged products ©

As usuaP~® we refer to the J(COy), and | (OCYy frag- and “recombination” are often used interchangeably to de-
ments(channel § as caged and the (CO,), and ' (OCSy scribe the caging reactions not involving spin-orbit quench-
fragments as uncaged. In contrast to the previous studies)g. Here, we distinguish these terms by referring to the
there are two classes of uncaged fragments in this cagini§?Ps,)+1~—Il, process on the lower dissociation asymp-
reaction(channels A and B Elsewhere, the terms “caging” tote as recombination, while the overall reaction, including
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“off-axis” trajectories indicated in Fig. 2 pertain to the measurement of
detector the translational energy release in photodissociation. The
1008 fragment translational energy is uniquely defined by the pho-
£ ton energy(3.14 eV}, the [, dissociation energyl.01 eV,
and the electronic states of the fragments. For the two chan-
i ; 2 -1

ion beam velocity nels er;ergencallyl accessmle-at 395 fihh“P3p) +17(7S)

; < and F(°Py) +17(*S)], we estimate 1.27 and 0.95 ma¥
f"e‘“’a‘ \ - fragment recoil speeds relative to the center of mass,),
ragments 9 recoiling . . . .

. respectively. With the c.m. moving at 46 mm¥ relative to

signa laser beam the lab framgl; beam velocity, the spatial distributions for

g ecct:‘%‘;xf;“ﬁs the two channels are limited to two traveling concentric
5e spheres, expanding at the above speeds.

FIG. 2. Part of the experimental apparatus used for TOF analysis of neutral The angular distribution of photofragments is deter-

and ionic photofragments. It includes a reflectron mass spectrometer anchined by the direction of the laser polarization and the par-

two detectors. The indicated parent and fragment trajectories correspond tzg”el nature of thed 2E+ , X 22+ ) transition in E The
1/2 u,1/2 :

the measurement of translational energy releasg iphbtodissociation. L . 9 . . .
o gp angular distribution indicated schematically in Fig. 2 corre-

sponds to horizontally polarized laser radiation. The diam-

the spin-orbit relaxation step and recombination, is referredter of the reflectron entrance orifice is 8 mm. As the frag-
to as caging. ments pass through it, the spatial distribution is truncated, as

Compared to caging without spin-orbit quench-shown in Fig. 2, for the diameter of the recoil sphere at this
ing,”1016.66the results reported here are more sensitive tgpoint is >9 mm (for the I" +1* channe).
cluster structures and solvent dynamics. Therefore, the re- The neutral product§l and ) are then separated from
ported caging reaction allows probing solvation with highthe parent (J) and fragment (T) ions by redirecting the
sensitivity to details. Previoush?,we discussed some struc- ions toward the off-axis detector with the reflectron field.
tural effects in J (OCS9,, near-UV caging dynamics, such as The neutral fragments pass unaffected and impact the in-line
a steplike increase in the caging probability fg{®CS),, detector with the lab translational energy of about 1.5 keV
which was attributed to the completion of the first solvationfor | atoms and 3 keV for,l The signal from this detector is
shell. In this publication, we compare the results obtainecamplified, digitized, averaged, and subsequently transferred
with CO, and OCS solvents and gain additional insights intoto a computer. The resulting neutral fragment TOF spectrum

“in-line” \\\\\\\\\\\ ",
q 9

detector

photofragments

cluster structures and their role in dynamics. distinguishes the1+1*, 1-+1, and L+ e~ photodestruction
pathways.
Il. EXPERIMENT In the second experiment, we measure the ionic product

distributions from one-photo(895 nn) photodissociation of

This section describes three types of experime(is: g(COz)n and §(OCS,. In this case, the reflectron voltage

measurement of the translational energy release in th

near-UV photodissociation of unsolvateg; I(2) determina- :js tsettto refrc])-cl:ustr;the |on|ctpr:ot?fragments t? nto tIhE (:ﬁ-a><||s
tion of the ionic product distributions in the near-UV photo- etector, while the parent cluster ions, whose 1ab transla-

dissociation of the;(CO,), and | (OCS,, cluster ions; and tional energy exceeds the reflectron potential barrier, impact

(3) femtosecond pump-probe measurements,otdging in the in-line detector. The fragment TOF signal from the off-
these clusters axis detector is averaged for up to 10000 laser shots. The

The tandem time-of-flightTOF) ion beam apparatus has resulting mass-spectra correspond to ionic fragments formed

been described elsewhéfeThe L (COy), and §(OCS, up to the.en.trance into the reflectr()ﬂlq us following the
cluster ions are formed by attachment of slow secondarPhoroeXC'tat'om subsequent fragmentation would not be de-
electrons to neutral clusters in an electron-impact ionizedected.
pulsed supersonic jet, followed by solvent nucleation around ~ FOr time-resolved pump-probe measurements, the reflec-
the negatively charged cofeOnce the cluster ions are {ron voltage is adjusted to refocus two-phot@uimp-probe
formed, the desired species are mass-selected in a Wileffagments, which are lighter than those produced by one-
McLaren TOF mass spectrometer. At its spatial focus, thdhoton processes. Following in-clustgrdissociation by the
ion beam is crossed with a mildly focuséd2 mm) beam of ~pPump photon, the probe is absorbed only if the dhro-
pulsed laser radiation synchronized to interact only with iongnophore has recombined, and the delay dependence of the
of the desired mass. Other ions are deflected out of the ioAUMp-probe signal reflects time-resolved caging dynamics.
beam by a pulsed electrostatic mass gate, positioned just b&he typically small two-photon signals are collected by op-
fore the crossing with the laser beam. erating the off-axis detector in a single ion counting regime,
The remaining part of the apparat(Fg. 2) is used for by sending the amplified signal to a four-channel gated dis-
TOF analysis of neutral and ionic photofragments. It in-criminator. The pump-probe signal counts are normalized to
cludes a second, retarding electric fiétdflectron®”®®mass  the parent cluster ion intensity, which is monitored simulta-
spectrometer, an off-axis microchannel pl@#CP) detector  neously with the in-line detector.
at the spatial focus of the reflectron, and an in-line MCP  For one-photon experiments, the 395 nm radiatier?
detector behind the reflectron. The precursor and fragments pulsesis generated by frequency-doubling the output of a
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Quanta-Ray PDL-1 dye laser pumped with the second har- z-component of product c. m. kinetic energy (eV)
monic of a Quanta-Ray DCR-3 Nd:YAG laser. For the ul- 8 6 4 2 1 0 1 2 4 6 8

trafast pump-probe measurements, the 790 nm radigtion _—

mJ, 120 fs pulsgsis generated by a femtosceond laser 4- (a) I'(CPp) TPy )

systenfi that includes a Coherent Mira Ti:Saphire oscillator

pumped by a Coherent Nova 90 Aion laser, and a combi- 34

nation of a Quantronix Series 4800 stretcher/compressor and
a Ti:Saphire-based regenerative amplifier pumped by a
Nd:YLF laser. For the one-coldi790 nm pump-probe mea-
surements, the output of the ultrafast laser system is split into
two identical partgthe pump and the prolpeone of which
passes through a computer-controlled variable delay stage.
For the two-color pump-probe measuremef(@95 pump,
790 nm probg the laser output is first frequency doubled
and then the second harmonic liglthe pump is separated
from the fundamentalthe probe with a dichroic beamsplit- 0.57
ter. The probe beam passes through a variable delay stage
and the two beams are then recombined with a similar beam-
splitter and mildly focused to a 2—3 mm diameter in the ion

no I(2P3/2)\L L \Lno 1(°P3)

()

Neutral fragment signal

I'CPyp)

interaction region. Background subtraction is performed us- NS

ing computer-controlled shutters in the pump and probe -0.6 -0.4 -0.2 0 0.2 0.4 0.6
beam paths. Relative arrival time (us)

. RESULTS FIG. 3. Neutral photofragment TOF spectra obtained in 395 nm photode-

struction of | with the laser polarizatiofa) parallel and(b) perpendicular

In this section, we first determine the fragment transla-o the flight axis(z). The fragment spatial distributions are truncated at the
tional energy release in the photodissociation of unsolvate@ntrance into the reflectrofsee Fig. 2 Top axis is thez-component of
= . f t c.m. translational :
I, at 395 nm and show that the photodissociation proceed&9™e" ©M- fransiational energy

exclusively via the T+1* channel. We then report the ionic

product distributions in the photodissociation gf(CO,), Comparison of the TOF spectra in FiggaBand 3b)

and |, (OCS, clusters at the same wavelength. These distrijygjcates that the recoil of H1* photofragments is polar-
butions indicate that in clusters with=7 (for COy andn  jzed predominantly along the laser polarization axis. It is
=9 (for OCS, the solvated chromophore dissociates Viagnly because of the truncation of the fragment spatial distri-
both spin-orbit channels, and the spin-orbit relaxation is ofytjon at the reflectron entrance that we partially resolve the
ten followed by I' +1(?P3;,)—I, recombination. Finally, we | anq b channels in Fig. ). (Without the truncation, the
report _the_ results_ of ultrafast pump-prob_e measurementss gistribution would peak at= 0, similar to the j channel)
which indicate a picosecond rate of the spin-orbit relaxationrne angular anisotropy thus indicates a parallel nature of the

and recombination. underlying transition. Indeed, thB23 ;X 23, tran-

sition dipole moment inJl is parallel to the internuclear axis
A. Photofragment translational energy in 395 nm in both Hund's case&) and(c), in accord with the observa-
photodissociation of | tions.

Figure 3 shows neutral fragment TOF spectra obtained o
in 395 nm photodestruction of unsolvated With the laser B. Photofragment .d'St”bEt'ons and chan_nel
polarization (a) parallel and(b) perpendicular to the flight Pranching ratios in | 5(CO,), and 15(0CS),
axis zfragment. The TOF distributions reflect the photodissociation at 395 nm
z-projections of thez-fragment c.m. velocity distributions, Within clusters, J photodissociation at 395 nm is ob-
truncated at the entrance into the reflect(eee Fig. 2 The  served, in general, on both*+l(2P1,2,3,2) asymptotes. In
absolute kinetic energy scale is calibrated using similar TORddition, we observe, | caging, which must involve fP,,,
spectra obtained at 790 nm, where only thet1(2P3,) —2P,,) relaxation. Thus, three classes of photofragments
channel is open and the recoil speed is known. Using thisare observed in the photodissociation ¢f(C0O,), and
calibration, the relative arrival times are converted into thel, (OCS,,: the uncaged fragments formed via both
z-component of fragment c.m. translational energy, indicatedl‘+|(2Pl,2,3,2) channels(A and B), and the caged products
by the top axis in Fig. 3. The wings of the TOF distributions (channel Q.
correspond to | fragments produced via the+l* (?Py,,) Figure 4 shows a typical ion fragment mass spectrum
channel, while the central peak corresponds to nonrecoilingecorded in the photodissociation of(CO,)13 at 395 nm.
I, formed by electron photodetachment from No products The spectrum reveals a bimodal distribution of uncaged
energetically corresponding to the+I(?P3,) channel are products[l(CO,);_s and I'(CO,)s_gl, as well as a single
observed. Thus,,l photodissociation at 395 nm proceeds modal distribution of caged producfs, (CO,)o_3]. In the
exclusively via the spin-orbit excited channel. caged channel, 10—13 solvent molecules are lost by the clus-
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Channel B Channel A
I(COy )
k= |3 ‘4 ‘5 [6 |7 |8 |9

Channel C L(CO,),
k= |0 | 1 l2 |3

240 280 320 360 400 440 480 520 560
Mass (a.m.u.)

0 2 4 6 8 10 12 0 2 4 6 8 10 12
©n=13 @n=17
e T

Fractional yield

FIG. 4. Representative ion fragment mass spectrum obtained in 395 nm
photodissociation of;l(COy)13.

0 2 4 6 8 10 12 2 4 6 8 10 12 14
# of solvent OCS molecules in fragments (k)

ter in the caging process. Since the evaporation of each CO
molecule dissipate®n average~0.25 eV>%and given the
3.14 eV energy of 395 nm photons, the number of2®m|- FJG. 6. Phptofragment ion distributions in 395 nm phqtodissociation of
ecules lost is energetically consistent with complete relaxiz (OCSn with n=(2) 8,(b) 11, (c) 13, and(d) 17. The fractional fragment

. . . . . .. populations are obtained by integrating the corresponding peaks in fragment
ation of the chromophore following its recombination. Simi- mass spectra. Filled circles indicate cage@dCS), products, open circles
lar energetic arguments indicate that the larger uncagegbrrespond to uncaged (OCS, fragments. A, B, and C label the corre-
products correspond to the formation &f(¥P;;,) (channel sponding reaction channels, as defined in Sec. I.
A), while the smaller T(CO,), fragments correspond to the

formation of 1¢P3;,) (channel B. Figure 5 shows the ionic

photofragment distributions in 395 nm photodissociation ofphotodissociation of ,(OCS, with the same values af.
I, (COy), with n=8, 11, 13, and 17. These distributions are The filled circles in Figs. 5 and 6 correspond to the caged
obtained by integrating the peaks in the fragment mass spegroducts(channel G, while the open circles correspond to
tra. Figure 6 depicts similar distributions obtained in 395 nmthe uncaged fragmentshannels A and B

We obtained the photofragment distributions in the
near-UV photodissociation of lin clusters of all sizes up to
n=19 and 26 for the C@and OCS solvents, respectively.
For both solvents, the bimodal distribution of uncaged prod-
ucts first emerges at~10. However, it is impossible to
pinpoint the exact onset of channel B because of the overlap
(in terms ofk) with more intense channel A. By comparing
Figs. 5 and 6, we note that the channel B parts of the un-
caged product distributions are generally larger §qC0,),
than for |, (OCS),,. We also note that the relative channel
intensities depend sensitively not only on the solvent, but
also on the parent cluster size. In another distinction between
the CG and OCS solvents, the separation between the two
maxima in bimodalk-distributions of uncaged products is
Ak=2-3 for L(CO,), (Fig. 5, while it is Ak~4 for
|5 (OCS), (Fig. 6). The latter valueAk~4, is more consis-
tent energetically with statistical solvent evaporation. The
smallerAk splitting between channels A and B in the case of
|5 (COy),, must be attributed to a largéby several tenths of
eV) kinetic energy release in channel B with the C&l-
vent.
FIG. 5. Photofragment ion distributions in 395 nm photodissociation of We ?‘nalyze the photofragment.dlstrlputlons by reducing
I;(COy), with n=(a) 8, (b) 11, (¢) 13, and(d) 17. The fractional fragment them to integrated channel branching ratiosy if, Yg, and

populations are obtained by integrating the corresponding peaks in fragmer¥ - are the total yields of respective channels, then the caging

mass spectra. Filled circles indicate caggdCO,), products, open circles  probability is defined as
correspond to uncaged (ICO,), fragments. A, B, and C label the corre-

sponding reaction channels, as defined in Sec. I. Peag=Yc/(Yat+Ygt+Yo). (h)

(ayn=28

(byn=11
NN

0.2

0.4

Fractional yield
o
L\S]

N
(=2}
o0
=
I~
>
[s8]
~
(=2}
oo
=
I~

0.2 1

0.1 1

0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
# of solvent CO, molecules in fragments (k)
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1

2
2 08 - ; : =
E 2
= - 0OCS 2
2 0.6 - g
5 = €0, 5
& ! £
= 0.4 A =
£y 2
o 2
02 >
%

0 ;

0 4 8 12 16 20 24
Parent cluster size (n)

FIG. 7. The caging probabilitie$P{n) according to Eq.(1)] for
I, (0C9,, and [, (CO,), clusters following 395 nm photoexcitation.

The 395 nm caging probabilities for,(CGO,), and

I” + 1(?P,,) recombination probab.

[, (OCS,,, as defined by Eql), are plotted versus in Fig. -e- CO,

7. Note that both cluster types exhibit deviations from the 027 5

monotonic behavior oP.,{n) in the range ofn=11-17. o \

This range corresponds to thg(CO,),, and | (OCS), clus- . 4 . 1‘2 1‘6 2'0 ”
te;]rs”miigr;ga(agproximately half-filled to complete first solvent Parent cluster size (1)
shells:*>=*

The probability of F(?Py,)—1(?P3,) spin-orbit  FIG. 8. (@) Spin-orbit quenching probabilitjPq.e{n) defined by Eq(2)]
guenching is given by and(b) 1™ +I(?P3,) recombination probabilitfP.{n) defined by Eq(3)]
for 15 (0OCS,, and |, (CO,), clusters following photoexcitation at 395 nm.
Paver=(Ye+ Y/ (Ya+Yg+Yo) 2 The channel A and B contributions into bimodal distributions of uncaged
quen B C A B Cc/- L . s .
o i ] fragments were resolved by fitting the experimental B\distributions with
The third important ratio describes the+#I(?P,) asymp-  asum of two Gaussian functions, one for each channel. The estimated error

tote dynamics following the quenching transition. We definebars vary with the cluster size, as indicated by selected examples in the
the probability of recombination once on the#1(2Ps,) M9
asymptote[referred to as the THI(?P3,) recombination

probability] as ] ) o
Previous measurements using 720—790 nm excitation re-

Prec=Yc/(Yg+Yo). (3 vealed picosecond time scales of diréafthout spin-orbit
Note thatP ;= P guenX Prec, 8SPcagCOrresponds to the over- quer;ghll?@ caging in £(COy), and hL(OCS, cluster
all caging reaction probability, whil e and P, describe  ions=“"Here, we investigate the time-resolved dynamics of
the two sequential steps. I, caging involving spin-orbit quenching of I. These dynam-

Calcu|ating the Overa" Caging probab”lty using Hq) ics reflect the cumulative time scales of the quenChing and
does not require resolving the two uncaged channels A anggcombination processes.
B; it is sufficient to resolve the cage(C) and uncaged The absorption recovery curves for two clusters,
(A+B) products. To the contrary, definition®) and (3)  12(OCS17 and | (OCSy, obtained in the 395 nm pump-
require resolving the contributions of channels A and B,790 hm probe measurements are shown in Fig. The 395
which is only partially achieved in the experimesee Figs. NM B?2g,—X?3 ), transition pumped in these experi-
5 and 6 We estimateQYA and YB by ﬁtting the bimodal ments is the same as in Secs. lll A and Il B. The 790 nm
uncaged distributions with a sum of two Gaussian functionsphoton probes either thé\' ?IT, ;,—X*3 [, transition
one for each channel A and B. Because the choice of théshort arrow in Fig. Lor thea *II,, 3,—A *I1g 5, transition
functional form for these fits is quite arbitrary, this approachoriginating from the first electronically excited kstate? As
leads to significant error bars and warrants caution in inters€en in Fig. &), the photodissociation of [OCS by the
preting the results. Thus obtained valuesygfandYy were 395 nm pump yields primarily cageg (OCS,_g and un-
used to calculate the probabilities of quenchfiRye{n)]  caged I'(OCSy;_;,0ne-photon products. Subsequent disso-
and r+|(2p3,2) recombination[ P,.{Nn)], plotted in Figs. ciation of the caged fragments by 790 nm probe photons at
8(a) and 8b), respectively. long delay yields primarilyJ(OCS,_; and I'(OCS,_, The
photodissociation of JJ(OCS,, at 395 nm results in the
dominant § (OC914_;» fragments, whose subsequent disso-
ciation at 790 nm gives rise to cagegd(OCS,_g products
accounting for more than 80% of the total fragmentation

The recombination of the chromophore revives the clusyield. The absorption recovery curves shown in Figa)9
ter's ability to absorb 790 nm light, and thus provides a waywere obtained by combining signals in the most intense two-
to observe caging in real time by monitoring the delay dephoton(395+790nm channels: J(OCS and I (OC9; for
pendent appearance of two-phot@@ump-probe products. the |, (OCS4; parent ion andjJ(OC9,_g for 1, (OC,,.

C. Ultrafast dynamics of spin-orbit relaxation and
recombination
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For I, (0OC9,, the initial rise in absorption recovery

occurs on a time scale of2 ps, similar to the period of 124 (a) 395 nm PUMP
solvent-induced coherent -1~ motion observed following 2 790 nm PROBE <><><>°°0° AR
720-790 nm excitatio”.**In the smaller J (OCS) clus- z ¢ 000
ter, the recovery is slower, similar to the 720—790 nm results § 0.8 1 . .o’f
for smaller clusters. To emphasize this analogy, Figp) 9 g 064 * S
shows the absorption recovery curves fgni@CS, and ‘g “,m oL * L(0CS),,
I, (OCS,7, obtained in 790 nm same-color pump-probe ex- ¢ 041 Q)&) o L(OCS),,
periments. The precursor cluster sizes in Figa) &nd 9b) ;‘E‘ 0.2 - f«@o
are purposefully different, as they were selected for the simi- %Q‘;&
larity of respective caging time scaldQualitatively, adding 0 - - - - - -
extra solvent molecules counterbalances the effect of dou- -5 0 5 o 1520 25 30
bling the energy pumped into the cluster at 395 nm, as com- Pump - probe delay (ps)
pared to 790 nm.In |, (OCS5, the short-delay dynamics in
Fig. 9b) are dominated Yo a 2 psbump characteristic of 124 (b) 790 nm PUMP
coherent {-1~ motion within the cluster, whereas in the > 790 nm PROBE «® 4 o %
smaller |, (OCSy cluster, the dynamics is slower and the 2 o 17 .”oo o e
ps coherence bump does not appear. § 0.8 1 ..s'i” 000000
The fast(~2 p9 rise in absorption recovery observed o * a 4 006° ,

following 790 nm excitation of J(OCS; [Fig. Ab)] is at- 2 0.6 71 ‘e v 00° -
tributed to initial recombination of the | and Ifragments. g‘ 0.4 1 s @90°° * IZ_(OCS)”

, : 2 e o0 o 1,(0CS),
The 2 ps time scale corresponds, therefore, to the period of £ Woe o
pseudovibrational -1~ motion in the system excited above < 02+ @
its dissociation threshold but constrained by the solvent. The 0 , . . . . .
longer time scale dynamics, with the pump-probe signal lev- -5 0 5 0 15 20 25 30

eling off after ~20 ps, reflects the internal relaxation of the Pump - probe delay (ps)
caged chromophore. Despite differences in detail, time scales
of |£ caging foIIowing 395 and 790 nm excitati@ﬁigs. qa) FIG. 9. Delay-dependent 790 nm absorption recoveries of indicated
and gb), respectively are qualitatively very similar. This '2(OCSn clusters following photoexcitation && 395 and(b) 790 nm. In

. L : . . (a), the relaxation processes leading to the caging of jhehromophore
St”kmg S|m|Iar|ty indicates that the spln-orblt relaxation S’tepinclude spin-orbit relaxation of the' Ifragment, while in(b) the spin-orbit
implicated in Fig. 9a), but not in Fig. 9b), must be fast on  relaxation step is not involved.

the overall time scale of the caging reaction.

We rule out that the appearance of spin-orbit relaxed
IV. DISCUSSION products is due primarily to the photoexcitation of solvent-
induced admixtures of,| electronic states correlating with
The results presented in Sec. Ill provide evidence ofdifferent spin-orbit asymptotes. Even at its maximum near
solvent-induced spin-orbit quenching of iodine following 750 nm, the absolute cross section for excitation of the
I, —17+1*(*Py;;) photodissociation in clusters. The evi- brightest state correlating with #1(2P,), the A’ state, is
dence includes bimodal size distributions of uncaged fragmuch smaller than that of thB« X transition at 395 nm.
ments(channels A and Band the appearance of caged prod-Therefore, we expect the role of short-range state mixing to
ucts (channel §. The 395 nm caging of,l is a two-step be negligible, and the coupling of the +1* (2P, and
process, as indicated by chda)—(C): nonadiabatic cou- |~+1(2P,,) asymptotes to take place at large internuclear
pling to an I€P3;,) +1 electronic state, followed by recom- separations where the solvent-induced perturbation of the
bination and vibrational relaxation. For large clusters ( electronic structure is most significant.
>16), the spin-orbit quenching probability approaches unity At large I--1~ separations, the spin-orbit relaxation can
[Fig. 8@]. The sensitive and irregular dependence of thenvolve either the 1 interacting with the solventwhile the
quenching and caging probabilities on cluster size, revealeft” acts as a spectaoor the dissociativel--1* system as a
in Figs. 8a) and 7, respectively, is contrary to the ratherwhole, interacting with the solvent. In the former perspec-
smooth caging probability curves obtained in visible/near-IRtive, the quenching can occur either by photon emission
photofragmentation of ;(OCS,,"® 15(C0Oy),,"° and (e.g., via the forbiddeRP,,— 2P, transition in ioding,™
I3 (N,0), clusters®® The time-resolved measuremeri&g.  or by (nearj resonant energy transfer to internal degrees of
9) indicate very fast spin-orbit relaxation occurring on thefreedom of the solvent. In the {I-1*)- X system(whereX
time scale of possibly one pseudovibrational motion of thedenotes an ensemble of GOr OCS solvent moleculgs
dissociated chromophore arrested by the cage. The bimodalolvent-induced curve crossings and electron transfer may
ity of uncaged product distributions indicates that the spincontribute to a relaxation mechanism.
orbit excitation energy of iodine is transferred to the solvent
cage. In addition to the observed caging, this is an indicatior?"
that spin-orbit relaxation of*l occurs before the™ and | The radiative mechanism is ruled out because of the
fragments separate irreversibly. >100 ms lifetime of t(?Py)."* " The I(?Pyy)

Radiative relaxation
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—1(?Pg) transition is electric dipole forbidden, but mag- is consistent with carbon dioxide’s inefficiency in quenching
netic dipole and electric quadrupole allow@dts oscillator  I*, whose spin-orbit excitation energy is more than twice as
strength may be increased by interaction with the solventlarge as that of Bf.
which lifts the parity restriction on the electric dipole Since I quenching byE—V energy transfer to the sol-
radiation’* However, the collisional decrease in radiative vent cage is inefficient, a different mechanism must be in-
lifetime observed with various collidefg\r, Xe, SK) spans voked. Assuming that the relaxation involves only theX
less than one order of magnitude for pressures up to &ystem, anea) resonance or curve crossing betwe&nX
atm/3"%In rare gas matrices, the environment more relevanand | X quantum states is generally needed. In the case of
to clusters, the lifetime of*I(?P,,,) decreases only to 1-5 Br*/CO,, such resonance is between the* @P,,)
ms./®~"8These lifetimes are inconsistent with the picosecond CO,(000) and BrfPg,)-CO,(101) electronic-vibrational
time scale of spin-orbit relaxation observed in our experi-states. In {CO, and IIOCS, in the absence of suitable
ments. electronic-vibrational resonancésee abovg we are left to
Additionally, photon emission by eithef lor I7--1* explore the possibility of electronic curve crossings. Because
must be ruled out of the basis of observed solvent evaporahe |-CO, and I OCS van der Waals interactions are rela-
tion energetics. The emission of a photon constitutes an eriively weak, no crossings exist between tife X and I X
ergy loss without solvent evaporation, inconsistent with theelectronic states, at least at energies accessible in these ex-
experiment. First, the caged fragments formed with the meperiments. The absence of crossings was confirmeatby
diation of radiative decay would lose fewer solvent mol-initio calculations on both-CO, and I OCS 548283
ecules, compared to those formed without photon emission,
because of the reduced energy available for evaporation. F@. Spin-orbit quenching by solvent asymmetry
large n, the average number of solvent molecules lost bymediated electron transfer

So far, we considered the lfragment as a mere specta-
4’[or, with the quenching transitions involving only the quan-
um states of1 and the solvent. This strategy failed in in-
rpreting the results. As another clué&, duenching on a
icosecond time scale has not been observed in neutral en-

eV photon energy~0.25 eV per solvent molecule, on aver-
age. Second, the observed bimodal distributions of uncage
fragments result from the spin-orbit excitation energy beingtj

transgerbred tol the slolventlfca%e n qhanggl B a_nd _then diss vironments. Therefore, the proximity of the fragment and
pate y solvent loss. the spin-orbit excitation WEreihe perturbed electronic structure of the dissociative IF

quenched by photon emission, this energy would not becom@ystem are likely to be key to understanding the relaxation
available for evaporation. mechanism

As discussed by Parson and co-workers in the compan-
ion paper® solvation effects involving the anion can com-
pensate for the energy gap between the two spin-orbit as-

The quenching of electronically excited halogen atomsymptotes. Because of the substantial binding energy of OCS
in collisions has been studied extensively, and its efficiencyand CQ to the cluster(~0.2 eV per molecule®!?® the
is known to vary greatly depending on the collision relative state energies are greatly affected by asymmetries of
partners’’ The probabilities of spin-orbit relaxation of lon  the solvent and charge distributions. Consider the example in
a single collision with rare gas atoms are less than®10 Fig. 10. For the unsolvated-I~ system (left), the
increasing by orders of magnitude for some moleculad ™ +I(?P5y) and I +1* (°P,,,) electronic states are separated
colliders’ The largest 1 quenching probability (~5 by 0.93 eV. These states are degenerate with respect to
X 102 per collision is observed for @”® and is due to the switching the fragment position§.e., I"+I versus kI,
near resonance between tRB;, %Py, and 'Ag—3%%,  and I'+I* versus t+17). This degeneracy is lifted by
transitions in | and @ respectively. Relatively fast quench- asymmetric solvation of the fragment péfig. 10, righy. If
ing rates were observed by Hofmann and Leone in collisionshe charge is localized at the more solvated end of the clus-
of I* with halogen molecule® but the relaxation proceeds ter, the corresponding state energy is lowered significantly.
by a reactive mechanism, which is not applicable to theOn the other hand, if the charge is localized on the least
present study. In direct relation to the present work, thesolvated end, the energy is affected less. If the differential
quenching probability of*1(?P,,,) by CO, was measured to solvation energyA®) is about 0.93 eV, th&-1~--1* and
be 5.7< 10"’ per collision’® This probability cannot explain  X-1--1~ states come into resonance, and a rapid spin-orbit
the efficiency of spin-orbit relaxation in our experiment. Re-quenching transition is possible by electron transfer from |
markably, the quenching by G@s much more efficient for to I*. Following theX-1~--1* —X-1--1~ transition, the elec-
Br* (2P, (~1071 per collision, due to the near resonant trostatic attraction between the solvent andwill tend to
electronic to vibrational E—V) energy transfet’ Hariri reverse the dissociation trajectory towagdrecombination.
and Wittig identified the(101) vibrational state of CQ In the companion papé&P,Delaneyet al. explore this mecha-
which is nearly resonant with B(2P,,,), as a major product nism by molecular dynamics simulations, and achieve good
channel in this energy transfer reactfJrBy studying vari- agreement with our experimental results.
ous colliders, they also concluded that the quenching process Figure 10 is intended as a qualitative illustration and it
becomes less efficient with increasing number of vibrationabversimplifies the energetics and dynamics of quenching.
guanta needed to achieve a near resonance. This conclusibhe number and configuration of solvent £@olecules are

B. Spin-orbit quenching by energy transfer from | *to
solvent
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seen in Fig. 8, the caged channel 0§ (CO,), photofrag-
mentation is already open at=8, but a bimodal T(CO,),
distribution is not yet evident. Despite the possible channel
A and B overlap, from the I(CQ,), distribution maximum at
k=3 (corresponding to channel)Awe expect a contribution

to channel B atk=0, but no I' fragments are observed.
Thus, following the spin-orbit relaxation step, we do not ob-
serve a preference for dissociation on the ground spin-orbit
asymptote, even in the smallest clusters in which the quench-
ing is possible.

This observation is contrary to the results obtained when
the A’ state of | is photoexcited, in which case the dynam-
ics on the lower spin-orbit asymptote in small clusters natu-
rally favors dissociation rather than recombinat{df1¢-%n
fact, I, dissociation to T+1(?P3,) is the only 790 nm chan-
nel observed forn<4 in 1,(CO,),,” and n<3 in
1,(0C9,.*® At 395 nm, there is no preference for
I~ +1(?Pg,) dissociation because of the restrictions imposed
by the spin-orbit relaxation step. As we discussed, the
—— Asymmetric solvation =———p- gquenching can occur only if the number of solvent molecules
in the cluster is sufficiently large, which by itself favors re-

FIG. 10. An energy diagram illustrating the mechanism of spin-orbit I’elaX-C()mbination. Addmona”y, fo”owing the electron transfer/
ation by solvent mediated electron transfer fromtd I* in an asymmetri-

cally solvated cluster. The required resonance betweerKtte--I* and quenchlng_ step, the charge I.n el --| .State Iocgllzes on

X-1--1~ electronic states occurs when the differential solvation enexgy (€ €scaping fragmersee Fig. 18 which experiences a

is equal to the spin-orbit energy gap in iodif@93 eV). backward pull from the rest of the cluster. Thus, solvent
configurations that are prerequisite for quenching are also
favorable for recombination.

chosen arbitrarily to satishhAd®~0.93 eV. Of course, reso- Contrarily, if the electron transfer fails during the initial

nances between different electron-transfer states are possifl@gment separation in th¥-1~--1* state, the electrostatic

with a broad range of solvent configurations. In some cased0rce acting on the escaping neutral fragment is weak, and
such as when the number of solvent molecules in the paregtbsequent dynamics favors cage escape. Consequently, the
cluster is close to a complete solvent shell, dissociation tradynamical window for spin-orbit quenching may be quite
jectories start out from nearly symmetric solvent configura-narrow, limited to initial fragment separation, which is con-
tions. However, as the cluster breaks up and the charge Igistent with the fast time scale of caging observed experi-
calizes on one of the fragments, the initial symmetry ismentally. Since the quenching step does not add extra time to
destroyed. As long as the number of solvent molecules in théhat needed for fragment separation and subsequent recom-
cluster is sufficient, the required asymmetry can be achieveBlination, similar caging time scales are to be expected fol-
at some |-~ separation, as the solvent gravitates toward thdowing the dissociation to1+1* (*Py) and I' +1(*Pgy), i
charge. accord with the remarkably similar experimental dynam|cs
Given the solvent binding energy 6f0.2 eV per CQor  shown in Figs. €a) and 9b), respectively.
OCS molecule, at least 4-5 solvent molecules are needed to
possibly achieve the solvent asymmetrtyd~0.93 eV) re-
quired for anX-1~--1* = X-I--1~ resonance. This minimum
number must be increased to account for solvent loss before The resonance condition for spin-orbit relaxation by sol-
the charge becomes localized and solvent rearrangemewent asymmetry mediated electron transfer is very sensitive
takes place. Qualitatively, we expect at lemst7 as a low  to instantaneous solvent configurati6igherefore, the cag-
limit for quenching transitions. Theoretical simulations bying reaction involving spin-orbit relaxation is a sensitive
Delaneyet al. indicate an onset of quenching in(CO,), at  probe of solvation. Previously, we discussed some structural
n=85% In the experiment, we see rather sharp onsets oéffects in [ (OCS), caging dynamics, such as the step like
quenching ah=7 for I, (CO,), andn~9 for I, (OC9, [see increase in the caging probability foj (0OCS;; (see Fig.
Fig. 8(@)], in good agreement with the above analysis. Note7).!® This increase was attributed to the completion of the
that were the spin-orbit relaxation occurringBy-V energy first solvation shell in J(OCS,, at n=17. At present, com-
transfer from T to the solvent, no sharp threshold would be parison of the J(OCS,, and | (CO,), results yields addi-
expected. Therefore, the observed thresholds are another eienal insights into the role of structure in dynamics.
perimental indication in favor of the electron transfer mecha-  First, the most prominent feature of tha©CS),, caging
nism. probability curve in Fig. 7, besides the almost threefold in-
Despite the difficulties in determining the ong¢etterms  crease ah=17, is the plateau at=12-16. No such plateau
of n) of the I"+1(?P5,) channel(channel B, it is apparent is observed forJ(CO,),, for which caging in the same clus-
that it does not precede the opening of the caged channel. Asr size range exhibits seemingly erratic behavior. It is re-

D. Structural implications
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vealing that the J(OCS), plateau consists of exactly five X-I--1~ state (Fig. 10, the charge-dipole interactions of
cluster sizes. Recent calculations predicted that the first OCOCS with the escaping lare more effective in pulling back
solvent shell around, | consists of three five-membered OCS the I fragment, compared to the shorter-range charge-
rings plus two end molecules “capping” the clustérThe  quadrupole interactions involving GO(3) We cannot rule
plateau corresponds to the formation of the third solvent ringout that in [ (OCS),,, the electron transfer transitions occur
around the chromophore. Similar calculations indicatedat shorter{-1~ distances, compared t9(CO,),,, which may
qualitatively different J(CO,), structures, which are not also favor subsequent recombination.
based on solvent ring$:%® Accordingly, we observe no cag- Finally, we observe a consistent distinction between the
ing probability plateau for;(CO,), . CO, and OCS solvents in bimodal size distributions of un-
Second, as seen FiggaBand 7, the onset of spin-orbit caged products. As seen in Fig. 6, fo©CS), the channel
relaxation and caging is observed in smallgfQ0,), clus- A and B maxima in the distributions are typically separated
ters, compared to,(OCS),, (n=7 versus 9 This difference by about four solvent moleculed\k~4), which is consis-
cannot be explained by kinematics or energetics. First, OC&nt with solvent evaporation energetics. However, substan-
is heavier than Cg and therefore fewer OCS molecules aretially smaller separations, Ak=2-3), are observed for
kinematically equivalent to any number of €& Second, [2(COy), (Fig. 5), although the evaporation energetics are
the CG and OCS binding energies tg_ Iclusters are very known to be similar. The reduction iAk can be due to
similar>1916 Moreover, at 790 nm, caging onsets slightly increased translational energy release to final products via
earlier in OCS than in CO' Because the spin-orbit relax- channel B in J(CO,),. The increase may be due to incom-
ation is more sensitive to cluster structures than the grounglete energy redistribution among the chromophore frag-
asymptote dynamics, we suggest a structural explanation fégnents and solvent in the decomposing cluster, because of the
the 395 nm result. Since the predictgd ®CS),, structures ~ shorter, compared tg (OCS),, range of the dominant inter-
are more symmetric compared t9(CO,), (solvent rings actions(charge-quadrupoleThis argument is similar to that
versus no ringst® the degree of differential solvation needed in the previous paragraph regarding the reducedl(*P3,)
for quenching A ®~0.93 eV) requires more solvent reorga- fecombination probability P,e{(n)] in large b (COy), clus-
nization in OCS and is therefore harder to achieve. ters. Note that the translational energy release in channel A
Third, for both §(OCS, and L(CO,),, the caging would also be affected by incomplete energy redistribution,
probabilities are rather smooth and monotonic outside th&ut to a lesser degree, because the I translational en-
range ofn=11—17(see Fig. 7. Only in this mid-size range, €rgy released in channel A is nearly two times smaller.
where the second half of the first solvent shell is believed to
be (_:(_)nstructeﬂi‘?'sg'ﬁgthe caging behavior deviates from the , o vvARY
intuitively expected monotonic rise, such as the 790 nm
trend/1%*%%®For smaller clusters, the too few available sol-  In summary, the near-UV photodissociation gf in
vent molecules restrict the quenching trajectories because afusters leads to a new type of photofragment caging reaction
the limited number of the extremely asymmetric solvent conthat involves spin-orbit relaxation. The photoexcitation pro-
figurations that satisfPA®~0.93 eV. Each additional solvent motes the chromophore to a dissociative state correlating
molecule alleviates this constraint, increasing the quenchingith |~ +1* (2P,,,), which is the only dissociation channel in
and caging probabilites. In the mid-size rangen ( unsolvated]. In clusters, interaction with the solvent results
=11-17), the number of solvents is already quite large, sin three pathways(1) direct dissociation to 1+1* (2Py,,),
that the required degree of differential solvation is achievedeading to channel A uncaged produd®) dissociation fol-
without imposing strict dynamical restrictions. In this size lowed by spin-orbit quenching, leading to channel B uncaged
range, the details of cluster structure, not the mere number gfroducts;(3) dissociation and spin-orbit quenching, followed
solvent molecules, become critical in determining theby I, recombination and vibrational relaxation, leading to
quenching and caging probabilities. This trend continues uneaged products.
til the first solvent shell is filled ab=16 [I, (CO,),] or 17 In large cluster §>16), the probability of spin-orbit
[15(0OCS,]. From there on, additional solvent molecules quenching approaches unity for both £&8hd OCS solvents,
do not introduce significant structural changes, and the dyalthough subsequent?®;,)+1~ dynamics in the two sol-
namics revert to a monotonic increase in caging probabilitwents vary. The time-resolved measurements indicate that
with n. caging andconsequentlyspin-orbit relaxation are fast, oc-
Fourth, we observe that in large clustex>X16), the curring on picosecond time scales. The quenching mecha-
spin-orbit quenching probabilities are similar for(CO,), nisms involving radiative relaxation and energy transfer from
and L(OCS, [see Fig. 8)]. However, following the I* to the solvent fail to explain the observed reaction time
quenching transition, the probability of +1(2P,) recom-  scales and efficiency. Instead, the spin-orbit relaxation takes
bination in OCS approaches unity fae>16, while in CQ  place in the solvated- 11~ system by electron transfer from
(n>16) nearly 40% of quenched trajectories lead tol™ to I*, as the electron donor fragment transforms into the
|~ +1(2Pg),) dissociatior(Fig. 8(b)]. This difference may be ground state | atom. The 0.93 eV gap between the initial and
due to several factorg§1l) One factor may be a kinematic final states in this transition is bridged by differential solva-
effect, since OCS is heavier than ¢@owever, if this were  tion due to solvent asymmetfy.
the dominant factor, a similar effect would be expected at The new type of caging reaction explicitly relies on
790 nm, contrary to the observatiols(2) In the quenched strong perturbation of the, lelectronic structure by the sol-
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