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The excited state intramolecular charge transfer reaction of 4-(1-azetidinyl)benzonitrile (P4C) has been studied
in water-tertiary butanol (TBA) mixtures at different alcohol mole fractions by using steady state and time-
resolved fluorescence spectroscopy. The ratio between the areas under the locally excited (LE) and charge
transferred (CT) emission bands is found to exhibit a sharp rise at alcohol mole fraction∼0.04, a value at
which several thermodynamic properties of this mixture is known to show anomalous change due to the
enhancement of H-bonding network. The radiative rate associated with the LE emission also shows a maximum
at this TBA mole fraction. Although the structural transition from the water-like tetrahedral network to the
alcohol-like chain is reflected in the red shift of the absorption spectrum up to TBA mole fraction∼0.10, the
emission bands (both LE and CT) show the typical nonideal alcohol mole fraction dependence at all TBA
mole fractions. Quantum yield, CT radiative rate as well as transition moments also exhibit a nonideal alcohol
mole fraction dependence. The time-resolved emission decay of P4C has been found to be biexponential at
all TBA mole fractions, regardless of emission collection around either the LE or the CT bands. The time
constant associated with the slow component (τslow) shows a minimum at TBA mole fraction∼0.04, whereas
such a minimum for the fast time constant,τfast (representing the rate of LEf CT conversion reaction) is not
observed. The nonobservation of the minimum inτfast might be due to the limited time resolution employed
in our experiments.

I. Introduction

Photoinduced charge transfer reaction in the substituted
benzonitrile derivatives has been studied extensively since the
discovery of dual fluorescence in 4-N,N-dimethylaminobenzon-
trile (DMABN).1-17 Photoinduced charge transfer is an impor-
tant process in biology as light-induced charge separation plays
key roles in photosynthesis and vision. The possibility of using
molecules undergoing intramolecular charge transfer reaction
in optoelectronic devices as molecular switches further fuels
the research in this area. Therefore, a thorough understanding
of light-induced intramolecular charge transfer reaction in
various environments is extremely important not only for basic
science relating chemistry and physics but also for biology and
technology. Experimental studies in conjunction with semiem-
pirical quantum mechanical calculations have been employed
to correlate the experimental data with the energy differences
between states in the gas phase.5,15Typically, a single emission
band characterizes the fluorescence emission spectrum of
DMABN and related derivatives in nonpolar solvents.1-5

However, in polar solvents a new anomalously red-shifted
fluorescence emission band appears which is in addition to the
normal emission found in nonpolar solvents.1-5 The appearance
of these two emission bands is a reflection of intramolecular
charge transfer reaction in the excited state and several models
have been proposed to explain the new emission in polar
environments. A detailed discussion on these models and
experimental results supporting each of the models are recently
provided in an elegant review by Grabowski and co-workers.1

A common feature in all these models is that the new emission

in polar solvents is arising from an electronic state of charge
transfer (CT) character, whereas the normal fluorescence is from
a locally excited (LE) character with charge distribution similar
to that in the ground state. Upon photoexcitation, a substantial
amount of charge is transferred from the amino group to
benzonitrile moiety forming the CT state. Consequently, the
more polar CT state would be further stabilized by polar solvent
via enhanced dipole-dipole interaction between dipolar solvent
molecules and photoexcited solute. According to the twisted
intramolecular charge transfer (TICT) model, the charge transfer
process occurs with the simultaneous twisting of the bond
connecting the amino group and the benzene ring.1-5 The
molecules in which the excited state intramolecular charge
transfer reaction can be explained in terms of TICT mechanism
are termed as TICT molecules. Further evidence for the TICT
mechanism come from the experimentally observed viscosity
dependence of the rate of LEf CT conversion reaction and
also presence of two distinct species in the photoexcited
compounds. Recently, effects of electrolyte on the LEf CT
conversion reaction rate have been analyzed18,19using the Zwan
and Hynes formalism20 for electrolyte friction experienced by
a rotating moiety in a model isomerization reaction. The
agreement between theory and experiments found in this
study18,19also provides further support to the TICT mechanism
for the excited state intramolecular charge transfer reaction.

As the LEf CT conversion reaction is facilitated by solvent
reorganization and thus dominated by the orientational solvent
polarization density relaxation,21,22dynamical solvent modes are
expected to modify considerably the rate of intramolecular
charge transfer reaction in TICT molecules. Recently, Maroncelli* Corresponding author. E-mail: ranjit@bose.res.in.
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and co-workers have explored the solvent control on the LEf
CT conversion reaction of several TICT molecules with amino
groups in four-, five-, and six-membered rings attached to
benzonitrile moiety.5 These studies have indicated substantial
effects of solvent dynamical modes on reaction rates in these
molecules. As the LEf CT conversion reaction in these
molecules involves low barrier (∼5 kBT),5 the reaction time scale
(given by the inverse of the barrier frequency) lies typically in
the picosecond regime.21 In many complex liquids, particularly
in binary mixtures,23-35 confined liquids,36 and electrolyte
solutions,37-40 the environmental reorganization occurs at a time
scale much slower than this. Because interdiffusion and
preferential solvation are responsible for the slow dynamics in
binary mixtures,23-35 these factors can affect the reaction rate
by slow stabilization of the product. In addition, the polarity
and time scales associated with the dynamics of solution can
be continuously changed by varying the mole fraction of one
of the components.23-25 Therefore, solvent effects on the charge
transfer reaction are expected to be more complex and can
provide rich information regarding the environmental coupling
of the TICT reaction in solution phase. Because solvent structure
(spatial arrangement) and dynamics are intimately related,22 the
modification in solution structure in the presence of the second
component also modulates several equilibrium aspects, such as
equilibrium constant (Keq), change in reaction free energy (∆Gr),
and the peak positions of spectral bands and their bandwidths.
Enhancement of structure or weakening of it may affect both
the reaction rate and product of a TICT reaction because better
packing induces increased solvation of both reactants and
products. Also, this will induce red shift of the absorption and
emission spectra of a polarity probe dissolved in such media.

In the work presented here, alcohol mole fraction dependence
of TICT reaction in water-tertiary butanol (water-TBA) system
has been studied. Because the miscibility of alcohols decreases
with increase in the size of alkyl residue, TBA is the largest
alcohol that remains fully miscible with water at all propor-
tions.41-44 Consequently, it shows the maximum hydrophobic
effects among the short-chain water-soluble alcohols. Interest-
ingly, hydrophobic hydration and its effects are known to play
crucial roles in determining functions of many biologically
relevant macromolecules and hence an understanding of hy-
drophobic effects is particularly necessary.45,46This is probably
one of the reasons that drives much of the efforts to understand
the solution structure of alcohol-water systems in general and
water-TBA mixtures in particular. Neutron diffraction studies
of water-TBA systems indicate addition of water modifies the
H-bonding interactions in the mixture which, in turn, facilitates
the hydrophobic interactions between the tertiary butyl groups
of the TBA molecules.47-49 This hydrophobic interaction drives
the association of TBA molecules by bringing in the alkyl
groups closer to each other at all TBA concentrations. This leads
to the microscopic heterogeneity in solution which is found to
be rather generic in nature for water-alcohol systems.50,51 In
addition, these studies suggest that clathrate-like water-TBA
complex may not exist even at low TBA concentrations even
though the basic tetrahedral motif of short-range intermolecular
water structure is preserved in both dilute and concentrated
alcohol-water solutions. According to these studies, water
molecules exist as small H-bonded strings or clusters in a fluid
of close-packed alkyl groups where water-alcohol H-bonding
replaces the alcohol-alcohol H-bonding.50,51 Light scatter-
ing,52,53 small-angle X-ray scattering,54-56 dielectric relax-
ation,57,58Raman spectroscopy,59,60and several computer simu-
lation61,62 and numerical63-65 studies seem to suggest the

strengthening of water structure upon small addition of alcohol
molecules which is gradually transformed to zigzag alcohol-
like structure as the alcohol concentration is increased. All these
studies, however, point out that incomplete mixing between the
water and alcohol molecules at the molecular level and the
retention of three-dimensional H-bonding network structure of
water might be responsible for the observed anomalous behavior
of thermodynamics properties in aqueous solutions at low
alcohol concentrations.

Because microscopic phase separation is inherent in TBA-
water mixtures,47-65 TICT reaction in TBA-water solutions are
expected to be affected by such heterogeneity in solution
structure. However, the micro-heterogeneity may be less
pronounced in presence of a TICT molecule as a recent neutron
diffraction study with ternary mixture composed of cyclohexene,
TBA, and water in a 2:6:1 ratio indicate that the nonpolar
cyclohexene molecules are favorably solvated by the alkyl
groups of the alcohol molecules where the trimolecular mixture
appears to be more homogeneous than the binary TBA-water
solutions.49 Several studies have been done earlier with DMABN
in alcohol-alkane mixtures where formation of alcohol-
DMABN exciplex was believed to play key roles in regulating
the CT emission decay.16,66-68 Effects of structural modification
upon the addition of alkane have not been stressed in these
studies. Such a study with 4-(1-azetidinyl)benzonitrile (P4C)
in water-TBA mixtures at different alcohol mole fractions are
presented here for the first time to the best of our knowledge.

As the TICT reaction in P4C is investigated in aqueous
solutions of TBA at different concentrations, one would like to
ask the following questions. First, will the strengthening of water
structure due to addition of alcohol at low concentration and
the resultant heterogeneity be reflected as the TICT reaction is
carried out at different mole fractions? More precisely, can the
TICT reaction be used as a probe to investigate the sharp change
in solution structure41-44 that occurs at the water rich regime
with a peak at TBA mole fractions∼0.04? This is possible only
when the local solution structure is strongly coupled to the
mechanism of TICT reaction, even though the usual nonideality
of solution polarity is expected to affect the reaction accordingly.
Second, will the equilibrium ground state solvation (as probed
by the steady state absorption) be different from that of excited
state (as probed by the steady state fluorescence emission)? Note
that simulation studies61 have indicated that the average lifetime
of the TBA clusters is in the range 20-30 ps, which is much
shorter than the average fluorescence lifetime of either LE or
CT states. Therefore, many fluctuations in the environment
surrounding the excited probe molecule may obscure the
signature of each of the specific environments, leading to the
emission from an “averaged-out” environment.23 In such cases,
the stronger solute-solvent dipolar interaction is the only factor
that drives the solvent rearrangement around the photoexcited
solute and the fluorescence emission will reflect the average
nonideality in solution polarity of alcohol-water binary mix-
tures. Third, what would be the effects of such solution structural
change on the rate of intramolecular charge transfer reaction
occurring in TBA-water solutions? Fourth, what would be the
effects of mole fraction dependent solution dynamics on TICT
reaction occurring in TBA-water solutions?

In this article we present the results on the excited state
intramolecular charge transfer reaction of 4-(1-azetidinyl)-
benzonitrile (P4C) in aqueous TBA solutions at several alcohol
mole fractions where we have investigated some of the questions
posed above. We use the TICT model to analyze our data as
done earlier for studies in pure solvents5 and electrolyte
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solutions.18-19 We assume that the reaction is in the rapid
equilibration limit and hence a biexponential decay of intensity
with time is expected.5,18-19 The assumption of the rapid
equilibration limit becomes inappropriate if solution dynamics
becomes considerably slower. Interestingly, a biexponential
function with two different time constants is found to sufficiently
describe the decay kinetics of P4C at all TBA concentrations,
as has been found earlier in electrolyte solutions.19

The main results of this paper are as follows. Quantum yields,
transition moments, and radiative and nonradiative rates for P4C
molecule have been determined as a function of TBA mole
fraction. All these quantities reflect the mole fraction dependent
nonideal nature of TBA-water solutions. The peak frequencies
of both the LE and CT emission bands of P4C also show the
similar nonideal TBA mole fraction dependence. This is
strikingly different from the alcohol mole fraction dependence
of the P4C absorption spectrum where the absorption peak
frequency shifts initially toward red with TBA concentration
(up to∼0.1 mole fraction) and then blue shifts with TBA mole
fraction in a manner similar to what has been found for emission
frequencies. As expected, the frequency shift associated with
the CT emission band as a function of TBA mole fraction is
larger than those observed for the LE and absorption bands.
The ratio between the areas under the LE and CT emission bands
(CT/LE) increases initially upon addition of TBA and shows a
peak at TBA mole fraction∼0.04 and then decreases in a
fashion that resembles the nonideal TBA mole fraction depen-
dence. The time constant associated with the slower part of the
emission decay is found to show a sharp minimum at TBA mole
fraction∼0.04, reflecting the effects of structural enhancement
at low alcohol concentration in water-TBA mixtures. Such a
minimum is not observed for the faster time constant which
may be due to the limited time resolution employed in the
present work.

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
dependent studies with P4C molecules in aqueous solution of
TBA with different TBA mole fractions. The paper then ends
with concluding remarks in section V.

II. Experimental Details

4-(1-Azetidinyl)benzonitrile (P4C) was synthesized by fol-
lowing a protocol given in literature8 and recrystallized twice
from cyclohexane (Merck, Germany). Purity of the compound
was then checked by thin layer chromatography and monitoring
the excitation wavelength dependence of the fluorescence
emission.

Tertiary butyl alcohol (TBA) was obtained from Aldrich and
used as received. Deionized water (Millipore) was used for
preparing the aqueous solutions of TBA at different mole
fractions. The solutions were prepared by dissolving a measured
amount of TBA in a 10 mL volumetric flask followed by
shaking the solution for a few minutes. Caution was exercised
to ensure the accuracy of the mole fraction, particularly near
the very low TBA and water concentrations. A fraction of this
stock solution was then taken into a quartz cuvette of optical
path length 1 cm. Subsequently, a small grain of P4C was
dissolved and stirred the solution for∼10 min and absorption
spectrum recorded (Model UV-2450, Shimadzu). Note that the
concentration of P4C was maintained ate10-5 M in all TBA
mole fractions studied here. The emission spectra were recorded
(SPEX Fluoromax-3, Jobin-Yvon, Horiba) after adjusting the
absorbance of the solution to 0.1 or less with excitation

wavelength fixed at 305 nm. Solvent blanks were subtracted
from the emission spectra prior to analysis and converted to
frequency representation after properly weighting the intensity
with λ2. As bubbling few samples with dry argon gas showed
very little or no effects on the average rate, most of the samples
were not deoxygenated.5,18-19

We then used emission spectrum of P4C in perfluorohexane
(reference emission spectrum) to deconvolute each emission
spectrum into two fragments.5 This deconvolution provided areas
under LE and CT emission bands that were then used to
calculate several spectroscopic quantities. Emission peak fre-
quencies were calculated as follows. Shifts of the emission
spectra from the peak of the reference emission spectrum were
calculated and then added to theaVeragepeak frequency of
the reference emission spectrum. TheaVeragepeak frequency
of the reference spectrum was calculated by simply averaging
the numbers obtained by fitting the upper half of the spectrum
with an inverted parabola, first moment and the arithmetic mean
of the frequencies at half intensities on both blue and red ends
of the reference emission spectrum.69-71 Similar procedure was
also used to determine the absorption peak frequencies except
that no deconvolution was performed in this case.

Time-resolved fluorescence emission intensity decays were
collected using a time correlated single photon counting
(TCSPC) technique based on a laser system (Lifespec-ps,
Edinburgh, UK) with a light emitting diode (LED) that provided
299 nm light as excitation. The full width at half-maximum of
the instrument response function (IRF) with the above excitation
was approximately 475 ps. The emission decay was collected
at magic angle at both LE and CT peak positions (of steady
state spectrum) with an emission band-pass of 8 nm. Subse-
quently, the collected emission decays were deconvoluted from
the IRF and fitted to multiexponential function using an iterative
reconvolution algorithm.5 Such fitting enables one to capture
decay kinetics with a time constant as fast as∼100 ps with
reasonable accuracy.5 For a few cases, emission decays were
collected at two or three different emission wavelengths around
the LE and CT peaks and the analyzed data were found to vary
within a small uncertainty. All the experiments were performed
at room temperature, 295( 0.5 K.

III. Results and Discussion

A. Steady State Studies.Absorption and emission spectra
of P4C in TBA-water solutions at TBA mole fractions 0.01,
0.04, 0.1, 0.6 and that in pure TBA are shown in Figure 1. These
TBA mole fractions are chosen so that the effects of gradual
change in H-bonding structure (from tetrahedral-like network
at low concentration to zigzag chain at higher mole fractions)
on the stabilization of the ground and excited states of a
fluorescent probe are represented. As already mentioned,
aqueous TBA solutions with low TBA mole fractions are
characterized by aggregation of TBA molecules via interactions
among hydrophobic tertiary butyl (-CMe3, Me ) CH3) groups
where the alcoholic hydroxyl (-OH) groups are incorporated
into the water H-bonding cage that surrounds the TBA cluster.
In concentrated TBA solution, both water and TBA molecules
associate to form zigzag H-bonding chain structure similar to
that in pure alcohol. Although the anomaly in thermodynamic
properties of aqueous TBA solution is the maximum at 0.04
TBA mole fraction, 0.10 corresponds to the transition composi-
tion from the TBA-TBA intermolecular contact to the TBA-
water molecular association.

One of the most interesting aspects of Figure 1 is that at low
TBA mole fractions (up to∼0.1), absorption spectrum of P4C
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shows red shift with the increase in TBA concentration, whereas
emission spectrum shifts toward blue. At mole fractions higher
than 0.1, both absorption and emission spectra show blue shift
with TBA concentration as the average polarity of the medium
decreases. The alcohol mole fraction dependence of absorption
and emission spectra and their bandwidths (full width at half-
maximum) have been studied in detail and are summarized in
Figure 2 where the peak frequencies of absorption and emission
bands (both LE and CT) and spectral widths are shown as a
function of TBA mole fraction. Several interesting aspects are
to be noted in this figure. First, the absorption spectrum shows
a red shift with the increase in alcohol concentration up to TBA
mole fraction∼0.10 and then blue shifts upon further addition
of TBA. Contrastingly, the emission spectrum exhibits a
continuous blue shift with TBA mole fraction in a fashion that
resembles the typical nonideality in average polarity of such
alcohol-water mixtures. Note that for the entire range of TBA
concentration, the total blue shift for the CT band is∼2500
cm-1, whereas it is∼1000 cm-1 for the LE band. Because
addition of TBA in water facilitates formation of TBA clusters
and enhances the H-bonding between all species, the micro-
heterogeneity and the related structural modifications will affect
the spectral properties of a dissolved solute. The enhanced
H-bonding structure at low TBA concentrations is further probed
by a recent study on compressibility of TBA-water mixtures
using the RISM theory64 where realistic potentials have been

used to represent both the species.63-64 This theoretical study
and comparisons with relevant experimental data have suggested
that at low TBA concentration the cavity in the H-bonding
network of water is occupied by the alkyl groups of the clustered
TBA molecules, thereby reducing the compressibility of the
solution.64 Therefore, the reduced compressibility is an indicative
of a more compact solvation environment surrounding the probe
(P4C) molecule. This increased compactness due to the en-
hancement of local structure then naturally stabilizes the ground
state energy level of the probe, leading to the observed red shift
in the absorption spectrum. However, with further addition of
TBA, tetrahedral-like network of H-bonding structure of water-
rich solutions gradually converts to the chain-like alcohol
structure at concentrated TBA solutions. Several studies47-65

of TBA-water systems have revealed that such a structural
transition occurs at TBA mole fraction∼0.10, a value at which
the absorption peak frequency of P4C in the present study also
shows a turnaround. However, the question is then why emission
frequency does not exhibit such a TBA mole fraction depen-
dence? Simulation studies of TBA-water solutions have
indicated that even though clusters of three or four TBA
molecules are formed but undergo continual change on time
scales of tens of picoseconds.61 Because the stability times of
these clusters (20-30 ps)61 are many times smaller than the
average lifetime of the excited state (>1 ns) of the probe, the
solvent environment surrounding the photoexcited probe un-
dergoes a large number of relatively rapid fluctuations. These
environmental fluctuations average out the subtle structural
modification in dilute aqueous solutions of TBA, allowing the
solution polarity to primarily govern the emission transition
energy.

Second interesting aspect of Figure 2 is the TBA mole fraction
dependence of absorption and emission bandwidths of P4C. The
absorption bandwidth (bottom-left panel) shows a sharp decrease
with TBA mole fraction up to∼0.10. However, the dependence
of absorption bandwidth on TBA mole fraction is weaker in
the range 0.10-1.0 and the total decrease in bandwidth in this
range is only about 250 cm-1, which is similar to frequency
shift Versusbandwidth behavior observed earlier with P4C in
electrolyte solutions and also with a different solvation probe
in neat solvents. The narrowing of absorption spectrum of P4C
by ∼1000 cm-1 upon increasing the TBA concentration to
∼0.10 mole fraction is anomalously large and apparently
contradicts the observations made in earlier studies.69 As the
spectral width in a binary mixture derives contributions from
both the probe-solvent interaction strength and the heterogene-
ity in the surrounding solvent environment due to both density
and concentration fluctuations, the narrowing of absorption
spectrum may be regarded as a reflection of a novel interplay
between the lowering of polarity and the loss of microscopic
heterogeneity on each successive addition of TBA in water. The
arguments given above may also be used to explain the
narrowing of both the LE and CT emission bands between
0.10-1.0 TBA mole fractions. The blue shift with broadening
in LE emission band and red shift with narrowing in the CT
emission band have also been observed earlier for a nonreactive
solvation probe coumarin 153 (C153) in pure solvents.69 We
mention here that for C153 in hexane-alcohol binary mixtures,
the emission bandwidth is found to increase up to alcohol mole
fraction ∼0.10 and then decreases with further addition of
alcohol.23 This has been explained in terms of heterogeneity of
solution structure.23 However, no information is available in this
study regarding the correlation between the red shift of the
absorption spectrum and the absorption bandwidth.

Figure 1. Absorption and emission spectra of 4-(1-azetidinyl)-
benzonitrile (P4C) in different mole fractions of tertiary butyl alcohol
of the mixture of water and tertiary butyl alcohol (TBA). The upper
panel shows the absorption spectra and lower panel shows the emission
spectra. The numbers in parentheses indicate the TBA mole fraction
in the TBA-water mixtures. Note that the absorption spectra are
presented in a relatively narrower frequency scale to enhance the
separation between spectra.
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Figure 3 depicts the TBA mole fraction dependence of the
ratio between areas under the CT and LE emission bands of
P4C in TBA-water solution. Note the area ratio shows a
nonmonotonic dependence on TBA concentration with a peak
at TBA mole fraction∼0.04. This is the mole fraction of TBA
where the maximum anomaly in thermodynamic properties as
well as large increase in ultrasonic absorption72-74 and light
scattering52-53 has been observed. The reasons for the anomalous
increase in the area ratio (CT/LE) in dilute aqueous solutions
of TBA can be understood by examining the LE and CT
emission bandwidths of P4C. The alcohol mole fraction de-
pendent bandwidths presented in Figure 2 indicate that although
the LE emission band narrows down upon addition of TBA,

the width of the CT emission band increases up to TBA mole
fraction∼0.04 and then decreases. Therefore, the simultaneous
broadening of the CT emission band with the narrowing of the
LE band leads to the sharp increase of the area ratio (CT/LE)
at∼0.04 TBA mole fraction. As the CT state is primarily of La

character and therefore more polar than the LE state (Lb),5

coupling of these states with the mole fraction dependent
solution structure (environment) is likely to be different. This
might be the reason for the observed difference in the mole
fraction dependence of the LE and CT emission bandwidths.

We have measured quantum yield, radiative and nonradiative
rates, and transition moments of P4C at different mole fractions
of TBA in aqueous solution to investigate the effects of solution
structure on these quantities. Quantum yield has been determined
by using the following relation5

Quinine sulfate dihydrate in 0.05M H2SO4 has been used as
reference (ΦR ) 0.508).5 In eq 1,nx represents refractive index
of the reference solution (R) and sample (S),I the integrated
emission intensity, andA the absorbance. Refractive indices of
the TBA-water solutions at different mole fractions of TBA
have been measured (296.15( 1 K) and summarized in Table
1. Quantum yields (net) of P4C determined at various mole
fractions of TBA in aqueous solutions are shown in the upper
panel of Figure 4. As expected, the mole fraction dependence
of quantum yield is a nonideal one and similar to that of LE
and CT emission frequencies. Similar alcohol mole fraction
dependence is also found for the quantum yields for the

Figure 2. Mole fraction dependence of absorption (νabs) and emission (νLE andνCT) peak frequencies and line widths (full width at half-maxima,
Γ) of the absorption spectra, LE bands, and CT bands of 4-(1-azetidinyl)benzonitrile (P4C) have been shown in a water and TBA mixture. The
open circles (in the left panel) represent absorption and open triangles and squares (in the right panel) represent the parameters associated with LE
and CT bands of P4C. LE and CT peak frequencies (νLE andνCT) have been obtained after deconvoluting the experimental emission spectra by
broadening and shifting a reference spectrum with a Gaussian function (representing inhomogeneous solvent broadening).ΓLE andΓCT are the full
width at half-maxima of LE and CT bands obtained after deconvoluting the full experimental emission spectrum. The estimated uncertainty in
frequencies and widths is(300 cm-1.

Figure 3. Mole fraction dependence of formation of CT population
in the mixture of TBA and water has been shown in this figure. The
ratio (RCT/RLE) between areas under the CT and LE bands are shown
as a function of mole fraction of TBA. The inset showsRCT/RLE in the
breaking region. ΦS ) ΦR(nS

nR
)2(IS

IR
)(1 - 10-0.5AR

1 - 10-0.5AS) (1)
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individual LE and CT bands (not shown here). Note that the
quantum yield of P4C in pure TBA is very close to that in pure
methanol (Φnet ) 0.016).5

The following relation has been used to determine the
radiative rate for the LE band:5 kLE

rad ) φLE/〈τLE〉, where the

average LE lifetime (〈τLE〉) has been calculated by using the
relation 5〈τLE〉 ) ∑i aiτi/∑iai. The amplitudes (ai) and time
constants (τi) are obtained by fitting the relevant LE emission
decays. The nonradiative rate for LE (kLE

nr ) is then calculated
by using the relation,5 kLE

nr ) (1 - φLE)/〈τLE〉. For CT, the
radiative rate is obtained as follows:5 kCT

rad ) φCTkdec(1 +
Keq

-1), where the average excited state population decay
constant, (kdec), as shown in Scheme 3 of ref 5, is determined
from the net rate constantskLE andkCT usingkdec ) (kLE + kCT)/
2, and assuming rapid equilibrium between LE and CT states.5

The calculated radiative rates for the LE and CT emission bands
of P4C at different mole fractions of TBA in aqueous solution
of TBA are shown in the middle panel of Figure 4. The
corresponding nonradiative rates for the LE emission band are
summarized in Table 1. The parameters necessary for the
calculations of〈τLE〉 andkCT are obtained from the decay fits
(shown later in Figure 6). The error bar for these radiative and
nonradiative rates is(25% of the values reported here. It is
interesting to note thatkLE

rad shows a peak at TBA mole fraction
∼0.04, whereaskCT

rad exhibits a typical nonideal TBA mole
fraction dependence. The fit parameters shown later in Figure
6 indicate that there would be a minimum in〈τLE〉 at TBA mole
fraction ∼0.04, which is responsible for the observed peak in
kLE

rad.
Because the enhancement of solution structure at very low

concentration of TBA significantly affects the absorption peak
frequencies of the probe molecule, the absorption transition
moment is also expected to show the effects of such structural
modifications. The following relation5,18 has been used to
calculate the net absorption transition moment of the composite
absorption band (S0 f La + S0 f Lb)

whereε(ν) is the molar decadic extinction coefficient. The net
absorption transition moment thus obtained for P4C in water-
TBA mixtures are shown as a function of TBA mole fraction
in the bottom panel of Figure 4. The maximum error bar
associated with this calculation is(15% . The data in this figure
(Figure 4) seem to suggest that the TBA induced enhancement
of the H-bonding structure have small but non-negligible effects
on the net absorption transition moment of P4C. However, once
the tetrahedral-like H-bonding network structure of water is
disrupted and chain-like structure of alcohol appears upon further
addition of TBA, the net absorption transition moment becomes
almost insensitive to the TBA mole fraction beyond∼0.10. The
near insensitivity of the net absorption transition moment of
P4C on the average polarity of the medium has also been
observed earlier in neat solvents5 and also in electrolyte
solutions.18 All these observations probably indicate that the
solution structure rather than the polarity of the medium dictates
the absorption transition moment in solution phase.

To investigate the effects of microheterogeneity and structural
transition, the TBA mole fraction dependence of emission
transition moment for P4C in water-TBA solution has also been
studied. Emission transition moments (Mx) for P4C have been
determined from the radiative rate data by using the following
relation5,18

Figure 4. Mole fraction dependence of quantum yield (Φnet), radiative
rate (krad), absorption transition moment, and emission (LE and CT)
transition moments for P4C in a water and TBA mixture have been
shown in this figure. Open circles in the upper panel show the net
quantum yield of P4C in the mixture. Open triangles and open squares
in the middle panel indicate the radiative rate of P4C associated with
LE and CT bands, respectively. Open circles, open triangles, and open
squares in the lower panel indicate absorption, LE, and CT transition
moments, respectively.

TABLE 1: Refractive Indices and Nonradiative Rates
Associated with LE Emission Band of P4C in Water-TBA
Mixtures at Different TBA Mole Fractions

TBA mole fraction ns 109kLE
nr /s

0 1.331 31.40
0.0025 1.333 27.21
0.005 1.333 27.31
0.01 1.335 28.48
0.015 1.336 30.85
0.02 1.338 30.20
0.025 1.340 27.85
0.03 1.341 21.65
0.035 1.344 27.12
0.04 1.345 22.65
0.05 1.346 15.78
0.06 1.350 11.13
0.08 1.355 8.71
0.1 1.357 7.50
0.2 1.368 5.63
0.3 1.373 4.80
0.4 1.376 4.75
0.5 1.379 3.41
0.6 1.380 2.82
0.7 1.381 2.27
0.8 1.381 1.81
0.9 1.381 1.46
1 1.382 1.16

Mabs/D ) 9.584× 10-2[1
ns
∫abs

(ε(ν)/M -1 cm-1)
dν
ν ]1/2

(2)

Mx/D ) 1785.7( kx
rad/s-1

ns
3(ν̃x

3/cm-3))1/2

(3)
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whereν̃x
3 ) ∫Fx(ν) dν/ ∫Fx(ν)ν-3 dν, with Fx(ν) denoting the

fluorescence spectrum of species x) LE or CT. The results
are also shown in the bottom panel of Figure 4. It is interesting
to note that the emission transition moment for the LE band
does not show a sharp rise upon increasing the alcohol
concentration in the water rich region of the aqueous solution,
even though the LE radiative rate (kLE

rad) shows a peak at TBA
mole fraction∼0.04. However, both the LE and CT emission
transition moments exhibit near insensitivity to alcohol con-
centration beyond TBA mole fraction∼0.10. The nonradiative
rates for the LE band at different TBA mole fractions have also
been calculated and are summarized in Table 1. Note that the
nonradiative rate for LE (kLE

nr ) is very large in very dilute
solutions of TBA, which becomes comparable to that for P4C
in methnol at TBA mole fraction∼0.10. It is probably the
H-bonding network of water that facilitates the nonradiative
relaxation processes and hence the nonradiative rates are very
large for LE in the aqueous solution at TBA mole fraction
<0.05. This observation again suggests an appreciable role of
solution structure in determining the nonradiative rate for an
emission band.

B. Time-Resolved Fluorescence Emission Studies.Time-
resolved emission decay measurements have been performed
with P4C in water-TBA mixtures at 23 different TBA mole
fractions to study the effects of TBA-induced structural transition
and microscopic heterogeneity of water-TBA solutions on the
rate of LE f CT conversion reaction in P4C. As already
mentioned in the Introduction, emission decays of P4C in
water-TBA solution are biexponential with time at all TBA
mole fractions. This is rather interesting because in water-TBA
mixtures where microscopic heterogeneity governs the solution
structure, a stretched exponential75 rather than a simple biex-
ponential function is expected to properly describe the decay
kinetics. The fact that a time dependent biexponential function
can sufficiently describe the decay kinetics of P4C in water-
TBA mixtures is a reflection of rapid fluctuations in the
immediate environment of the photoexcited P4C due to rela-
tively faster lifetime of the TBA clusters. It may also be due to
the fact that because a broader time resolution (fwhm of the
IRF) is employed in this study, missing of faster components
inhibits the detection of the subtle variation in the faster time
scales. Representative biexponential fits to the emission decays
collected at peak wavelengths of LE and CT bands of P4C at
0.60 mole fraction of TBA are shown in Figure 5 where fit
parameters are also listed. Clearly, both the LE and CT emission
decays are biexponential as the residuals do not contain any
nonrandom pattern76 and values for the “goodness of fit
parameter” (ø2) are close to 1.

Figure 5 also demonstrates that when the fits are carried out
without any constraints, time constants describing the CT
emission decay are very similar to those required to fit the
corresponding LE decays. As shown in the lower panel of Figure
5, “free” fitting of CT emission decay at 0.60 TBA mole fraction
produces time constants 220 ps (rise time) and 2150 ps withø2

) 1.08. The time constant associated with the rise (rise time)
is thus very similar to the fast time constant (decay time, 201
ps) of the LE decay, indicating that these time constants are
essentially associated with the average reaction rate5 for the LE
f CT conversion reaction of P4C. Note here that fixing of the
rise time to the fast decay time constant of LE emission decay
(201 ps) or addition of a third exponential did not produce a
better fit. We would see soon that similar behavior has been
observed at all TBA mole fractions. It is therefore interesting
to note that self-association of TBA molecules in water-TBA

mixtures has not induced any deviation from the biexponential
kinetics observed earlier for P4C in neat solvents5 and electrolyte
solutions.19 Therefore, the biexponential behavior of the decay
kinetics for P4C in water-TBA mixtures also conform to the
classical two state reversible reaction mechanism as described
by Maroncelli and co-workers in ref 5.

The average reaction time can be obtained from the collected
LE emission decay from the following relation:5

whereai andτi are the fractional amplitudes and time constants
observed inn-exponential fit. Note that in the present study the
fast time constant is simply the average reaction time as the
decays are all biexponential with time. The average reaction
time (τrxn

avg) for P4C in water-TBA solutions are shown as a
function of TBA mole fraction in the upper panel of Figure 6.
The TBA mole fraction dependence of the reaction time
therefore clearly reflects the nonideality of the water-TBA
binary mixture. The reaction time in pure TBA is∼300 ps which
is similar to that in pure 1-pentanol.5 As the static dielectric
constants (ε0) of TBA and 1-pentanol are 12.5 and 13.9,
respectively,69 the similarity in reaction time probably indicates
that the average polarity of the medium largely governs the LE
f CT conversion reaction in P4C. The fact that the average
reaction time is∼6 times faster in extremely dilute TBA solution
than that in pure TBA provides further support to this conclusion
as earlier studies77,78with DMABN in butyronitrile-octane and
butanol-hexadecane mixtures showed the rate being propor-
tional to the polarity parameterET(30).

Figure 5. Representative LE emission decay (upper panel) and CT
emission decay (lower panel) of P4C in the mixture of water and TBA
at the mole fraction of 0.6 of TBA have been shown in this figure.
The data are represented by the circles, and the fit through the data is
by the solid line. The instrument response function is shown by the
broken line. The fit (biexponential) results are also provided in the
upper panel as well as in the lower panel. The LE peak count is∼3000
and the CT peak count is∼1000. Residuals are shown at the bottom
of each panel ((4 full scale).

τrxn
avg )

∑
i)1

n-1

aiτi

∑
i)1

n-1

ai

(4)
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As the H-bonding network structure is believed to be
strengthened upon addition of TBA in very dilute aqueous
solutions, the increased “compactness” (as reflected in the
lowering of isothermal compressibility)64 of the solvation
environment may affect the rate of LEf CT conversion
reaction. The effects of such structural transition on the reaction
rate should be reflected in the alcohol concentration dependence
of τrxn

avg in the water-rich region of water-TBA mixtures.
However, for the reasons already stated, the subtle variation in
τrxn

avg with TBA concentration in the very dilute TBA solution
could not be captured successfully. However, a closer look at
these data seems to suggest a broad minimum inτrxn

avg at TBA
mole fraction<0.05. Note that the values ofτrxn

avg at these TBA
mole fractions are much smaller than the effective resolution
of our decay analysis method and are therefore likely to be
associated with large uncertainties. However, these data are
reproducible and the variation with alcohol concentration
appears to be systematic. Therefore, the broad minimum at low
TBA mole fraction may arise due to the TBA-induced compact-
ness of the network structure which favors the formation of CT
upon photoexcitation of P4C molecule. Note that steady state
results presented in Figure 3 also bear the signature of such
structural enhancement. Therefore, further studies with better
time resolution are required to unravel the effects of structure
enhancement on reaction rate in the very dilute aqueous solutions
of TBA.

The effects of enhanced solution structure are clearly observed
when the time constant associated with the slower component
of the emission decay is plotted as a function of TBA mole
fraction. This is shown in the middle panel of Figure 6. Note
the presence of a minimum inτslow at TBA mole fraction∼0.04.
The bottom panel of Figure 6 depicts the amplitudes as a

function of TBA concentration obtained from the biexponential
fits to the LE emission decays. The TBA mole fraction
dependence of the amplitudes indicate that the LEf CT
conversion reaction is increasingly disfavored as the polarity
of the medium is decreased with successive addition of TBA.
Also, at the water-rich region, the overwhelming domination
of the fast component (afast) over the other one (aslow) suggests
that the reaction is highly favorable due to the large value of
change in reaction free energy (-∆Gr ∝ ln[afast/aslow]).5 Note
here that even though the magnitude ofaslow is very small at
TBA mole fractions<0.10, neglect of this does not produce a
good fit (as indicated byø2 and nonrandom pattern of the
residual).

IV. Conclusion

Let us first summarize the main results of the paper. Although
the absorption spectrum of P4C shows a red shift with alcohol
concentration in the TBA mole fraction regime 0.0-0.10 and
then blue shifts with further addition of TBA in the aqueous
solution, the emission spectrum exhibits a continuous blue shift
in the entire range of alcohol concentration. The nonideality in
solution polarity with alcohol mole fraction seems to be the
main guiding factor for the emission shifts, whereas the
absorption characteristics pick up also the effects of structural
enhancement at very low TBA concentration. The relatively
faster lifetime of the TBA clusters probably contributes to the
“homogenization” of the otherwise microscopically heteroge-
neous solution structure, and hence the steady state fluorescence
emission does not show any characteristics of the solution
inhomogeneity.

The spectral broadening and shifts for P4C with TBA mole
fraction are found to be different from those in neat solvents
and also in electrolyte solutions. The full width at half-maximum
(FWHM) of absorption spectrum is found to narrow with red
shift in the range 0.0-0.10 mole fraction of TBA, which is
opposite in direction to that found in systems where simply the
average polarity is changed.5,18,69 The CT emission band also
shows spectral broadening with a blue shift in the same range
(0.0-0.10) of TBA mole fraction, which is contrary to the
expectation based on earlier observations.5,18,69 At TBA mole
fraction higher than 0.10, the narrowing and shifts of the
absorption and CT emission bands correlate well with the earlier
results.19,69The LE emission band, however, narrows as it shifts
toward higher energy upon addition of TBA and shows a
nonideal alcohol concentration dependence. The opposite alcohol
mole fraction dependence of the LE and CT emission band-
widths in the very dilute aqueous solutions of TBA is mainly
responsible for the sharp rise in the CT/LE area ratio at TBA
mole fraction∼0.04.

Nonideal alcohol mole fraction dependence is also found for
quantum yield and transition moments for LE and CT emission
bands. Although the radiative rate associated with the LE
emission band shows a small increase with TBA concentration
in the very dilute solution, the CT radiative rate exhibits nonideal
TBA mole fraction dependence. The absorption transition
moment is also found to show a small increase in the TBA mole
fraction range 0.0-0.10. It would be worth noting that the
nonmonotonic dependence of quantum yield on solvent polarity
has been observed earlier79 with N,N-(dimethylamino)benzoni-
trile (DMABN) molecule in binary mixtures of n-octane and
propionitrile. The observed nonmonotonic dependence of TICT
emission on propionitrile concentration has been explained in
terms of a competition between the formation of the TICT state
and the decay through nonradiative pathways. Such an analysis

Figure 6. Mole fraction dependence of the reaction time (τrxn ) τfast),
time constant associated with the slow component of the biexponential
emission decay (τslow) and that of amplitudes (afast andaslow) associated
with the LEf CT conversion reaction of P4C in aqueous solutions of
TBA. The upper and middle panels show respectively the variation of
τrxn andτslow with TBA mole fraction, and the lower panel shows the
same for the amplitudes obtained from biexponential fits to the collected
emission decays.
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might be attempted to learn more about the competing processes
for this ring compound and its analogues in alcohol-water
binary mixtures.

The time dependent decay of the emission intensity is found
to be biexponential for all TBA mole fractions even though
microscopic heterogeneity is one of the characteristics of water-
TBA solutions. This demonstrates that the decay kinetics of P4C
in water-TBA mixtures also conform to the two state model
as envisaged earlier.5,19 The time constant associated with the
slower component of the biexponential decay shows the effects
of TBA-induced structural enhancement at very dilute solutions
of TBA. However, at higher alcohol concentration,τslow shows
the expected nonideal TBA mole fraction dependence.

We mention here that initial studies80 by using a well-known
solvation probe (C153) in water-TBA mixtures also reveal the
similar steady state characteristics as have been found for P4C.
When a better time resolution (FWHM∼75 ps) is used to study
the time dependent rotational anisotropy (r(t)) of C153 in this
mixture,r(t) is found to be biexponential at all TBA concentra-
tions. Moreover, studies with P4C in water-ethanol, water-
ethylene glycol, and DMSO-acetonitrile mixtures also indicate
the biexponential decay kinetics.81 Because slow solvation
dynamics due to preferential solvation in these binary mixtures
is likely to play an important role in determining the rate of
TICT reaction, study of solvation dynamics in these media is
required to explore the dynamic solvent control of the reaction
rates.23-35,82,83 Therefore, further studies with different TICT
molecules using a better time resolution is required where effects
on the TICT reaction of the novel interplay between the
hydrophobic and H-bonding interactions governing the structure
and dynamics in binary mixtures can be better understood.
Another interesting study would be the temperature dependence
of the TICT reaction in the 0.04 mole fraction TBA-water
solution. This system has recently84 been shown to display
significant meso-scale molecular aggregation and deaggregation
as the temperature of the solvent is increased from room
temperature to∼383 K. It would consequently be interesting
to see how the TICT process varies in the system as the
structural correlations in the solvent are varied over nanometer
length scales.
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