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Two-photon excitation of;lin room temperature liquid solutions and in cryogenic rare gas matrices,

in the 500-600 nm range, leads to fluorescence in the near infrared. The emission spectra are
assigned to the*1* (2P o+ 2P0 — 1*1(?P .+ 2Pg)) transitions, namely, to contact pairs of spin
excited atoms which are strictly bound by the solvent cage. The spectra are analyzed to characterize
cage potentials and contact distances. In rare gas solids, the caged pair relaxes radigtively,
=3.9, 3.1, and 2.8, in Ar, Kr, and Xe. In room temperature liquids, emission from both geminate
and nongeminate pairs occurs, resulting in bimodal kinetics. The fluorescence yield strongly
depends on the nature of the solvent. Through a set of measurements in hydrogenated and deuterated
solvents, the quenching mechanism is ascribed to dipolar energy transfer to solvent molecules: the
quenching efficiency is determined by the spectral overlap between vibrational overtones of the
solvent and the solute emission. 897 American Institute of Physid§0021-960807)00444-3

I. INTRODUCTION ids and in a variety of room temperature liquids. The spectra
] ) are analized to extract information about energetics and

Pump-probe induced fluorescence relying on the Mostycture. The spectral analysis in the case of solids provides
lecular ion-pair states, to probe dynamics evolving on covay girect description of the case potentials and a critical test of
lent electronic surfaces, has proven a rather useful tool f°ﬁ1any-body interactions. Time profiles and fluorescence
time resolved studies of molecular iodine. The approach wagie|ds are analized to extract information about production
firstimplemented in gas phase4stud]r€r_sand later applied in - ang decay channels of the excited states. It is established that
rare gas matrices of Arand Kr! Despite the fact that time  ginolar energy transfer to vibrational overtones of the solvent
resolved studies ofIhave the longest tradition in the liquid geryes as the main nonradiative decay mechanishlbfin
phase;® the same method could not be implemented thereyne Jiquid phase. We follow this paper with ultrafast time

since emission from the solvated ion-pair states is very efragolved studies that use these transitions to probe condensed
fectively quenched in such media. Given the sensitivity ofynase dynamics.

methods relying on laser induced fluoresce(id€), and the
fact that uItr_afast LIF yields itself tq direct interpretations aS | ExPERIMENT
a probe of time dependent populations, fluorescence handles
on this prototypical system would be valuable. The doubly  The liquid phase fluorescence spectra of iodine were ob-
spin excited states of iodine* (°Py,,) +1* (?P*¥?), provide tained by two-photon excitation in the 500—600 nm range,
such a handle. using an excimer-pumped dye lagdiambda Physik EMG
The interaction of two spin excited iodine atoms, 101/F1 2001 In some experiments, direct output of the
I* (2P0 +1* (2P, leads to three strictly repulsive molecu- XeCl excimer lasef308 nm) was used for fluorescence ex-
lar potentials, g 0, . and 1,.” While bonding cannot be citation. The laser outputs-10 mJ pulses, in 10 ns, at a
sustained on these surfaces in the gas phase, in condengegetition rate of 10—20 Hz. Emission is collected at right
media, the pair of spin excited atoms can be stabilized aangle, with a single quartz lens, dispersed through a 0.25 m
large internuclear distances per force of the solvent cage. Imonochromator, and detected with a liquid nitrogen cooled
such a configuration, given the absence of any near lyingse detectofADC Model 403H which has a response time
molecular states, radiation in competition with energy transef 250 ns. The spectra were typically recorded at a resolution
fer to solvent internal degrees of freedom serve as mechaf 10—15 cm’. Signals are processed using a digital oscil-
nisms of relaxation. In contrast with the atomic-+l transi-  loscope(Tektronics Model 2430or a boxcar integrator, con-
tion, which proceeds via electric quadrupole with annected to a computer. Search for emissions in the visible
estimated lifetime of- 125 ms in the gas phaSand 1-5ms  range(350—-850 nmwas conducted usina 1 mmonochro-
in rare gas matrice¥;*tin the case of atom pairs in contact, mator and a photomultiplier.
dipole allowed transitions connect thtl1 states to the*ll The concentration oflin liquid solutions was monitored
manifold. Accordingly, independent of the exact channelby measuring absorbance of the sample at 515 nm. Fluores-
producing two t atoms, they will become observable upon cence efficiency in all studied solven{€sS,, C,FsCls,
transient encounters in the liquid phase. The situation i€£HCl;, CDCl, CH,CI,, CD,Cl,, acetone, acetords, ac-
somewhat simpler in the solid state, where the rigid latticestonitrile, acetonitriledg, hexanes, and methyltetra-
traps FI* pair in a state bound by the repulsive wall of the hydrofurang¢ was measured with respect to a reference
cage. We present spectra of these transitions in rare gas sd}:CCl, sample. Infrared absorption spectra of the neat sol-
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TABLE I. Intensity of iodine ir emission in different solvents: experimental data and model of dipole—dipole
quenching by solvent.

Relative Spectral overlap Fluorescence
fluorescence Refractive [fg(v)Aa(v)dv/v?, Number efficiency’
Solvent intensity  74q, S indexn cntt density, cm® (14 Kgrrad *
Ar 3.9+0.3 1.27 0 2.66:107 1
Kr 3.1+0.2  1.34 0 2.2X 107 1
Xe 2.8:0.2 1.43 0 1.7%10% 1
CS, 50 1.8 1.63 <102 9.99x 1071 1
CF,CICFCl, 0.5 <102 5.08x10% 1
ccl, 1.0 2.5 1.46 <102 6.22<10%* 1
CHCl, 0.02 2.6 1.448 1.%x10° 18 7.49x10% 0.014
CDCl, 0.4 5x10°%0 0.27
CHLCl, 0.007 2.7 1.424 2.3x10°18 9.39x10% 0.006
CD,Cl, 0.24 7x10°20 0.165
Acetone 0.025 39 1.359 2.x10718 8.17x10% 0.005
Acetonedg 0.3 8.5x10° % 0.13
CHL.CN <0.003 3.1° 1.34 2.3x10°18 1.10x 1072 0.004
CD,.CN 0.04 8<10°2° 0.10
Hexanes 0.01 3% 1.375 ~2.5x10718 4.61x10* ~0.005
Methyl-THF ~ <0.005 2.8 1.41 ~2.5x10718 6.0 X107 ~0.005

aWith respect to CGl
bCalculated from the spectral overlap assuming the dipole—dipole quenching mechanigt)) Eq.
‘Calculated from the rare gas matrix data taking into account ratio of the refractive indices.

vents were recordedhia 1 mmthick ir quartz cell, using a sions in the visible rang€350—-850 nm was performed

commercial FT spectrometéBruker IFS 66. using the same excitation, in an attempt to observe ion-pair
Cryogenic rare gas matrices were prepared by vapoiluorescence and double spin—flip transitiofi$* Il (the

deposition of gas mixtures, with a typicatRg mole ratio of latter to be expected at roughly twice the frequency of the

1:5000, onto an optical window held at 15 K by a closed-observed™I* —I1*| transition). No detectable signal could be

cycle helium refrigerator. The emission was collected in a

collinear geometry behind the irradiated sample. The near ir

region of interest in the solid state is more congested. Two-

photon excitation with a femtosceond laser was useful in

sorting out some of these transitions. nm
1SIOO 14|00 1?00 12'00 1100
b 0, >B(0])

lll. RESULTS EA
A. Liquid phase

Infrared emission in the region 7000—9000 ¢nis ob-
served upon laser excitation of room temperature solutions
of I,. The set of solvents studied is listed in Table I. The
emission spectra in all solvents are rather similar, consisting
mainly of two structurless bands, as illustrated by the ex-
amples in Fig. 1. A weak shoulder appears on the red side of
the spectra in some of the solveri@Cl,, CHCl;, CH,CI,,
acetone, CKCN). The time profile of the fluorescence is
shown in Fig. 2. It consists of a detector limited rise and fall
(faster than 250 nsfollowed by a nonexponential tail which
accounts for~0.1-0.03 of the total intensity. This “slow”
component decays on the time scale of 1#£2 and obeys
second order kinetics, with a linear dependence -000h-
centration, as shown in the inset to Fig. 2. Fluorescence re-
corded with gated detection yields identical spectra for both
“fast” and “slow” components.

Irradiation of the solutions at 308 nidlirect output of
the exqmer Iasewgs performed ,for C,Qland Cs and re-_ FIG. 1. Infrared fluorescence spectra ofih room temperature solutions:
sulted in the same ir fluorescen@eentical spectra and ki- (A) CCl,, (B) CS,, (C) acetone. Dashed line show spectral fits described in
neticy as for the excitation in the visible. Search for emis- Sec. Iv.

Fluorescence intensity

6500 7000 7500 8000 8500 9000
wavenumber (cm™)
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Fluorescence intensity

Absorbance (base 10)

FIG. 2. Fluorescence decay kinetics in liquid solution (§Gind matrix »
(Kr). Inset: the “slow” component of the signal in CCéolution at two M c'

) ) . N 8 WL AL B L LY B R
different concentrations showing the second-order kinetics. 6500 7000 7500 8000 8500 9000

wavenumber (cm'1 )

found, in spite of the higher SenSitiVity of PMT-based detec'FlG. 3. Examples of infrared absorption spectra of the liquid solvents in the

tion in the visible. region of the t1* emission:(A) CHCl; and (A') CDCls; (B) CH,Cl, and
The fluorescence vyield varies by4 orders of magni- (B’) CD.Cl,; (C) acetone and (§ acetoneds.

tude in the 13 solvents used, see Table I. The relative yields

were calibrated in reference to a solution ¢fdCl,. These ) ) . o

measurements were carried out by recording the fluorescen&9th decay as single exponentials with a common lifetime of

intensity from solutions of the same optical density. The sys3-9+0-3us. Similar features are observed in Kr matrix,

tem was calibrated with the standdrdference CGlsamplg ~ Where the sharp and broad peaks are at 7530 and 8759 cm

after each measurement to avoid errors due to variations {fESPectively, and the intensity ratio changes in favor of the

laser intensity and collection efficiency. The comparison
makes the implicit assumption that the power dependence of
this two-photon induced emission is the same in different
solvents. Inspection of Table | indicates th@: the ir emis-
sion is very weak in hydrogen-containing solverits; for a
given solvent, the emission is a factor of 10-30 stronger
when deuterated(c) emission intensities in deuterated sol-
vents are comparable to halogenated solvécdsbon tetra-
chloride and freoj (d) the fluorescence is exceptionally
strong in CS.

Absorption spectra of the neat solvents, hydrogenated
and deuterated counterparts, are shown in Fig. 3 for the same
spectral range as the iodine fluorescence. The observed
bands in the H-containing solvents can be assigned to
2v(C—H stretch+ 8bend. CS,,CCl,, and freon do not have
any detectable absorption in the region 5000—10000cm
The data suggests a strong correlation between fluorescence
yield and spectral overlap between solute emission and sol-
vent absorption.

nm
1500 1400 1300 1200 1100 1000

B. Matrix isolated | ,

Near ir fluorescence was investigated in matrix-isolated
samples ofJin Ar, Kr, and Xe at 15—-30 K. Spectra recorded
with a boxcar gated from 2 to 3.as, are shown in Fig. 4.
The long wavelength progressions, obvious in Ar and Kr
matrices, are the well knowA— X andA’ — X overlapping
spectra, with the fluorescence lifetime of 70-146 and ,
~10 ms r(:4,Sp(:‘,ctive|§),10,12,13 In Ar. the relatively narrow FIG. 4. Infrared fluorescence spectra ofl rare gas matricegA) Ar, (B)

N =t ! _q Kr, (C) Xe. Dashed lines show spectral simulations described in the Discus-
emission (FWHM-70 cm™") at 7490 cm™, and the broad gjon section. Relative intensities of the simulated peaks are adjusted to fit
(FWHM 500 cmi'Y) feature at 8970 cmt, appear together. experimental spectra.

C. 1 1 (Al ! b rferhrtedia [drdrsi

6000 6500 7000 7500 8000 8500 9000 9500 10000
wavenumber (cm’")
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8440 Benderskii, Zadoyan, and Apkarian: Caged atom pairs in liquids

broad feature. The fluorescence lifetime in Kr is 3.1 35 10%
+0.1us, and the time profile is shown in Fig. 2. In Xe BTt
matrix, the two features are observed at 7510 and I Vo
8260 cmi . The intensity ratio of the two components shifts of 8 O o,
: 310%F
further, and the narrow peak is much weaker than the broad. Lo NI
In the studied spectral range of 500 to 600 nm excitation,
both emissions show a two photon dependence on pump in-
tensity. Sequential excitation using two femtosecond laser
pulses showed that the fluorescence signals in the narrow and
broad peaks have the same dependences on pump—probe de- I
lay, indicating that the two excited states are populated via 210"
the same excitation resonances. :

Energy (cm™)
N
&)
5&
[(e]

IV. DISCUSSION D N e
28 3236 4 44485256 6

A. Spectroscopy R (&)

The observed ir emission spectra originate near the - .
in—orbit transition of atomic iodine. which occurs at 1315FIG. 5. Schematic diagram of potential energy curves used for spectral
Spln_ oroi - . ’ simulations of TI* in liquid solutions(solid lineg. Dashed lines show the
nm in the gas phaseTheir assignment can be narrowed to gas phase potential&gs. (2) and (4)].
two candidates, the single spin—flip transitions near the
asymptotic region of the molecular specie$i*=I1*1 or

I*I—l,. Indeed, other molecular states capable of producing ] ) o
ir fluorescence can be eliminateti/A’ — X emission is ob- 1dS, this would imply that the emitting states are nearly de-
served in the matrices and has a much |Ongegenerate. It then follows that the blue shaded, high energy

9,10,12,13 band in each spectrum must be the transition terminating on

lifetime; ion-pair states have radiative lifetimes on i . :
the order of 108 s in the gas pha&®!®and may decay even the attractive branch of th# state potentialwhich has nega-

faster due to non-radiative relaxation in the condensed phasiV€ curvaturg; and that the lower energy red shaded com-
None of the observed bands can be assigned to emission BPNents in the liquid solutions must terminate on the repul-
isolated atoms*l—I, which has been extensively analized SV 0y Or 1, potentials. This component is rather sharp in
previously in rare gas matricdand has a much longer fluo- the case of the cryogenic solids, implying nearly paraliel
rescence lifetime—from 0.25 to 1 ms, depending on temYPPer and lower potentials. The observed emission peaks and
perature, in Kr and Xe matricésand of the order of 5 ms in their assignments are qollected in Tablg I, vv_here_we have
Ar.9 The states in the*I manifold can be eliminated, since @Ssumed that the ordering of &bove @ is retained in the

the cagedll molecule is not expected to have a significantcondensed phase. Note, where observed, the 1, transi-
lifetime because it is known to recombine aéB) on sub- 0N IS & minor component in the liquids, and completely
picosecond time scales. Rather uniquely, the upper state @PSent in the case of the solid state spectra.

the observed emission must be assigned to the caged Spectral simulations help to verify the consistency of the
1% (2P1,0) = I* (2P yy) and the terminal state to above assignments, and allow the characterization of the po-

I* (2P,,)—1(?Pgp), as illustrated in Fig. 5. The equilibrium tentials for the cage-bound atom pairs. The bandshapes are

distance in the upper state is determined by the size of théimulated using the classical reflection approximation
cage, and therefore is expected to be similar to the average S[v—AV(r)/h]

distance between solvent moleculé$—6 A). Electronic [(v)=P(r;T) —dAvVidr D)
states of the#1I* manifold are crossed by othep btates '

(which correlate with 1l and Il asymptotesat internuclear jn which P(r;T) is the thermal probability distribution along

Separations shorter than 37N:he emlttlng state is therefore -1 coordinate in the excited state, aM/(r) is the differ-
essentially isolated from the lower molecular states, and cagnce potential.
relax only via radiation or energy transfer to solvent. In liquid solutions, only slight perturbation of the lower

At the large internuclear separations implied, the opticaktate potentials may be expected. We therefore use the bare
transitions must follow strict Hund's case) rules, and the  |,(B) potential in the Morse fortf

propensity forAQ)=0 transitions must hold. A transition

from each of the three upper state§, 00, , 1,, is dipole V(B)=Dg[1—exp(— Bg(r—rp)) 1%,
allowed to states arising from the-+I limit, of which there _ . 1
are ten. The specific transitions are: emission to the with Dg=4500cm, Bg=1.77 A",

boundB sta’Fe viafl*(og)—ﬂ*.l(B(OJ)): and emjssions to and rg=3.016 A 2
the repulsive surfaces via *IF(0,)—I1*1(04) and

I*1*(1,)—1*1(14). Since in a given solution identical time as reference and assume a harmonic well alrg*l for the
profiles are observed for all bands, the upper states must smlvent bound upper stat€ig. 5. With the anticipation of
in fast thermal equilibrium. In the case of the cryogenic sol-rather shallow bindingwhich is confirmed since the fre-
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TABLE Il. Infrared fluorescence peaks and spectral fit parameters*férih liquid solutions and rare gas

matrices.
ir fluorescence peaks, crh Spectral fit parameters

Solvent 0B  0,-0, 1,—1g 1y, A re, A e, cmt AT, 2om™t

CS, 7695 7050 ~6800 4.64 4.75 49 11,760

CF,CI-CFC} 7750 7400 5.82 4.9 53 11,855
CCl, 7775 7325 7050 5.44 4.85 50 11,855

CHCl; 7880 7310 ~7050 5.11 4.75 50 11,905

CH,Cl, 7930 7270 ~7040 4.74 4.70 50 11,925
Acetone 7920 7340 6950 4.97 4.65 49 11,930

CHLCN 8070 7460 ~6800 4.50 4.6 53 12,005

Ar 8970 7490 3.75 4.02 75 11,970

Kr 8750 7530 4.00 4.26 58 11,900

Xe 8130 7220 4.33 4.12 62 11,150

%Energy difference between the bottom of tBestate and the excitedkl* state minimum(the gas value
12 060 cn1Y).

qguency of the upper well obtained from the spectral fits isbetweenr, and the average intermolecular distance between
small compared tgT—see Table I, we assume a thermal solvent moleculesr,,,=1.12 %3, wherep is the number
population for the upper state density of the neat solventln the densest liquids, G&nd

K(r —r )2 CHLCN, r, is somewhat larger tharn,,. Although smaller

P(r'T)=N exgd — ——~ 3 thanr,,, the largest values aof,=4.85 A occur in the least
(1) ST 3 ot | he e

B dense liquids, CGland CECI-CFCL. This correlation is a

and a difference potential given as/=AT,—V"(r). AT, most direct confirmation of the picture of the upper state as a
is the difference between electronic origins of the excitedsolvent bound contact pair. The upper state harmonic fre-
state andB state. The simulated spectra of the high energyduencies provide an additional confirmation. The liquid
band reproduce the experiments well, see Fig. 1, fixing threghase frequencies, about 50 tnfall well within the trans-
parameters: the upper state equilibrium interatomic distancéational spectra. In short, th& +1* interactions are no stron-
re, and harmonic force constark, which together define ger than the intermolecular attractive forces between solvent
the band shape; and the electronic orighiT, (Fig. 5,  molecules, and therefore the observed upper state is a dif-
which determines the transition energy. These parameters afésion controlled contact pair.
collected in Table II, in which for convenience we report the  In rigid cryogenic matrices, contrary to liquids, pertur-
harmonic frequency extracted frokrusing the reduced mass bations of the § molecular potentials by the cage of sur-
of 1. rounding rare gas atoms are expected to be significant. We
With the upper state probability distributio®(r;T), therefore start with the potentials calculated by Batista and
fixed from above, the liquid phas&IF(0,)—1*I(0;) tran- Coke!17 using diatomics-in-molecule¢DIM) Hamiltonian
sitions are simulated assuming an exponentially repulsivéor Iz in the doubly substituted site of undistorted fcc rare gas
terminal state. Using the electronic origin of the upper statdattice, which are presented in Fig. 6. Since in the cryogenic
as a variable, the single parametrization for the terminal statgatriceshv>kgT, we use the scaled temperature

V(0,)=1.55<10° exp(—1.75) (cm LA units) (4) _ho r( fw
tanh 5——=
2k T

T =
yields a satisfactory reproduction of all liquid phase spectra,

-1

©)

 2kg

as shown by the examples in Fig. 1. This provides a considor the calculation ofP(r;T). Note, due to the cryogenic
tency check for the treatment, and establishes the separatitemperature, transitions sample a much smaller range of in-
between the *I*0, and Cg states to be within ternuclear distancehaded region in Fig.)&han in room
100-150 cm?, in agreement with the expectation that attemperature liquidg¢shaded region in Fig.)5
room temperature these states are in rapid thermal equilib- The main qualitative features of the spectrum: the broad,
rium. The intensities of the simulated bands are separatelljigh energy’TI*(Og)—ﬂ*I(B) band and narrow lower fre-
normalized to match the experiment. It is however obviousquency F1*(0,)—1*1(04) transition, are reproduced well
that the transition dipole moments of the two bands ardor all matrices using unmodified Batista—Coker potentials.
nearly identical. A schematic of the liquid phase potentials isThe solid state*ll*(0,) —1*1(04) emissions are much nar-
shown in Fig. 5. rower than in the liquids, reflecting the fact that the cage
The transition energies, line widths, and the separatioinduced potentials for both upper and lower states are nearly
between the main fluorescence peaks’:(log)ﬂl*l(B) and aligned vertically, and have similar curvatures, as is evident
I*1*(0,)—1*1(04), are most sensitive to the contact dis- from Fig. 6.
tancey,, between the two spin excited atoms. It is satisfying ~ For Ar matrix, the DIM potentials provide a good quan-
to see in Table Il that indeed there is a direct correlatiortitative reproduction of the experimental spectrum, only re-

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997

Downloaded 23 Mar 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8442 Benderskii, Zadoyan, and Apkarian: Caged atom pairs in liquids

To simulate the spectra, we approximated the DIM po-
tentials separating them into contributions from the 1-I and
I-RG interactions, which allows to model a smaller cage by
horizontally shifting the I-RG part of the potential. The pa-
rametrization of potentials in presented in Table Ill. The
state potential is represented in the form

V=Dg[1-exp —Bg(r—rg))]
+Dc[1_exq_ﬂc(rc_r))]2a (6)

where |- interaction is given by a Morse function with pa-
rameters only slightly modified with respect to those used for
simulation in liquidd Eq. (2)], and I-RG part of the potential

is modeled by a reflected Morse function. Repulsive I-I
states[upper states*ll*(O; and Q) and terminal state
1*1(04 )] were represented by

V=A exp(— yr)+ D[ 1—exp(— Bc(r.—r))]? )
FIG. 6. Cage potentials for, lin Xe matrix used for spectral simulations. with inal xponential function for r Isivé dl or
Dashed lines: unmodified DIM potentials for molecule in doubly substi- a single exponential function tor repuls € 0

tuted site of perfect fcc Xe lattice by Batista and CokBef. 17. Solid I*—I* interaction. For each matrix, all parameters were first
lines: potentialg6) and(7) (parameters in Table Mwhich produce spectral  Optimized to fit the Batista—Coker potentials. As can be seen
fit shown in Fig. 4. in Table lll, slightly different sets of parameters in the I-RG

part of the potentia{Table Ill) were used for the states df|

and FI* manifolds, reflecting different interactions of the |
quiring a vetical shift of the electronic origin by 500 cfhto  and ¥ with the host. For the one-dimensional cage potentials
the red for both bands. The calculated spectrum is shown im the form(6)—(7), change of the parameteyr by the same
Fig. 4A). For Kr and Xe matrices, however, Batista—Cokeramount for the upper and lower statése., horizontally
potentials do not provide quantitative reproduction of experishifting the I-RG paitis equivalent to changing the size of
mental spectra, giving ag*O—>B band that is too narroes-  the cagée?® This results in a shift of the upper potential mini-
pecially in the case of Xe, 220 crh calculated FWHM vs mum r, and change of the simulated spectral band shape,
450 cm'! experimental The predicted separation between because of the change in the difference potential. Experimen-
the two main peaks are only 630 and 450 ¢nirespectively,  tal spectra were therefore fitted by adjusting the parameter
as compared with the experimental values 1200 and., which determines the position of the cage wall, simulta-
750 cm ! for Kr and Xe. This suggests that the actual inter-neously for the upper and lower state. Spectral fits obtained
nuclear separations in the excited state are smaller than thosethis way are shown in Fig. 4, and the upper state param-
predicted by the DIM calculatiot4.31 A in Kr double site  eters, determined from thus obtained potent{lsand (7),
and 4.5 A in Xg, i.e., requires smaller cage. are collected in Table II. For Kr, only a slight changergf

TABLE IIl. Parametrization of the caged potentials for ih rare gas matrices. FOB state V=Dg[1
—exp(—Bg(r—rg)) P+ DJ1—exp(—Br.—r1))1% for repulsive state¥=A exp(—yr)+DJ1—exp( Bre—)1-

Manifold Potential Parameter Ar Kr Xe
1*1 Cage D¢, cm? 1000 2600 4700
B, At 0.755 0.56 0.46
re, A 3.33 (3.33° 3.95 (4.107 3.95 (4.502
B Dg, cm? 4500 4500 4500
Bg, A7t 1.67 1.67 1.67
rg, A 3.05 3.05 3.05
0y A, cm! 1x 10’ 1x 10 1x 107
y, A7t 2.40 2.47 2.47
I*1* Cage D¢, cmt 1100 2800 4800
Be, A7t 0.76 0.585 0.49
re, A 3.33 (3.33° 3.9 (4.052 3.87 (4.42°
0y A, cmt 2.2x10° 2.2x10° 2.2x10°
v, A~t 1.96 1.96 1.96
0y A, cm? 6x10° 6x10° 6x10°
v, At 2.12 2.12 2.13

&/alues obtained by fitting the experimental spectra. In parenthesis—value for the unmodified Batista—Coker
potential.
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(from 4.31 to 4.26 A is required to obtain good agreement. emissions in CSis a factor of 50 stronger than in CCland
In Xe, re must be changed from 4.5 to 4.12 A in order to that emission in the latter is stronger than all othésse
reproduce the width of the;O—>B band. The 11* caged Table .

potentials in Xe, which give spectral fits presented in Fig.

4(C), are compared in Fig. 6 with the unmodified DIM po- o

tentials of Batista and Coker. We note, however, that thé>- Kinetics of the upper state

potentials listed in Table 11l are to be trusted only around the  The remarkably different decay kinetics of thd™ in-
region of the internuclear I-I separations sampled by thérared fluorescence in solid matrices and liquid solutions
studied transitionst,+0.1 A (see Table Il forr, values.  (Fig. 2 can now be understood. In matrices, the potential
Furthermore, separation of the caged potentials into the I—harrier for the cage escape &f atoms is many eV, ensuring
and I1-RG contributions was devised only as a way to obtailhe complete caging of photogenerated atoms. Crossings
equilibrium F—I* distance in the upper state implied by the with the repulsive states of th&+1 and I+1 manifolds oc-
spectra; the 1-1 and 1-RG parts therefore do not have anyur in the region 2.5-3.5 fsee Fig. }, far from the emitting
physical meaning if used separately. minimum near 4-4.5 A. Accordingly, there are no nonradi-
ative decay channels for the decay of the excited state popu-
lation. The observed exponential decay in matrices must be
ascribed to radiation. The fluorescence lifetimes in Ar, Kr,
and Xe matrices (3.9+0.3us, 3.1+0.2us, and 2.8
Prior to discussing the decay mechanisms, the photoge- .3 45, respectively corrected for the refractive index of
neration pathways deserve some comment. There are a vaghe mediuri® (Table 1), all yield the same value of 7.0
ety of resonant two-photon entrance channels to & |+ .55 for the hypothetic gas phase radiative lifetime, rep-
potentials when using visiblas lasers. Coherent excitation resenting dipole coupling of the*I* and FI surfaces at
with B(®I1,,) andB"(*I1,) states acting as real intermedi- —4 5 A separation.
ates can lead to the dense manifold of dissociative states that | contrast, in the room temperature liquids, given the

correlate either directly with theé H-1* limit, or with the I fact that F—I* interactions are no stronger thah-solvent
limit. The latter states invariably cross thedI* potentials.  jnteractions, it can be surmised thatatoms will escape the
Alternatively, the sequential two photon pa~B—E ex-  cage via a diffusional barrier, comparable to that experienced
ists, which involves vertical excitation to the repulsive wall by solvent molecules during self-diffusion. Assuming a typi-
of the B state, a short time evolution dhto reach the right  ¢aj Jiquid phase diffusion coefficient of 16 cn?/s, a barrier
turning point of the potential, and subsequent resonant excheight of E,=1500 cn7! can be estimated, implying a life-
tation to theE(Qg) ion-pair state. Finally, excitation t8,  time on the order of 10° s for an F—I* contact pair. The
predissociation \./ia'one of .the many curve grossings, angage escape probability upon photogeneration is determined
subsequent excitation to either _thél*l potentials or the py the initial excess kinetic energyE,=2000—5000
manifold of ion-pair states is possible. As already mentionedgm-1 which is larger than the estimated barrier height. Ac-
the ion-pair states of,Ido not fluoresce in the liquid phase, cordingly, a distribution of spatially separatet+1* pairs,

and solvent induced predissociation into tHé* | manifold p(R,0), in fast kinetic equilibrium with the*I* contact
constitutes one of the major channels of quenching. Thi?)airs,p(Ro,O), is to be expected. The thermalization length
occurs because of the differential solvation of ionic versusgr an i atom can be obtained from the number of collisions
neutral states in dielectric media. A crude estimate of theyith the solvent molecules necessary to damp its initial ki-
electronic solvation energ§s, of the ion-pair states can be npetic energy. In a solution such as GQbecause of the simi-
made via the Onsager cavity motfel larity in masses, the collisional energy exchange is highly
efficient (~50% per collision, and thermalization withim

=(In 2)" In[Exj,— Ep)/kgT] ~3-5 collisions may be ex-
pected. Assuming random walk thermalization~gR,
+agn'?), the characteristic length of the initial distribution
in which e=n? is the dielectric constant of the solvent; can be determined as~110—15 A. The diffusion of 1 at-
~er,, Is the dipole of the ion-pair state with a bondlength oms in solution governs time evolution of their pair distribu-
re~3.6 A; and we have assumed the cavity diamederto  tion function p(R,t) which, in turn, determines the popula-
be given as B.. On this basis, it can be estimated that in thetion of the emitting statep(Ry,t). Because the average
most polarizable solvent, in GSthe ion-pair states will be initial separation in1--I* pairs is smaller than the distance
lowered by ~1eV, generating crossings with the between the precursos inolecules in solutiorion the order
I*1*(1,,0,) potentials. In the next most polarizable solvent,of 1 um), there are two distinct contributions to the kinetics.
in CCl,, the estimated electronic solvatioBg~0.85€eV, Encounters between geminate pairs dominate at short times,
brings the ion-pair states close enough to tHé potentials, and homogeneous second-order encounter kinetics of spa-
to expect solvent mediated coupling between them. In théially randomized T atoms determines the long-time behav-
less polarizable solvents, a direct curve crossing betweeior. This explains the experimentally observed fluorescence
ionic and neutral manifolds is not expected. These considerdecay profiles in liquids. The decay time scale for the gemi-
ations seem to explain, in part, the observation that the inate encounter can be estimated from the diffusion equation

B. Photogeneration
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asal?/D, with the coefficientx~0.35 for the 3-dimensional deuterated counterparts were used because of the better
case. This givesye,~0.5-1 ns, so that the observed “fast” signal-to-noise rati¢the spectra in H/D pairs of solvents are
component of the signal is given by the response function ofdentica). For non-H-containing solvent&CCl,, CS,, and
the detector. The “slow” component of the signal can befreon) the listed values are only upper estimates because no
well fit with second order kinetic€(0)/C(t)=1+kpt, as  detectable solvent absorption was recorded in the spectral
illustrated in the inset in Fig. 3. The diffusion-limited rate range of the emission. The RY integral of Eq.(10) was
constantkp,=47DR,C(0) can be rationalized forC(0) estimated using analytical approximation of the radial distri-
~ 10" cm™3, which implies that only about 1% of the iodine bution function for Lennard-Jones spheres, witparameter
concentration in the sample contributes to the “slow” com- scaling according to the number density of the corresponding
ponent. Extrapolation of the “slow” component t&=0 ac-  solvent:cN~Y3, The calculated values of the fluorescence
counts for less than 1/5 of the “fast” signal. efficiency (1+ Kgrrag) ~ 1 are listed in Table |. Good agree-
ment with the experimental fluorescence intensities is
achieved for the series of similar solvents GCCHCL,
CDCl;, CH,Cl,, CD,Cl,. There is also good correlation in
Figure 2 and Table | demonstrate that thé&*Ifluores-  pairs acetone/acetory- and CHCN/CD;CN. We can be
cence is quenched when ir absorption bands of the solvembnfident that the dipole—dipole excitation transfer is respon-
overlap the emission spectrum. The role of spectral overlagible for the quenching of fluorescence.
in determining fluorescence yields is best isolated by the The relative fluorescence intensity is higher for acetone
comparisons in the isotopically substituted solvent pairs. Irpy a factor of 2.6slower ET) and lower for acetonitrile by a
the solvent pairs considered, CHGIDCl;, CH)Cly/  factor of 2.5(faster ET than the values for CKCl,_, group.
CD.Cl,, acetone/acetonts, CH;CN/CD;CN, the fluores- |t is, of course, hard to compare different solvents because
cence yield in the hydrogenated solvent is more than an orhe excitation efficiency may vary depending on the position
der of magnitude weaker than in the deuterated version. Thef the solvated ion-pair states, as discussed above. There are,
spectra in Fig. 3 illustrate that deuteration shifts the solvenhowever, several factors neglected in our crude model that
absorption bands out of overlap with the solute emissionalso can explain the aforementioned discrepancies and are
Quenching due to resonant energy transfer from the spinworth discussing. Because of the sharR®1flependence of
orbit excited iodine to vibrational overtones of the solventthe transfer rate, it is very sensitive to the local structure of
molecules is the obvious explanation. The rate of such ghe solvent around the sensitizer. Molecules of the first co-
process is given by the Fster expression for dipole—dipole ordination shellfirst peak of the radial distribution functipn

D. Dipolar quenching

energy transfer between a donor and an acc&ptor contribute more than 95% to the integral in Efj0); there-
1.685¢10° 4 k2 1 dv fore even a small error in estimating the position and height
KEFW RE 7 J Apa(v)fe(v) s 9 of the first peak ofg(R) would change the ET rate signifi-
rad

cantly. Orientation of the solvent molecules surrounding the
Here 7,4 is the radiative lifetime of the donofg(v) its |, emitter can also affect the excitation transfer. First, the
emission spectrum normalized to uni#(») the decadic factor 2 in Eq. (9) may be different from 2/3 if dipoles are
absorbance of the acceptor molecules of number densityot randomly oriented. Second, the excitation transfer dis-
N(cm %) measured through pathlendti =0.1 cm for spec- tance R really is the distance between transition dipoles,
tra shown in Fig. B v frequency in cm?, R the distance which, in case of 2(C—H stretch+ 8(bend overtone vibra-
between the donor and acceptarrefractive index of the tion of solvent molecules, is likely to be centered on the
medium. The orientation facta? is equal to 2/3 for random C—H bond. Thus orientation of the C—H groups of the sol-
directional distribution of the transition dipoles. The fluores-vent molecules towards or away from thesblute may alter
cence efficiency is (£ Kgrmag 1. In our case, any of the R by as much as-1.5 A, which may result in the change in
solvent molecules can serve as an acceptor, and the totdle ET rate by a factor of(5+ 1.5)/(5—1.5)]°~40. For
guenching rate is obtained by summation over all surroundexample, the observed fluorescence intensities in acetone and

ing solvent molecules, hence acetonitrile can be brought into agreement with those for
CH,Cl,_,, group(even assuming equal excitation efficiehcy
KerTrad= > Ker(R) Trag if one accepts the excitation transfer distanéet & in ac-
i

etonitrile and 7.5 A in acetone, compared with the values of
4.5 and 5 A from the number densities of these solvents.
I J 47R4g(R)dR, (10 The dipole—dipole mechanism is usually invoked for ex-
citation transfer between chromophore molecules with strong
whereg(R) is the radial distribution function of solvent mol- transitions. In this case, large transition dipole moments
ecules around*l* emitter and denotes the spectral overlap make possible the excitation transfer over distances as long
integral in EQ.(9). as Ry~50-100 A (Forster radius Thus energy transfer
The spectral overlap integrals in E() for different rates can be used for measuring distances between chro-
solvents were calculated numerically from the experimentaimophores for geometrical characterization of biological
absorption and emission spectra and are presented in Tablenholecules’? polymers?® films?* and membrane%, etc. In
For H-containing solvents, emission spectra recorded in theiour system, on the contrary, both donor and acceptor transi-
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tions are very WeaKradiative lifetimes~3 MS and~1s; Finally, the near ir emission fronf1* is a valuable tool
respectively, compared to a typical value of 1 ns for a strondor time resolved pump-probe investigations of dynamics in
chromophorg However, efficient excitation transfer is pos- the lower manifold of the molecule. Such investigations have
sible because of the short distances between acceptor ah@en implemented, both in liquids and solids, and will be
sensitizer(about 6 orders of magnitude gain inRf/com-  reported in subsequent papers.

pared to a typical value of the Fsier radiugand the number

of acceptorg~ 10 in the first coordination shell About 2
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