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Temperature dependence of the excited state intramolecular charge transfer reaction of
4-�1-azetidinyl�benzonitrile �P4C� in ethyl acetate �EA�, acetonitrile �ACN�, and ethanol at several
concentrations of lithium perchlorate �LiClO4� has been investigated by using the steady state and
time resolved fluorescence spectroscopic techniques. The temperature range considered is 267–343
K. The temperature dependent spectral peak shifts and reaction driving force �−�Gr� in electrolyte
solutions of these solvents can be explained qualitatively in terms of interaction between the reactant
molecule and ion-atmosphere. Time resolved studies indicate that the decay kinetics of P4C is
biexponential, regardless of solvents, LiClO4 concentrations, and temperatures considered. Except
at higher electrolyte concentrations in EA, reaction rates in solutions follow the Arrhenius-type
temperature dependence where the estimated activation energy exhibits substantial electrolyte
concentration dependence. The average of the experimentally measured activation energies in these
three neat solvents is found to be in very good agreement with the predicted value based on data in
room temperature solvents. While the rate constant in EA shows a electrolyte concentration induced
parabolic dependence on reaction driving force �−�Gr�, the former in ethanol and ACN increases
only linearly with the increase in driving force �−�Gr�. The data presented here also indicate that
the step-wise increase in solvent reorganization energy via sequential addition of electrolyte induces
the ICT reaction in weakly polar solvents to crossover from the Marcus inverted region to the
normal region. © 2009 American Institute of Physics. �DOI: 10.1063/1.3196239�

I. INTRODUCTION

Study of electrolyte effects on liquid dynamics and so-
lution phase chemical reactions has been an area of intense
research for a long time.1–31 As many biologically important
events occur in presence of electrolytes, information about
the nature of ion-solvent interaction is crucial for under-
standing function of proteins as well as ion transport across
cell membranes and ion channels.32,33 Recent advances in
fast spectroscopy have made the molecular level interactions
in electrolyte solutions accessible and a new understanding
of the effects of electrolyte on solution structure and dynam-
ics is now emerging.1,28–31 Industrial applications of environ-
mentally benign solvents such as room temperature ionic
liquids34 and their mixtures with polar solvents35–41 have fur-
ther fuelled the research in electrolyte solutions, particularly
in the limit of high electrolyte concentrations.

Electrolytes are known to alter the average solution po-
larity either by enhancing or reducing the average static di-
electric constants ��0� of solutions.42–45 Moreover, solvation
dynamics and dielectric relaxation studies indicate that vari-
ous solution relaxation times show substantial electrolyte
concentration dependence.28–31 For a reaction that involves
sizeable barrier, the electrolyte concentration dependence in
reaction rate arises mainly from the following reasons: �i� the

solution polarity changes with electrolyte concentrations
which makes the barrier height electrolyte concentration de-
pendent; �ii� solution viscosity changes upon addition of
electrolyte and hence the reaction rate changes with electro-
lyte concentration; �iii� as the solvation time28–31 are many
times slower than the reaction time ��b

−1 and �b being the
barrier frequency�, the slow solution dynamics induces extra
friction on the reactive mode while crossing the barrier from
the reactant surface to the product surface.46,47 While the
modulation in reaction rate via the barrier height can be con-
sidered as static solvent effects, the same via the solution
viscosity and slow solvation dynamics can be regarded as the
dynamical solvent effects. Since solution polarity, relaxation
times, and viscosity are also temperature dependent proper-
ties, rate, and product of a reaction in electrolyte solution are
expected to show considerable temperature dependence. For
example, increase in solution temperature can increase the
reaction barrier via decreasing the solution polarity. Relax-
ation times, on the other hand, become faster as solution
viscosity decreases with temperature. A faster solvent relax-
ation, in turn, reduces the friction on the reactive mode.
Therefore, a competition between these two effects �solvent
static and dynamic effects� can give rise to a complex tem-
perature dependence of reaction rate in electrolyte solutions.

In this article, we study the temperature dependence
of intramolecular charge transfer �ICT� reaction of 4-�1-
azetidinyl�benzonitrile �P4C� in ethyl acetate, acetonitrile,
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and ethanol in presence of LiClO4 at several concentrations
with a motivation to investigate the following: �i� whether
the temperature dependence of ICT reaction rate is qualita-
tively similar in the electrolyte solutions of three different
type of solvents �mildly polar, polar aprotic, and protic� con-
sidered here, �ii� whether both the dilute and concentrated
solutions exhibit the similar temperature dependence, and
�iii� whether the temperature dependent rate can be described
in terms of Arrhenius-type of law. While the first two of the
above points are related to the modification of the reaction
rate via the solution static and solvent effects, the third one
deals with whether the reaction remains barrier-limited
throughout the concentration range considered in these dif-
ferent types of solvents. This may become quite an important
issue particularly for ethyl acetate because electrolyte con-
centration induced increase in solution polarity can drasti-
cally alter the reaction rate via both static and dynamic sol-
vent control of the reaction. More importantly, a temperature
dependent study allows us to estimate the barrier height and
its electrolyte concentration dependence of the LE→CT �LE
denotes locally excited and CT denotes charge transfer� in-
terconversion reaction in P4C in these solvents. Note here
that even though several authors have already carried out
temperature dependent studies with P4C and closely related
molecules in pure solvents,48–51 the same study has not been
extended yet to the kind of investigation we are proposing
here for the ICT reaction in electrolyte solutions.

We have used the twisted intramolecular charge transfer
�TICT� model52–60 to explain the decay kinetics of 4-�1-
azetidinyl�benzonitrile �P4C� even though alternative
models51,61–63 are also available to describe the kinetics of
photoexcited ICT reaction. Scheme 1 depicts the reaction in
P4C where, in the excited electronic surface �S1�, the photo-
prepared LE state converts to the relatively more polar CT
state with a forward reaction rate constant kf. Subsequently,
the CT state can either regenerate the LE state by participat-
ing in the reverse reaction with a rate constant kr or decay to
the ground state �S0� with net �radiative+nonradiative� rate
constant kCT. Depopulation from the photoprepared LE state
to the ground state can also take place through the net rate
constant kLE. Earlier studies in room temperature polar sol-

vents have revealed that the excited state LE→CT intercon-
version reaction in P4C can be described by a two-state
scheme as described above and also found that the reaction
rate is generally faster than the LE and CT decay rates. In
such a situation and in the absence of solvation dynamics on
the observation time scale, one can show that the time evo-
lution of the LE or CT population could be described by a
biexponential function of time.53 This has been discussed in
detail in Ref. 53 and hence we refrain from repeating it here.
As we shall see later that the decay kinetics of P4C is indeed
biexponential in these solvents for the entire ranges of elec-
trolyte concentration and temperature considered here and
thus conforms to the two-state reversible reaction mechanism
as found earlier in neat polar solvents at room temperature.

The organization of the rest of the paper is as follows.
Experimental details are given in the next section. Section III
contains experimental results from our steady state and time
resolved studies. Supporting information is given wherever
necessary. The article then ends with concluding remarks in
Sec. IV.

II. EXPERIMENTAL

4-�1-azetidinyl�benzonitrile �P4C� was synthesized by
following the protocol given in Ref. 59 and was recrystal-
lized twice from cyclohexane �Merck, Germany�. Purity of
the compound was checked by thin layer chromatography
and monitoring the excitation wavelength dependence of
fluorescence emission. Ethyl acetate and acetonitrile were
used as received �spectrophotometric grade� from Aldrich.
Ethanol �spectrophotometric grade� was purchased from
SRL, India and was dried over molecular sieves. Lithium
perchlorate �LiClO4� was purchased from Aldrich �anhy-
drous and highest available grade� and vacuum dried before
use.

Solutions were prepared by dissolving a measured
amount of electrolyte in 10 ml volumetric flask and stirred to
ensure the complete dissolution of the added electrolyte.
Subsequently, a small grain of solute �P4C� was dissolved in
an aliquot of this stock solution taken in a quartz cuvette of
optical path length of 1 cm and stirred the solution for about
10 min. The sample �cuvette containing the solution� was
then inserted into the sample chamber �already equilibrated
at a given temperature� of the absorption spectrometer
�Model UV-2450, SHIMADZU� and waited for at least half
an hour for proper temperature equilibration between the
sample and sample chamber. Similar temperature equilibra-
tion protocol was followed at each temperature and other
�fluorescence and time resolved� measurements. The concen-
tration of P4C was maintained at �10−5M in each sample of
electrolyte solutions. The emission spectra were recorded
�SPEX Fluoromax-3, Jobin-Yvon, Horiba� with absorbance
�0.1 with excitation wavelength fixed at 300 nm. Solvent
blanks were subtracted from the emission spectra prior to
analysis and converted to frequency representation properly.
Bubbling a few samples with dry argon gas showed very
little or no effects on the overall appearance of the spectra
and kinetics and hence most of the samples were not
deoxygenated.53,55,57,58

SCHEME 1.
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Experiments were performed in the temperature range
267–343 K by using a temperature controller �Julabo�. The
boiling temperatures of ethyl acetate, acetonitrile, and etha-
nol are, respectively, �350, �352, and �355 K. We re-
stricted our experimental temperature �10 K below the
boiling temperature of the sample to prevent evaporation of
the solvents. Cuvette containing sample was properly sealed
to further avoid solvent evaporation. Note that the solubility
of LiClO4 in ethyl acetate is unusually large and could ex-
tend LiClO4 concentration much beyond 3.0M �mol/L is
hereafter abbreviated as M� in ethyl acetate whereas we can
go only up to 1.0M in acetonitrile at room temperature. At
lower temperature, however, solubility of LiClO4 decreases
and hence the maximum LiClO4 concentrations studied are
1.0M for ethyl acetate, 0.5M for acetonitrile, and 3.0M for
ethanol at the lowest temperature ��267 K� investigated.
Electrolyte concentrations higher than considered here were
not attempted as lowering of temperature might lead to the
precipitation of the dissolved electrolyte.

The deconvolution of the steady state emission spectra
for area calculations and other spectral properties are already
elaborated elsewhere53,55,57,58 and hence would not be de-
scribed once again here. Since the area under the CT band is
relatively small in pure ethyl acetate and at low LiClO4 con-
centrations, uncertainty associated with the CT peak determi-
nation in such cases is �500 cm−1. This large error is re-
duced to �150 cm−1 as the CT population grows with
further addition of electrolyte. In cases where the population
�LE or CT� is found to be less than 10%, the peak shift
�relative to the reference� and the inhomogeneous width were
fixed to remove any inconsistency in the peak-shift determi-
nation and band area calculation. The calculated band areas
were then used to determine the change in reaction free en-
ergy for the LE→CT interconversion at a given temperature.

Time resolved fluorescence emission intensity decays
were collected by using a time correlated single photon
counting �TCSPC� apparatus �Lifespec-ps, Edinburgh, U.K.�.
All the samples were excited at 299 nm. The effective time
resolution with this excitation source was found to be
�475 ps. The emission decays were collected at magic
angle at wavelength around the LE and CT peak positions �of
steady state spectra� with an emission band pass of 8 nm.
Subsequently, the collected emission decays were deconvo-
luted from the IRF and fitted to multiexponential function of
time using an iterative reconvolution algorithm. Such fitting
enables one to capture decay kinetics with time constant as
fast as �100 ps with reasonable accuracy.53,55,57,58 The
sample temperature for the time resolved studies were re-
corded via sensor integrated with the TCSPC system.

III. RESULTS AND DISCUSSION

A. Steady state spectral properties

Representative absorption and emission spectra of P4C
in ethyl acetate and acetonitrile in presence of 0.5M LiClO4

and ethanolic solution of 0.1M LiClO4 at three different tem-
peratures are shown in Fig. 1. It is evident from Fig. 1 that
decrease in solution temperature does not alter the shapes of
the absorption and emission spectral bands but induces red-

shift in them. Also, the CT band area increases with increas-
ing temperature. Note that while the solute-environment in-
teraction alone determines the spectral peak position of a
given solute, modifications both in the nonradiative rates �of
CT and LE bands� and solute-environment interaction can
alter the relative area under the CT band. The temperature
and electrolyte concentration dependencies of the spectral
shifts are more extensively presented in Fig. 2 where peak

FIG. 1. Representative temperature dependent absorption �left panel, Abs.�
and emission spectra �right panel, Em.� of 4-�1-azetidinyl�benzonitrile �P4C�
at 0.50M LiClO4 concentration in ethyl acetate �EA� and acetonitrile �ACN�,
and at 0.10M in ethanol �EtOH�. The spectra at 274 K are represented by the
solid lines, at 288 K by the dashed lines and at 343 K by the dashed-dot-dot
lines.

FIG. 2. Temperature dependence of absorption and emission �LE and CT�
peak frequencies of P4C at several concentrations of LiClO4 in ethyl acetate
�left panel, EA� and acetonitrile �right panel, ACN�. The circles, hexagons,
squares, triangles, and filled inverted triangles represent, respectively, the
LiClO4 concentrations of 0.0, 0.01, 0.1, 0.5, 1.0M in ethyl acetate and ac-
etonitrile. Error associated with the reported values of frequency is
�150 cm−1.
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frequencies of various spectral bands of P4C at several
LiClO4 concentrations are shown as a function of inverse
temperature. It is clear from this figure that spectral peaks
shift to lower energy upon increasing the electrolyte concen-
tration and also upon lowering the solution temperature. The
shift for CT band is more because of its relatively more polar
nature.53 Interestingly, spectral bands �absorption, LE, and
CT� in these solvents at all electrolyte concentrations show
narrowing with lowering of temperature �see Fig. S2 in Ref.
64�. This is counterintuitive since lowering of temperature is
expected to induce microscopic heterogeneity in the solution
structure, which should broaden the spectral bandwidth.65

However, the distribution of the ground and excited state
energies at lower temperature could be very narrow �due to
limited thermal fluctuations� which may contribute to the
observed narrowing of the bandwidth upon lowering the
temperature.

The temperature dependent spectral shifts observed in
electrolyte solutions of ethyl acetate, acetonitrile, and ethanol
�see also Table S1 in Ref. 64� can be qualitatively explained
in terms of the Debye screening length �DSL� �Ref. 66� and
its dependencies on solvent static dielectric constant ��0�,
electrolyte concentration, and temperature. For example,
consider that in any of these solvents at a given temperature,
spectral shift �relative to pure solvent� increases with LiClO4

concentration. It is known that an increase in electrolyte con-
centration decreases the DSL ��−1�c−1/2� which, in turn, en-
hances the polarization potential of the ion-atmosphere by
making it more compact. The larger polarization potential of
the ion-atmosphere and more effective packing67 lead to
stronger interaction with the solute and induces larger spec-
tral shift. On the other hand, at a given LiClO4 concentration
and temperature, the relative spectral shift is smaller in sol-
vents of larger dielectric constant because the larger DSL
��−1��0

1/2� decreases effective interaction between the solute
and the ion-atmosphere. In a given solvent and at a fixed
concentration of the same electrolyte, the DSL increases with
temperature ��−1�T1/2� which renders the ion-atmosphere-
solute interaction weaker. As a result, the temperature-
induced spectral shift in a given solvent and at a particular
electrolyte concentration increases as solution temperature
decreases.

Even though the electrolyte concentration, solvent polar-
ity and temperature dependencies of the spectral shifts in
P4C could be explained in terms of DSL, it is to be men-
tioned that DSL results from modeling the interaction be-
tween ions in a solvent continuum where the solvent screen-
ing occurs via its static dielectric constant only. In addition,
the dissolved electrolyte is assumed to be completely disso-
ciated into its constituent ions. Since such a complete disso-
ciation can occur for dilute solutions of strong electrolytes in
highly polar solvents at temperatures near to or higher than
room temperature, DSL can provide, at best, an approximate
description of interaction length scales in electrolyte solu-
tions of these molecular solvents at different salt concentra-
tions and temperatures. Moreover, formation of ion-pair and
modification in solvent dielectric constant in presence of
electrolyte are also two known phenomena which are not
accounted for in DSL. It is therefore surprising that a simple

quantity such as DSL can describe so effectively the ob-
served correlations between spectral shifts and variations in
electrolyte solution conditions. A more quantitative explana-
tion of the observed shifts can be generated if values of tem-
perature and electrolyte concentration dependent dielectric
constants and fractions of ion-pair for these solutions are
available.

We next present the results on temperature dependence
of CT/LE area ratio and the change in reaction free energy
for the LE→CT interconversion in P4C in these electrolyte
solutions. The temperature dependence of the CT/LE area
ratio is shown in the left panel of Fig. 3. It is evident from
this figure that while the formation of CT is favored upon
increasing temperature in relatively more concentrated elec-
trolyte solutions, the effects of temperature is negligible at
low concentrations and in pure solvents. For example, in
ethyl acetate at LiClO4 concentrations 0.50 and 1.0M, an
increase in temperature from 274 to 343 K enhances the
CT/LE area ratio by a factor of �3, whereas at low concen-
trations ��0.10M�, the same rise in temperature induces a
small change in the same. Also, there is not much difference
in area ratio at each temperature between dilute electrolyte
solution and pure solvent. At higher electrolyte concentra-
tions, effects of interaction between the solute and ion-
atmosphere are stronger due to relatively smaller DSL and
favor formation of more CT than in dilute solutions. The
‘leveling off’ at higher temperatures arises because of larger
DSL and increase in nonradiative rates. In this concentration
range, the area ratio however increases with temperature due
mainly to the broadening of the CT linewidth. Interestingly,
larger DSL at low electrolyte concentration does not provide

FIG. 3. Temperature dependence of the ratio between the areas under the
CT and LE emission bands of P4C �left panel� and the change in reaction
free energy �−�Gr� associated with the LE→CT conversion reaction of P4C
�right panel� at several LiClO4 concentrations in ethyl acetate �EA�, aceto-
nitrile �ACN�, and ethanol �EtOH�. The area ratio, �CT /�LE and the change
in reaction free energy �−�Gr� at different LiClO4 concentrations �M� in
ethyl acetate, acetonitrile, and ethanol are represented as follows: 0.0 by
circles, 0.01 by hexagons, 0.10 by squares, 0.5 by triangles, and 1.0 by filled
inverted triangles. The circles with crosshair represent the data at 3.0M in
ethanol. The maximum uncertainty for the above area determination is
�15% of the reported values.
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solute-ion-atmosphere interaction strong enough to produce
more CT than in pure solvent at any given temperature.

As the area ratio is connected to the equilibrium constant
�Keq�, the change in reaction free energy ��Gr� for the LE
→CT conversion in P4C can be calculated from the follow-
ing relation53,55

�Gr = − RT ln Keq � − RT ln��CT	LE
3 /�LE	CT

3 � , �1�

with RT denoting the universal gas constant times the abso-
lute temperature. It is to be mentioned here that equating the
area ratio to the equilibrium constant as done above neglects
the difference in radiative rates of the states involved �LE
and CT�. Therefore, the calculated �Gr by using Eq. �1� is
correct only up to a constant.53 The temperature dependent
change in reaction free energy �−�Gr� so obtained at several
LiClO4 concentrations in these solvents are shown in the
right panel of Fig. 3. As expected, −�Gr, being larger in
solvents with higher dielectric constant, follows the tempera-
ture dependence of �CT /�LE. Note that �Gr remains always
negative for acetonitrile and ethanol, indicating that the con-
version reaction is strongly favored at all concentrations of
LiClO4 in these two highly polar solvents for the whole tem-
perature range. However, in ethyl acetate at higher electro-
lyte concentrations, �Gr varies from negative to positive
upon lowering the temperature, indicating a highly favorable
LE→CT conversion at higher temperature becomes less fa-
vorable upon decreasing the temperature. Note also that the
slope of the temperature dependence of −�Gr in pure sol-
vents and at lower electrolyte concentrations is opposite to
that at higher concentrations. The probable reason for such a
difference is already discussed while presenting the area ratio
in the same figure. The data presented in Fig. 3 therefore
clearly indicate that the temperature dependence of the LE
→CT reaction in P4C is different at higher electrolyte con-
centrations than at low concentrations or in pure solvents. As

we shall see soon that this difference in concentration depen-
dence of the area ratio is linked to the concentration depen-
dence of the activation barrier associated with the reaction.
This is one of the main results of the present study.

B. Time resolved studies: Temperature dependence
of the reaction rate

As already stated, for the entire temperature range �267–
343 K� time resolved emission decays of P4C in these elec-
trolyte solutions have been found to be adequately described
by biexponential functions of time with a slow and a fast
time constants. Representative decays at three different tem-
peratures in 0.5M LiClO4 solutions in ethyl acetate and ac-
etonitrile, and in ethanol containing 0.1M LiClO4 are shown
in Fig. 4 along with the biexponential fits and instrument
response function. The fit parameters are also tabulated in the
corresponding panels. The goodness of fit parameter �
2� as-
sociated with these fits �1.05�0.04� and the residuals �for
ethyl acetate only� shown in the same figure indicate that the
kinetics is indeed biexponential and hence, conform to the
classical two-state reversible reaction mechanism as ob-
served earlier with P4C in different reaction
environments.53,55,57,58 A few CT emission decays68 have
also been found to fit adequately with biexponential func-
tions, producing rise time constants similar to the fast time
constants found in LE emission decays. Therefore, the short
time constant is ascribed to the reaction time whereas the
long time constant is assumed to be the average life time of
the states involved.53

Except for higher LiClO4 concentrations in ethyl acetate,
the reaction time ��rxn� in these electrolyte solutions has been
found to increase linearly upon decreasing temperature �see
Fig. S3 in Ref. 64�. The natural logarithm of the reaction rate
constant �krxn=�rxn

−1 � is shown in Fig. 5 as a function of in-
verse temperature. Data shown in this figure clearly indicate
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315 0.62 0.38 357 1.24
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T(K) a1 a2 τ1(ps) τ2(ns)
267 0.88 0.12 321 0.90
315 0.89 0.11 160 1.16
343 0.83 0.17 126 1.10

T(K) a1 a2 τ1(ps) τ2 (ns)
267 0.97 0.03 219 1.55
315 0.94 0.06 122 1.81
343 0.88 0.12 95 1.50

irf

FIG. 4. Representative LE emission
decays of P4C at 0.50M LiClO4 in
ethyl acetate �EA� and acetonitrile
�ACN�, and at 0.10M LiClO4 in etha-
nol �EtOH� at three different tempera-
tures. The data at 267 K are repre-
sented by circles �red�, at 315 K by
squares �blue� and at 343 K by tri-
angles �dark green�. The biexponential
fits through the data are shown by the
solid lines. The instrument response
function �irf� is also shown in one of
the panels. The fit �biexponential� re-
sults are also provided in the inset of
each panel. The LE peak count is
�5000. Residuals �for ethyl acetate
only� are shown in the lower of the
right panel ��2 full scale�.
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that the temperature dependence of rate constant in concen-
trated electrolyte solutions of ethyl acetate is qualitatively
different from those in ethyl acetate at low concentrations
and in solutions of acetonitrile and ethanol at all electrolyte
concentrations considered. More specifically, while the rate
constant in ethyl acetate at large electrolyte concentrations
��0.01M� shows a negative temperature dependence at high
temperature, a more common “Arrhenius-type” temperature
dependence69 is observed for all other cases �including neat
solvents�. Note that irrespective of electrolyte concentration
in acetonitrile and ethanol, the rate constant at 343 K is ap-
proximately three times larger than that at 267 K. In pure
ethyl acetate and in presence of 0.01M LiClO4 in it, this
factor �krxn

343 /krxn
267� is �5. However, these data, without the

knowledge of temperature dependent viscosity, cannot indi-
cate whether the reaction is barrier dominated and not vis-
cosity limited in these electrolyte solutions. Interestingly,
earlier works with P4C in room temperature neat solvents

indicated no solvent dynamical effects and the solvent polar-
ity was found to affect the reaction rate only via the modifi-
cation of the barrier height.53 In the present study, the rate
ratio, krxn

343 /krxn
267, is found to be 3.7 in neat acetonitrile and 4 in

neat ethyl acetate, which are more than double of the corre-
sponding viscosity ratios �267 /343�. In contrast, krxn

343 /krxn
267

for ethanol is found to be �1.5 time smaller than the ratio of
the corresponding viscosity values. All these data indicate
that the reaction in P4C in pure solvents largely remains
barrier dominated for the temperature rate considered here. If
the similar dominance of the barrier height continues also for
the reaction in these electrolyte solutions, meaningful infor-
mation regarding the electrolyte concentration dependence of
the activation barrier in P4C can be obtained from the rate
data shown in Fig. 5.

Subsequently, the electrolyte concentration dependent
activation energies ��G#� have been obtained by fitting the
above rate data �shown in Fig. 5� to the well known Arrhen-
ius rate equation69

ln kr = ln A − ��G#/RT� , �2�

where R, the universal gas constant, is Avogadro number
�NA� times the Boltzmann constant �kB�. The linear fits �cor-
relation coefficient �1.0� through the data points are shown
in the same figure by the solid lines. The slopes of these
linear fits are then the concentration dependent activation
energies and summarized in Table I. Note that the rate data
for ethyl acetate at large concentrations which are showing
negative temperature dependence have not been included in
these fits and only the corresponding low temperature data
are considered. There are many reasons70–72 that can give
rise to negative temperature dependence of reaction rate con-
stant, and the activation energy becoming negative70,71 is one
of them. Activation energy can become negative if the reac-
tion proceeds via an intermediate whose energy is lower than
the reactants, and the energy difference between the interme-
diate and the reactant is larger than the barrier that the inter-
mediate has to surmount for breaking into the products. In
concentrated electrolyte solutions of ethyl acetate at high
temperatures, such an intermediate involving P4C and other
species present in the environment may have been formed
which has finally led to the observed backward temperature
dependence of the rate constant.

It is interesting to note in Table I that the activation
energies obtained for these pure solvents are close to the

FIG. 5. Arrhenius plot of LiClO4 concentration dependent reaction rate
constant �kr=1 /�rxn� in ethyl acetate, acetonitrile, and ethanol. The linear fits
through the data points are shown by the solid lines. Circles represent the
rate constant at 0.0M �pure solvent�, hexagons at 0.01M, squares at 0.10M,
triangles at 0.50M, and filled inverted triangles at 1.0M LiClO4 in ethyl
acetate �EA�, acetonitrile �ACN�, and ethanol �EtOH�. The circles with
crosshairs represent the data for ethanol in presence of 3.0M LiClO4. The
activation energies ��G#� obtained from the slopes of these fits are summa-
rized in Table I of the text. Error associated with the reaction time constants
is typically �5% of the reported values.

TABLE I. Electrolyte �LiClO4� concentration dependence of activation energy ���G#� for the LE→CT con-
version reaction of P4C in ethyl acetate, acetonitrile, and ethanol.

Ethyl acetatea Acetonitrile Ethanol

Conc. �M� ��G# Conc. �M� ��G# Conc. �M� ��G#

0.0 6.75 0.0 6.08 0.0 4.68
0.01 5.97 0.01 5.77 0.1 3.48
0.1 3.72 0.1 5.09 1.0 3.99
0.5 4.04 0.5 3.87 3.0 3.86
1.0 3.49

aData at temperatures higher than �303 K have not been considered for determining the ��G# for P4C in ethyl
acetate at 0.50 and 1.0M LiClO4. �= �kBT�−1.
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activation energy for the LE→CT conversion reaction of
P4C calculated earlier by Dahl et al.53 in the limit of zero
solvent friction where solvents effects were mainly limited to
the variation in the barrier height to the reaction. The activa-
tion energies tabulated here �Table I� may therefore be iden-
tified with the electrolyte concentration dependent activation
energies for the LE→CT conversion reaction of P4C in
LiClO4 solutions of ethyl acetate, acetonitrile, and ethanol.

The activation energy in pure ethanol is about 1.5kBT
less than the average of those in pure ethyl acetate and ac-
etonitrile. Whether this difference in activation energy be-
tween the polar protic and polar aprotic solvents is due to the
H-bonding cannot be ascertained from the present study as
answer to this question requires further studies with several
other associating solvents. The barrier height, however, de-
creases with LiClO4 concentration in all these solvents, the
rate of decrease with electrolyte concentration being the
maximum in ethyl acetate and the minimum in acetonitrile.
The fact that the barrier height in ethyl acetate at 1.0M
LiClO4 is smaller by almost a factor of 2 from that in the
absence of any electrolyte is probably correlated with the
increase in solution dielectric constant of the pure solvent by
a factor of 3 upon addition of 1.0M LiClO4 in ethyl acetate.
Since the increase in average solution dielectric constant is a
much weaker function of electrolyte concentrations in aceto-
nitrile and alcohols,42–45,73 the dependence of barrier height
on electrolyte concentration is much less in these solvents.

Because −�Gr, the driving force for the reaction, is in-
timately related to the activation energy53 ��G#�, a strong
correlation between −�Gr and an appropriate solvent reac-
tion field factor would indicate that the above concentration
dependent activation energies are indeed largely determined
by the average solution dielectric constants. Such a correla-
tion for ethyl acetate solutions at �300 K is presented in the
upper panel of Fig. 6 where −�Gr obtained at different elec-
trolyte concentrations are shown as a function of the reaction
field factor dc��0�= ��0−1� / �2�1−c��0+ �1+2c�� with c
=0.25. Whereas any value between 0 and 1 for the solvent
independent parameter c can produce equally good correla-
tion as found in Fig. 6, we used c=0.25 in order to maintain
uniformity with earlier works53 in neat solvents. The reaction
field at different electrolyte concentration is then calculated
by using the experimentally measured29 concentration depen-
dent dielectric constant ��0� of electrolyte solution in ethyl
acetate at T�300 K. Note that the change in reaction free
energy increases linearly with electrolyte concentration in
this solvent and is correlated rather strongly with the calcu-
lated reaction field factor. Such a correlation was also ob-
served in neat solvents where solvent effects for P4C were
found to be limited in modulating the activation barrier
only.53 This result therefore suggests that the solution dielec-
tric constant, if not solely determining the reaction rate via
modulating the activation barrier alone, definitely contributes
substantially to the rate modification through the concentra-
tion dependence of the activation energy.

Even though the above correlation suggests considerable
static solvent effects through solution polarity, it does not
exclude the role of dynamic solvent effects on the reaction.
An indication of dynamic solvent control can be realized by

investigating the correlation between the change in reaction
free energy and reaction rate. Such an attempt, depicted in
the lower panel of Fig. 6, surprisingly produces a parabolic
dependence on reaction driving force of the reaction rate
constant where the latter in the low concentration limit de-
creases with increase in −�Gr and at high concentrations
increases with −�Gr. This electrolyte concentration induced
change in the driving force dependence of the reaction rate
constant is probably occurring because of the increase in
solvent reorganization energy ��s� upon addition of electro-
lyte in ethyl acetate. Such a nonmonotonic dependence is,
however, missing in solutions of other two solvents �not
shown here� where only a linear increase in the reaction rate
constant with −�Gr has been observed. The parabolic depen-
dence of reaction rate on −�Gr seems to suggest that the
interconversion reaction of P4C in ethyl acetate at �300 K
is in the Marcus inverted regime at low electrolyte concen-
trations which, upon increasing the solvent reorganization
energy by further addition of electrolyte, crosses over to the
normal regime.

The role of solvent reorganization energy ��s� for the
interconversion reaction of P4C is further illustrated in Fig. 7
where the temperature dependent reaction rate constant at
five different electrolyte concentrations are shown as a func-
tion of −�Gr. It is clear from this figure �Fig. 7� that the
reaction in pure ethyl acetate �0.0M� and at 0.01M remains
in the inverted regime due to relatively lower values of sol-
vent reorganization energy at these concentrations. However,
upon increasing the �s either via further addition of electro-
lyte in ethyl acetate or through replacing the solvent by more
polar ones, such as acetonitrile and ethanol, the reaction
crosses over to what is known as the Marcus normal regime.

FIG. 6. Upper panel: The correlation between the driving force �−�Gr� for
the reaction and dielectric field factor at T�300 K. Note that the driving
force �−�Gr� has been calculated from equilibrium constant for the reaction
in electrolyte solutions of ethyl acetate. The solution dielectric constants are
taken from the relevant measurements. The solid line going through the
circles are a result of linear fit �correlation coefficient 0.99�. Lower panel:
Correlation between the reaction rate constant and the driving force for
electrolyte solutions in ethyl acetate at T�300 K. Note that in this figure
the natural logarithm of rate constant is shown as a function of change in
Gibbs free energy �−�Gr�.
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Since the solvent reorganization energy in neat acetonitrile or
ethanol is itself larger ��1.5 times�74 than that in neat ethyl
acetate, the reaction in these more polar solvents always re-
main in the normal regime and does not show any crossover
induced by electrolyte concentration. Therefore, the correla-
tion shown in Fig. 7 clearly indicate that step-wise increase
in solvation energy via successive addition of electrolyte in a
moderately polar solvent can induce the ICT reaction of P4C
to crossover from the Marcus inverted region to the normal
region. This could very well be the case for other members
of the �PnC� series which requires further investigation.

IV. CONCLUSION

In summary, the present study produces several interest-
ing results regarding medium effects on photoexcited ICT
reaction of 4-�1-azetidinyl�benzonitrile �P4C� in electrolyte
solutions of solvents with varying polarity and salt concen-
tration. While the observed dependencies of spectral shift
and reaction driving force on solvent polarity, salt concentra-
tion and temperature can be qualitatively explained in terms
of the DSL, the reaction rate constant is found to be strongly
correlated with the reaction driving force calculated from the
equilibrium constants of the reaction in electrolyte solutions
of these solvents. These results suggested that at larger elec-
trolyte concentrations in ethyl acetate and in other two sol-
vents at all electrolyte concentrations, the medium effects on
reaction rate constant are limited largely to the modification
of the barrier height via the effective solution polarity.
Arrhenius-type of temperature dependence for the rate con-
stant has been found in these electrolyte solutions at all con-
centrations. The activation barrier obtained from the tem-
perature dependent study exhibits strong electrolyte
concentration dependence and corroborates well with the
correlation found between the rate constant and driving force
for the reaction. The average of the activation energies mea-
sured in neat ethyl acetate, acetonitrile, and ethanol agrees

well to the predicted value for P4C in neat solvents in the
limit of zero dynamical solvent control of the reaction in
P4C. The negative temperature dependence found at high
temperatures in concentrated solutions of ethyl acetate pro-
duces �in the unit of kBT� �1.7 and �2.9 as activation ener-
gies respectively for 0.5 and 1.0M, indicating that the reac-
tion in this regime proceeds via an intermediate.

The present study reveals that the electrolyte concentra-
tion dependence of ICT reaction rate is qualitatively different
in ethyl acetate from that in strongly polar solvent such as
acetonitrile and ethanol. While salt concentration induced
parabolic dependence of the rate constant on the reaction
driving force �−�Gr� is observed in ethyl acetate, the rate
constant is found to increase linearly with −�Gr in solutions
of both acetonitrile and ethanol. The results presented here
also reveal that the step-wise increase in solvation energy via
sequential addition of electrolyte induces the reaction in
weakly polar solvents to crossover from the Marcus inverted
region to the normal region.

The work presented here can be extended to study the
effects of solution structure on reaction rate in binary aque-
ous mixtures of higher alcohols where hydrophobic interac-
tion dominates the local ordering. It would be interesting to
explore the effects of asymmetric electrolytes on reaction
rate as increase in valency modifies the electrostatic interac-
tion through the inverse DSL �. In addition, further studies
with low polar solvents are required to ascertain the role of
solvent reorganization energy in controlling the rate constant
in these solvents. Some of the above studies are already in
progress and we hope to report them soon.
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