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Time-resolved studies with three intramolecular charge-transfer molecules 4-(1-azetidinyl)benzonitrile (P4C),
4-(1-pyrrolidinyl)benzonitrile (P5C), and 4-(1-piperidinyl)benzonitrile (P6C) in ethyl acetate in presence of
LiClO, indicate that the average reaction time for EE CT conversion increases at low electrolyte
concentration and then decreases to become comparable and even lower than that in the pure solvent. Except
for Mg?*, the average reaction time decreases linearly with the ion size in perchlorate solutions of ethyl
acetate. The observed electrolyte-concentration dependence of the average reaction time for these molecules
agrees well with the predictions from the theory of Zwan and Hy@weMm. Phys199] 152 169] in the

broad barrier overdamped limit with barrier frequenay,~ 2 x 102 s,

I. Introduction solution dynamics affect the intramolecular charge-transfer
) ) ) reactions at different electrolyte concentrations in these solvents.

In the preceding Article we discussed the steady-state  The reaction rate is affected in a more complex manner than
spectroscopic results of electrolyte-concentration and ion-size ¢ dynamical solvent modes because of the following reasons.
dependence of excited-state intramolecular charge-transfer reacp,q experimentally observed dynamics in electrolyte solutions
tions in three (alkylamino)benzonitrile derivatives. The presence s at |least 1000 times slower than the microscopic time scale
of electrolyte in solution has been found to significantly affect o, parrier crossing, which is on the order of 1 ps even for a
the LE — CT conversion reaction in these molecules. The fairly broad-barrier reactiof? 13 This means that the ion
change in reaction free energy 4Gy) is also found to depend  atmosphere remains out of equilibrium during barrier crossing.
linearly on the cation size, provided the composite-isolvent If we now assume that the TICT mechanism is valid for these
dynamics is fast enough to ensure the equilibriifntHere we molecules, this nonequilibrium ion atmosphere would exert more
present the effects _of electrqute_concentranon on the rate Ofelectrodynamic frictiof? on the twisting mode. Consequently,
LE — CT conversion reaction in ethyl acetate where the the TICT reaction rate will be substantially modified. Because
concentration of LiCIQ has been changed from 0.0 t0 2.5 M. the dynamics becomes faster with the increase in electrolyte
Dynamics of electrolyte solutions is expected to be very different concentration, the coupling between the reactive mode and the
from that of pure polar solvents because the ion-atmosphereenyironment dynamics becomes further modified. This modi-
relaxation and time-dependent iesolute interaction dominate  fication also contributes to the electrolyte-concentration depen-
the ionic solution dynamics at low electrolyte concentrat®is.  gence of the LE— CT conversion rate. As correctly pointed
At higher concentrations, the solution dynamics is even more gyt in ref 12, experimental studies are required to determine
complex due to the presence of triple ion, ion pairs (solvent the effects of such concentration-dependent nonequilibrium
shared and solvent separated), and other nonpolafsolvent  soyation. The present study is an attempt toward this direction.
composite species.? Several authors have already studied the |y this Article we report results on the excited-state intramo-
dynamics of electrolyte solutions in solvents of varying polarity |ecular charge-transfer reactions of 4-(1-azetidinyl)benzonitrile
and found that electrolyte solution dynamics is characteristically (P4C), 4-(1-pyrrolidinyl)benzonitrile (P5C), and 4-(1-piperidi-
different from that of the pure solvefit> For example, the  ny\penzonitriie (P6C) in solution in the presence of electrolytes.
average solvation time for a dipolar probe in acetonitrde  The photoinduced intramolecular charge-transfer reaction in
room temperature is increased by a factor~df7 000 upon  these molecules has been depicted in Schemes 1 and 2 of ref 1.
addition of 0.1 M NaClQ@. Moreover, the average solvation time  \we use the TICT model to analyze our data as done eaflier.
decreases by a factor of 6 as the salt concentration is increasegte that Rettig and co-workéfs1® and Zachariasse et .
from 0.1 to 1.0 M in the same electrolﬁeolvent combinatioR. have studied these Compounds earlier. In fact’ the latter ai’oup
In solvents of low dielectric constants, such as in ethyl acetate, has investigated the excited-state charge-transfer reaction in the
formation of triple ions, ion pairs, and other species will occur gpove compounds containing three- to eight-membered rings
at concentrations relatively lower than that in acetoniffiié! and represented them as@®series i represents the number
Consequently, the dynamics and its effects on reactions areqf atoms constituting the ring). However, studies of electrolyte
expected to be complex in electrolyte solutions of these solvents.effects on the rate of TICT reactions have not been performed
It would therefore be interesting to investigate how the modified pefore and such a study is reported here. The choice of ethyl
acetate as the low-polarity solvent comes from its ability to
* Corresponding author. E-mail: ranjit@bose.res.in. dissolve a large amount of LiClQ which provides an op-
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portunity to study the effects of electrolyte on TICT reaction ethyl acetate. Time-resolved emission spectra at each electrolyte
for a wide range of electrolyte concentrations. The cation-size concentration have been constructed from a series 6228
dependence of the average reaction rate in ethyl acetate has alsemission decays at equally spaced wavelengths across the
been investigated. It has been found that the theory developedsteady-state emission spectrum of coumarin 153 (CG%53)
by Zwan and Hynes (ZH) for studying isomerization reactions collected via time-correlated single photon counting (TCSPC)
in electrolyte solutiond can be applied to understand the method by using a diode laser based system (Lifespec-ps,
observed electrolyte-concentration dependence of reaction rateEdinburgh, U.K.). A diode laser is used to provide 409 nm light
in these TICT molecules. as excitation. The effective resolution (fwhm) of the instrument
We have used the kinetic framework discussed in ref 14 to response function is-75 ps. Note that this resolution might
analyze our experimental data reported in this Article. This miss the relatively faster component of the solvent response in
means that the reaction is assumed to be in the rapid equilibra-ethyl acetate in the presence of electrolyte but is expected to
tion limit and a biexponential decay of intensity with time is capture the long time dynamics well. The same instrumental
expected. We mention here that the rapid equilibration limit setup has been used to collect emission decays of PAC at LE
may not be realized in electrolyte solutions because the solutionand CT peaks with 299 nm light as excitation. The effective
dynamics is considerably slower. However, a biexponential resolution (fwhm) of the instrument response function with the
function with two different time constants is found to be 299 nm excitation source is450 ps. All the experiments have
sufficient to fit the time-dependent intensity decay for all been performed at = 298.15+ 0.1 K. Similar dynamical
combinations with PAC and P5C. For P6C, however, a triex- studies with acetonitrile and solvents with a higher dielectric
ponential function is required to properly fit the intensity decays. constant have not been attempted because of the limited time
The average reaction time constant falls off exponentially with resolution available to us. Note that the procedures for obtaining
electrolyte concentration and decreases linearlgras (z being P4C, P5C, and P6C and other materials necessary for the
the valence on the ion) increases. At all electrolyte concentra- experiments have been discussed in ref 1 and hence will not be
tions in ethyl acetate, the observed average reaction rate forrepeated here.
these TICT molecules is found to be in good agreement with
the prediction from the theory by Zwan and Hykes the broad IIl. Results and Discussion
barrier overdamped limit with barrier frequeney, ~ 2 x 102

s~L. The other parameters necessary for calculating the average A+ Average Reaction Rates: Electrolyte-Concentration
rates from the ZH theo® are obtained from the relevant DependenceTime-resolved emission decay measurements have

experiments. been performed with P4C, P5C and P6C molecules in ethyl
The organization of the rest of the paper is as follows. acetate containing LiCIQin concentraf[ions ranging from 0.1
Experimental details are given in the next section. Section Il t0 2.5 M. We have used 0.5 M solutions of perchlorate salts

ini i 2+ + " + + i
contains experimental results from our time-dependent studiesconta'n'ng_w’ M_g , G, N_a ’ S.'2 » and {Bu):N™ in ethyl
of TICT reaction in ethyl acetate in presence of electrolyte. A acetate to investigate the cation-size dependence of the average

comparison between experimental results and prediction from reacfuon rate in these TICT_molecuIes. This choice of catlon_s
the ZH theory is presented in section IV. The Article then ends _pro_\ndes_ an order of m_agmtude spread over crystallographic
with concluding remarks in section V ionic radius (0.7 A for Li* to ~5 A for (‘Bu),N*).2 As already

discussed, a time-dependent biexponential function has been
found to fit emission decays containing P4C and P5C in all
electrolyte concentrations in ethyl acetate. For P6C, however,
Time-resolved emission studies have been performed usinga triexponential function is required for properly fitting the
time-correlated single photon counting (TCSPC) instrument collected decays. An example of such a fit is shown in Figure
based on a picosecond Ti:sapphire laser with excitation light at 1 for P4C in a 0.1 M LiCIQ solution of ethyl acetate, and the
wavelength {) at 293 nm (third harmonic). The detail of this  fit parameters are listed. This shows that a biexponential function
instrumentation is discussed elsewlém@nd hence only brief  is sufficient to describe the observed emission decay as the
information will be given here. The emission fluorescence has residual does not contain any nonrandom patfeamd the
been collected at magic angle at both LE and CT peak positions“goodness of fit paramete(y?) is close to 1.
(of steady-state spectrum) with an emission band-pass of 8 nm. The biexponential fit parameters for the electrolyte-concentra-
The effective resolution (full width at half-maximum) of the tion-dependent LE emission decays obtained for P4C and
instrument response function (IRF) is approximately 50 ps. P5C in LiClQy solutions of ethyl acetate are summarized in
Subsequently, collected decays have been deconvoluted fronTable 1. Note that all the decays can be fitted to biexponential
the IRF and fitted to multiexponential function using an iterative functions even in the presence of electrolyte at all concentrations
reconvolution algorithm. Because such fitting enables one to and therefore the decay kinetics for P5C in electrolyte solutions
capture decay kinetics with time constant as fast &6 ps with conforms to the classical two-state reversible reaction mecha-
reasonable accuraéthe rate data for P5C and P6C at higher nism as described by Maroncelli and co-workers in ref 14.
electrolyte concentration might be trusted with some confidence. We mention here that the collected emission decays at wave-
For a few cases, emission decays have been collected at two ofengths near CT emission peaks could also be fitted to
three different emission wavelengths around the LE and CT biexponential functions with the same or similar time constants
peaks and average data have been shown for them. Note that iras found for the corresponding LE decays. For example, for
such cases the data associated with different wavelengths areP5C in the presence of 0.1 M LiCln ethyl acetate, fitting of
found to varyinsignificantlyand hence are regarded as fluctua- the CT emission decay with no constraints produces time
tions. Therefore, these small variations do not seem to indicateconstants 46 ps (rise time) and 2149 ps wjith= 1.33. This
any different relaxation process or different species involved. time constant (rise time) is thus very similar to the fast time
Because the average solvation time is required for rate constant (decay time, 62 ps) of the LE decay, indicating that
calculation from ZH theory, we have also measured average these time constants are essentially associated with the average
solvation time of a polarity probe in electrolyte solutions of reaction raté# When the rise time is fixed to the fast decay

Il. Experimental Details
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Figure 1. Representative LE emission decay of PAC in ethyl acetate LiClO, [M]

in presence of 0.1 M LiCIQ The data are represented by circles, and
the fit through the data is the solid line. The instrument response
function (IRF) is shown by the dashed line. The fit (biexponential)
results are also provided in the upper panel. The LE peak count is

Figure 2. Electrolyte (LiClIQy)-concentration dependence of average
reaction time 59 in ethyl acetate. Upper panek?? for P4C is
represented by squares, for P5C by circles, and for P6C by triangles.

~4000. Residuals are shown in the lower pargh full scale). Note thatr%,? has been calculated from the relevant fit parameters by
using eq 1 of the text. Lower panel: The ratio between average reaction
TABLE 1: Electrolyte-Concentration Dependence, Fit times obtained in presence and absence of electralyte £ Ta(M)/
Parameters for the LE Emission Decays in LiCIQ, Solutions T(M=0)) is shown as a function of electrolyte concentration in ethyl
of Ethyl Acetate acetate. The value ofYYM=0) for P6C is taken from ref 14. The
P4cC representations by the filled symbols are the same as those by their
conc (M) 71 (pS) 72 (ps) a a 12 open counter-parts in the upper panel.
0.0 2916 274 76.4 23.6 1.054 As discussed earlier, the LE emission decays of P6C in
0.1 2389 353 67.70 32.31 1.032 . - . . - . .
0.25 1796 333 61.11 38.89 1.056 LiClO4 solutions in ethyl acetate require triexponential functions
05 1209 326 57.02 42.98 1.022 to adequately fit the time-dependent decays. The fit results are
0.75 940 320 51.12 48.88 1.137 also summarized in Table 1. Note that the smallest time
1.0 842 308 43.46 56.54 1.09 constants (15 ps) in these decays have been fixed to get
%-(5) gég %; gg-gg gg-ég i-ggé reasonable fit. The CT emission decays are still described by a
55 655 238 15.43 8457 1033 sum of two exponentials. However, the time constants do not
match with the LE time constants. This is similar to what has
PsC been described in ref 14 as “type III” systems while studying
conc (M) 71 (pS) 75 (PS) a a 2 TICT reactions with P6C in neat solvents. These reactions have
00 2867 54 11.7 88.3 1.34 been explained in terms of time-dependent reaction rate involved
0.10 1912 66 9.9 90.9 0.99 in LE — CT conversion. Therefore, the decay kinetics of P6C
0.25 1315 52 6.8 93.2 1.05 in electrolyte solutions is similar to what have already been
0.5 1076 48 3.7 96.3 1.09 found in neat solvents.
1.0 1241 47 1.3 98.7 1.03 The average reaction time has been calculated from the
15 1090 33 0.7 99.3 1.04 L . . .
20 1251 33 05 09.5 0.91 collected LE emission decay using the following relatién:
25 1506 31 0.4 99.6 1.01 o1
P6C a7
conc (M) 7i(ps) 72(ps) w(ps) & a a3 22 229 1= (1)
0.0 2918 453 15 193 48 759 1.14 Sl ]
0.1 2068 562 15 105 3.7 85.8 1.06 3,
0.25 1920 567 15 6.3 49 878 103 &
0.5 1930 632 15 27 68 905 091
1'? gggg 4512421 ig ig g? gg'i’ i'gg whereg; andr; are the fractional amplitudes and time constants
20 2329 480 15 11 30 959 116 Observed inn-exponential fit. The electrolyte (LiCIg)-
2.5 2827 535 15 08 24 968 1.19 concentration-dependent average reaction tirfif) (for P4C,

P5C, and P6C molecules in ethyl acetate are shown in the upper

time constant observed for the corresponding LE emission decaypanel of Figure 2. The ratios between the average reaction time
(62 ps), the same fit produces 2142 ps as the long time constanconstants in the presence and absence of Li€l@thyl acetate
with 2 = 1.36. Addition of a third exponential did not produce (tratio = TadM)/IToM=0)) as a function of electrolyte con-
a better fit. It is therefore interesting to note that addition of centration are shown in the lower panel of Figure 2. Note that
electrolyte has not induced any deviation from the behavior the average reaction time is larger at lower electrolyte concen-
(biexponential) observed earlier for PAC and P5C in pure ethyl trations than in pure ethyl acetate. Further addition of electrolyte
acetaté? in ethyl acetate decreases the average reaction?tiae2.5
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T e e S L T A TABLE 2: lon-Size Dependence, Fit Parameters for the LE
560 [7'Bu),N* Na' - Emission Decays in 0.5 M Perchlorate Solutions of Eethyl
480 - o . E Acetate
400 |- L s g ] P4C
7 320 ¢ U O 0Oerc o
RS conc T1 T2
o E sk E salt (M) (Ps)  (ps) a a %2
5 A A ]
®60 6 P6C ] (‘BuNCIO; 0.5 2619 452 2534 7466 1.053
40 F o A . NaClQ, 05 2033 473 28.42 7158 1.197
20 F P5C 1 LiCIO4 05 1209 326 57.02 42.98 1.022
0 e R e e e e e e Sr(ClQy), 0.5 903 308 13.06 86.94 1.089
3 1 Ca(ClQ), 0.5 765 296 26.78 73.22 1.073
LA A i Mg(CIOy), 05 1894 429 3949 6051 1.120
T A 1 P5C
g 2 A A P6C conc 21 T2
v
- " ] salt M ) P a a2
e B mm Pric | "
o ° (‘Bu)sNCIO4 0.5 2494 50 2.9 97.1 1.297
L ®® rsc | NaClQ, 05 168 47 26 934 1055
0 P Y T A E LiClO4 0.5 1076 42 3.7 96.3 1.09
0.0 0.5 1.0 15 20 25 Sr(ClOy), 0.5 1042 37 0.8 99.2 1.093
8 -1 Ca(ClQy), 0.5 912 36 0.8 99.2 0.963
2/tjop(10° cm™ 1) Mg(CIO4)2 0.5 1136 39 27 973  0.969
Figure 3. lon-size dependence of average reaction tinf)( for P6C
P4C (squares), P5C (circles), and P6C (triangles) in ethyl acetate
solutions of 0.5 M perchlorate salts. The upper panel shows the variation conc 7, T2 T3 .
of 729 as a function of ionic potential in 0.5 M perchlorate salt salt M (ps) (ps) (ps) & @& & x
solutions in ethyl acetate containin@q),", Na*, Li*, SP*, and C&". (Bu),NCIO, 0.5 3803 368 15 5.2 14.7 80.1 1.072
Equation 1 is used to obtaid,? from the relevant fit parameters. Data  NaClO, 05 2391 490 15 39 117 844 1.197
for (‘Bu)st are obtained by using tetrahydrofuran solution due to LiClO,4 05 1912 615 13 26 6.6 90.6 0.898
solubility restriction in ethyl acetate. Note thal? in presence of Sr(CIQy), 05 1926 327 15 22 89 889 1104
Mg?* is not included as it shows large deviatiorf,? (in ps) for Ca(Clay). 05 1675 325 15 1.6 91 893 1.012

P4C, P5C, and P6C in the presence of?Mgre 429, 39, and 74, Mg(ClO). 05 2867 642 15 19 9.3 888 1.327
respectively.
resolution available to us. This will induce some error by putting

M LiClO4 in ethyl acetate, the average reaction time reduces €xtra weight artificially on the slower component of the
by almost a factor of 2 for PAC and P5C from those at 0.1 M. triexponential fit function and hence on the average reaction
This indicates that the reaction proceeds at an average ratdime. However, the reaction in P6C becondesiblyfast at 2.5
approximatelytwice as fast in ethyl acetate containing 2.5 M M LIiCIO4 than at 0.1 M in ethyl acetate which has also been
LiClO4 as that at 0.1 M. The enhancement of the reaction rate observed for PAC and P5C.
at higher electrolyte concentration in solution may originate from  B. Average Reaction Rates: Cation-Size Dependencihe
the concentration-induced enhancement of the solvatiodrate. cation-size-dependent data obtained after fitting the LE emission
The reaction is slowed down at low electrolyte concentrations decays for P4C, P5C, and P6C in the presence of 0.5 M
because the friction experienced by the twisting mode due to perchlorate salts in ethyl acetate are summarized in Table 2.
ion-dipole interaction is larger than the solvation stabilization The effects of cation size on emission decays are quite evident
of the product (CT state in this case). At larger electrolyte from this table. As mentioned earlier, a sum of two exponentials
concentrations, the ion pair dominates, which is dipolar in nature is required to fit the emission decays of P4AC and P5C for
and therefore solvation processes become faster. Moreoverall the ions studied here and a third exponential is required to
formation of an ion pair reduces the friction (mainly the adequately fit the P6C decays. The average reaction times
dielectric part of it) as the dipotedipole interaction is weaker  (z5.), obtained from these fits by using eq 1, are shown
than the ion-dipole interaction and therefore the reaction in Figure 3, which describes the effects of ion size on TICT
proceeds at a faster rate. reactions in these molecules. For the three molecules, the

However, for P6C (lower panel of Figure 2), the ratio between average reaction timey,?, decreases in a similar manner as
the reaction time constants determined in the presence andrion increases. For PAC and P6C, however, the effects of
absence of LiCI@ remains always above 1. This indicates that ion size onts,. are stronger than that for P5C. It is interesting
the reaction rate in P6C is slowed down by LiGl@t all to note that the average reaction rate becomes larger for
concentrations in ethyl acetate. At the lowest electrolyte ions possessing higher valueszfi,,. This is counterintuitive
concentration, the reaction in P6C is slowed down by a factor in the sense that largetrion is expected to exert stronger
of ~2.5 whereas that in PAC and P5C is only slowed by 1.2. dielectric friction on twisting and therefore the rate should be
The following reasons may be responsible for the observed smaller (converselys,. larger). Solvation dynamics studies in
differences. Effects of electrolyte on reaction in P6C may be 1.0 M perchlorate solutions containing different cations in
more pronounced due to the higher dipole moment that couplesacetonitrile have shown that the average solvation time increases
strongly with the various ionic and dipolar species present in aszrion increases.This is explained in terms of larger binding
the electrolyte solution. The barrier height in P6C may also be strength between the probe and ions possessing highgr
altered differently by the presence of ions and ion pairs. values. For TICT reactions, the stronger binding is likely to
Becauase the average reaction rate for P6C in pure ethyl acetatstabilize more the CT state. This may be one of the reasons for
is 2.5 times faster than P5C, we may also have missed athe observed enhancement of the average reaction rafe(1/
considerable part of the initial fast decay due to the limited time with Z/rion.
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IV. Zwan —Hynes Theory: Comparison with Experiments 500 ———T——T——T T T
Here we discuss the essential part of the theory proposed by 400 B e .
Zwan and Hynes (ZH¥ to compare our experimental results 300 I - [ | l ]
with the prediction of this theory. In ZH theory, isomerization - - a L T
reaction in a dipolar molecule dissolved in electrolyte solution 200 - 7]
of dipolar solvent has been studied after connecting the electrical 100 | i
friction on reactive mode with the solvation dynamics in e U R S R W
electrolyte solutions. Their model assumes an ion atmosphere e P5C g
around a dipolar solute and the solvent as a structureless 60 [ =
continuum. Subsequently, this is solved for dilute solutions of _soF g ° e ]
electrolytes containing ions of low valence in solvents of & 4L s ]
moderate to large dielectric constants. We have used the wé 30 L - ®) 8 o
. . . . & ~ [®
expressions derived for studying the broad barrier and over- o - ©
damped reactions to explore the applicability of ZH thééiny 0r ]
our systems. This is done with the assumption that the twisting 60 5 P6C N
in TICT processes will experience the friction in the same 50 = ]
manner as the rotating moiety during isomerization reaction in ol Q h
electrolyte solutions. In addition, because these molecules T A a A .
possess low activation barriers {8 kgT),!* the reaction 0T 4 A A A
involving these molecules are assumed to be broad-barrier and 20 4 a 7
10 1 | 1 | 1 | ! | 1 | 1

overdamped. The ZH theory provides the following expression
for transmission coefficier «; (=k/krst) for broad barrier
reactions with barrier frequencyp

00 05 10 15 20 25
LiClO4 M]

w
=)

€ 1 1 Figure 4. Comparison between experimentally obtained average
K, = |, + =0 + = ﬁ;" dt e“”b"ftagl ® (2a) reac;ion times ) at different electrolyte concentrations and those
lop oy, predicted by the theory of van der Zwan and J. T. Hynes for P4C (upper

panel, squares), P5C (middle panel, circles), and P6C (lower panel,
wherego anddg; are, respectively, the solvent (collisional and  triangles). The experimental data are shown by the filled symbols, and
dielectric) and ion-atmosphere contributions to the total friction the predictions are denoted by the open symbols. The hexagons denote
experienced by the reactive modedenotes the moment of  the calculation of the rate in the broad-barrier limit given by eq 2a in

: . : . the text. The ZH predictions in the broad-barrier over-damped limit
Irrr:?)ir(talg/and is calculated from the reduced mass of the rotating are calculated by using eq 2b and are shown by squares (P4C, upper

. ) ) . ) panel), open circles (P5C, middle panel), and open triangles (P6C, lower
Reactions involving broad barriers are likely to be over- panel). For the three molecules, calculations are done by using a single
damped and the ZH theory obtains the following expression value ofwy, = 2 x 102571,

for calculating the transmission coefficient in this lifgit . . .
function, t) by following the time-dependent fluorescence

&o 1 — ot -1 Stokes shift of a polarity probe dissolved in solutfdr;, =
“ o T j; dt e “og (1) (2b) 6170(47R%/3), with 770 andR being the solvent viscosity and radius
b b of the rotating moiety, respectively. Once these quantities are
with determined andby, is fixed, «; can be obtained by solving eqgs
2a and 2b self-consistently. Finally, the rak® i calculated
0&,(t) = o¢,(t=0) exptt/ty) (©) by using the relatiof?

The ion-atmosphere friction d@t= 0, 6&,(t=0), can then be
calculated from the static dielectric constasy) ©f the solvent,
dipole moment of the solutex), and its cavity radiusa) by
using the relatiok?

1?26 — 1) 3eqy

=0 =5 260+ 1 T 2y T Dyt 1t e)] P

k= Krk%T exp—AGH ksT) = kv eXp—AGH k) (6)

where the activation barrieAG*) is obtained from the change
in reaction free energhG; (which, in turn, is determined from
eq 1 given in ref 1) by using the correlati6hAG ™ ~ aAG,
with o values reported in ref 14.

We now use eqs 2a and 2b to compute the electrolyte-
concentration-dependent transmission coefficieqjsr{ broad
barrier and broad barrier overdamped limits for reactions in P4C,
P5C, and P6C. Subsequently, the rddeig obtained by using

wherey is related to the inverse Debye screening lengjraé
follows!?

47N, € eq 6. The computed results KLare shown in Figure 4 where
y=(1+ «a) (xa)* 2= ke z z%c, (5) the upper panel represents the results for P4C, the middle panel
100Q: ks T 4 the results for P5C, and the lower panel the results for P6C.

HereNa is the Avogadro numbekg is Boltzmann's constant,
e is the electronic charge, arglandz are concentration (M)

The theoretical results are computed with ~ 2 x 1012 s™1,
No other fitting parameters have been used for calculating the
rate from the ZH theory2 We also show the experimental results

and valence of thih ionic species. The average solvation time, (29 in the same figure for comparison. The agreement

s, IS connected to the spectral response functift), by the
relation?? 7o = fgdt t). In our calculationzs for ethyl acetate
in the presence of various concentrations of LiClas been

xn

between the theory and experiment is surprisingly good for these
TICT molecules. The deviation in larger electrolyte concentra-
tion may have originated from the partial neglect of the ion-

obtained from the experimentally determined spectral responsepair effects on reaction rate.
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The observed agreement between the experimentally deter-are found to be in semiquantitative agreement with experiments
mined electrolyte-concentration-dependent average reaction timeat all electrolyte concentrations. Note here that a better time
and the predictions from the ZH theory is rather interesting and resolution than employed here may slightly alter the values of
warrants the following comments. First, the ZH theory has been the electrolyte-concentration-dependent average solvation time
developed to study isomerization dynamics in electrolyte used here for the calculation. This means that a different value
solutions that involveonly the rotation of the polar moiety  of wp may be required. However, a reasonable valuegptan
through the solution. Simultaneous charge transfer with rotation capture the electrolyte-concentration dependence of average
has not been dealt with in the ZH theory. However, if the reaction rate for these TICT molecules in ethyl acetate where
intramolecular charge transfer becomes very fast compared toion pairing and higher order aggregation phenomena dominate.
the rotational time scale, then the situation becomes similar, aslt has been shown in the works of Zwan and HyAdhat a
envisaged in the ZH theory. Second, the inputs required to semiquantitative description of isomerization reaction in elec-
calculate the average reaction time have been obtained fromtrolyte solutions of weakly polar solvent (such as ethyl acetate)
the relevant experiments and hence contain effects of ion, triple can be obtained provided the time-dependent dielectric friction
ion, ion pair, and other species implicitly. This may be another is supplied from relevant experiments. Even though this
reason for the calculated reaction time constants tallying so well extension involves approximation, the use of experimental data
with the experimental data obtained for (LiGI® ethyl acetate) takes care of the effects of ion pairing and other complex species
solution where ion pairs and higher order aggregates arewhich is probably responsible for the observed agreement

expected to dominate. between theory and experiments.
We mention that effects of electrolyte on TICT reactions in
V. Conclusion higher dielectric constant solvents require further studies to gain

) o o a clear understanding of how ion pair and other multiple ionic
Time-resolved fluorescence emission studies in ethyl acetatespecies modulate reaction rates in solvents of differing polarity.
containing LIiCIQ reveal a moderate to strong electrolyte-  Ejectrolyte-concentration dependence of reaction rate in very
concentration dependence of average reaction rate for-LE  gjjyte electrolyte solutions 0.1 M) would be useful to
CT conversion in P4AC, P5C, and P6C. The average reactionyngerstand how ion and ion pair affect TICT reactitiiferently
time (average rate) is found to decrease (increase) for all thesgp, glectrolyte solutions of high- and low-polarity solvents. These
molecules as_the_concentratlon of LiGI@& increased. The  stydies would supply valuable data for developing theories
average reaction times for PAC and P5C are found to be evenyhich should be able to treat the simultaneous intramolecular
smaller in solutions of higher electrolyte concentration than that charge transfer and rotation and connect to the fluorescence

in pure ethyl acetate, which may be attributed to the interplay siokes’ shift dynamics. Anion dependence (of the electrolyte)
between the electrolytesolute interaction and the effects due may also be interesting, as anions are known to interact

to the increased dielectric constdnt.The average reaction time differently with the medium than the positively charged ions.

for P6C does not fall below that in pure solvent at higher one should also investigate what kind of association between
electrolyte concentration, even though it decreases with elec-an jon and a TICT molecule leads to the change in reaction
trolyte concentration. It could very well be that the average rate. Computer simulation studies can be helpful to answer many
reaction time for P6C also becomes smaller at high electrolyte of these questions. Effects of electrolyte on intramolecular
concentration than in pure ethyl acetate. Because the reactioncharge-transfer reaction in molecules where twisting is heavily
rate in P6C in pure ethyl acetate is much faster than that in restricted could also be very interesting. TICT reactions in
P5C, a good portion of the initial fast decay of P6C at higher confined polar solvent pool may also be exciting as dynamics
electrolyte concentration might have been missed due to thejs very different here. Some of the studies mentioned above
limited time resolution £50 ps) available to us. As a result, zre already in progress and we hope to report them $08h.

the average reaction time obtained at higher LigtOncentra-
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