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ABSTRACT

Excited state proton transfer (ESPT) in biologically relevant

organic molecules in aqueous environments following photoex-

citation is very crucial as the reorganization of polar solvents

(solvation) in the locally excited (LE) state of the organic

molecule plays an important role in the overall rate of the ESPT

process. A clear evolution of the two photoinduced dynamics in a

model ESPT probe 1-naphthol (NpOH) upon ultrafast photo-

excitation is the motive of the present study. Herein, the detailed

kinetics of the ESPT reaction of NpOH in water clusters formed

in hydrophobic solvent are investigated. Distinct values of time

constants associated with proton transfer and solvent relaxation

have been achieved through picosecond-resolved fluorescence

measurements. We have also used a model solvation probe

Coumarin 500 (C500) to investigate the dynamics of solvation in

the same environmental condition. The temperature dependent

picosecond-resolved measurement of ESPT of NpOH and the

dynamics of solvation from C500 identify the magnitude of

intermolecular hydrogen bonding energy in the water cluster

associated with the ultrafast ESPT process.

INTRODUCTION

Hydrogen bonding interaction and associated intramolecular
processes like proton transfer in biomolecules following

photoexcitation is of fundamental importance in modern
chemistry and has received significant attention in recent time
(1,2). In the past years, the hydrogen bonding effects on the

structures and dynamics of many important molecular systems
have been well investigated (3–11). For example, Zhao and
Han have extensively studied hydrogen bonding in the ground

and excited states of organic and biological chromophores as
well as its influence to their structures and dynamics in solution
by use of combined experimental and theoretical methods.
They have demonstrated that intermolecular hydrogen bonds

formed between carbonyl chromophores and polar protic
solvents can be significantly strengthened in electronically
excited states of carbonyl chromophores (11), whereas it gets

weakened for thiocarbonyl chromophores (4). Furthermore,
they have also reported that radiationless deactivation pro-
cesses, such as internal conversion (IC), intersystem crossing

(ISC), photoinduced electron transfer (PET), excited state
intramolecular proton transfer (ESIPT) and excited state
double proton transfer (ESDPT) etc. are strongly influenced

by excited state intermolecular hydrogen bonding interactions
(5–7). Their study demonstrates that molecular photochemis-
try (like intramolecular charge transfer [ICT]) in solution can

be tuned by hydrogen bonding interactions in electronically
excited states (7). Very recently, studies involving site-specific
solvation (SSS) of the photoexcited protochlorophyllide a
(Pchlide a) in methanol using the time-dependent density

functional theory method, have theoretically confirmed that
intermolecular coordination and hydrogen bonds between
Pchlide a and methanol molecules can be strengthened in the

electronically excited state of Pchlide a (3). Moreover, the SSS
of the photoexcited Pchlide a in methanol can be induced by
the intermolecular coordination and hydrogen-bond strength-

ening upon photoexcitation. Although studies mentioned
above have well investigated the various aspects of excited
state hydrogen bonding interactions, less is known about
excited state proton transfer (ESPT) in organic molecules and

essentially their interaction with solvent molecules. Impor-
tantly, ESPT is a fundamentally important process that plays a
crucial role in many chemical and biological processes. To

study the hydrogen bonding interactions and their conse-
quence in the proton transfer, various organic photoacids are
found to be ideal model systems, where a significant reduction

of pKa of the organic molecules upon photoexcitation allows
measurement of ESPT process conveniently. Over the past few
decades, various photoacids have been extensively studied in

different solvents as well as in nanoscopic confined environ-
ments (12–14). In the present study, we have used a model
ESPT probe 1-naphthol (NpOH) in a binary mixture of water
and dioxane (DX).

NpOH is a weak base in the ground state (pKa = 9.5).
However, in the first excited electronic state, the pKa* of NpOH
in aqueous solution is about 0.5 (15). The fluorescence of the

NpOH molecule lies in the near UV, and in many solvents it is
more highly structured than that of the conjugate base,
1-napholate anion (NpO)), which lies in the blue, and is always

broad and featureless (16). The acid–base behavior of NpOH
has been studied in liquid solutions (16,17) and supersonic jets
(18,19). It has been shown that the ESPT of NpOH requires
adequate solvation for the stabilization of the polar transition

state and the photoproducts (NpO) and H+). It is observed
that with strong gas-phase bases (ammonia, piperidine and
triethylamine) proton transfer from NpOH occurs in small
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clusters (number of water molecules, n < 4), with a step-like
dependence on cluster size (20). However, for weaker gas-phase
bases such as H2O, no proton transfer has been detected up to
water cluster sizes of n � 10 and the ESPT process appears in

the larger water clusters of n ‡ 30 (19,21). The proton transfer
rate is believed to be controlled by the rate at which water
relaxes (solvation) around the NpOH, via interaction with two

electronic excited states namely 1Lb and
1La (the axes b and a

refer to the long and short axes of the aromatic ring,
respectively) (19). However, studies focusing on the solvent

dynamics around photoacids are sparse in the present litera-
ture. This is due to the presence of two competing relaxation
processes (intermolecular proton transfer and solvation stabil-

ization) in the excited state, which is quite complicated to
interpret separately. Earlier attempts have been made to
correlate the effect of solvation dynamics on the proton
transfer reaction. In one of the studies, Moog and Maroncelli

(22) have observed a time-dependent Stokes shift of the normal
emission in 7-azaindole in alcohols and clearly revealed that the
energy window for the observation of true proton transfer rate

without any complication from the dynamics of polar solva-
tion. However, a detail of the dynamics of solvation of an ESPT
probe prior to the proton transfer needs attention and is one of

the motives of the present study.
The role of water structural reorganization is expected to be

evident in the case of organized assemblies, for example, in the
nanocavity of cyclodextrin and the surfactant aggregates

(micelles and lipids), where water relaxation is much slower
compared with bulk water (23,24). It is indeed observed that
ESPT process in cyclodextrin (25), micelle (26), and lipids

(27,28) is markedly retarded by one to two orders of
magnitude compared with that in bulk water. These results
largely suggest that the solvents affect ESPT of NpOH in a

number of ways. For example, the nature and cluster size of
proton acceptor solvent molecules has a great influence on
ESPT (19). Apart from this, the dynamical participation of

water in the ESPT process is expected to be retarded by
relaxation processes in the solvent shells around the solute
(here NpOH). Despite the several advantages in the conven-
tional organized assemblies (micelle, reverse micelle or cyclo-

dextrin cavity), the properties of water in micelles or
cylcodextrin cavities depend on their charge and hydropho-
bic ⁄ hydrophilic character, as well as structure of the surfactant
head group and length of the hydrophobic tail (29,30). Thus,
they form hydrogen bond structure with water molecules to
different extent. While binary mixture composed of hydro-

philic and hydrophobic solvent are devoid of any such
complicacy. In this regard, DX has a unique property to form
small water clusters where the dynamical properties of the
water molecules can be monitored by changing the composi-

tion of the mixture (31). Moreover, DX has a distinctive
property to solubilize water in all proportions in spite of its
negligible polarity and it also offers a substantial number of

noninteracting hydrophobic sites ()C2H4 segments) to water.
In addition, DX can form a hydrogen bond with water, but
cannot self-associate to form clusters. As the water content

increases the water cluster size grows and a local concentration
of water molecules increases. In a recent study from our group
(31), we have explored the nature of solvation dynamics and

hydrogen bonding in the nanocluster of water in DX environ-
ments. Thus, such a system provides a rare opportunity for

studying the role of solvation dynamics on ESPT process,
which is slower, compared with that of bulk water. In addition,
the H-bonded structure of water in such nanoscopic environ-
ments mimic the isolated water molecules in biological systems

like lipid bilayer, protein interior etc. where proton transfer
processes are known to occur.

In the present study, we study the role of solvation

dynamics on the ESPT process of NpOH in water–DX
nanoclusters. The dynamics of proton transfer and solvent
relaxation have been examined through picosecond-resolved

fluorescence measurements. To ascertain the types of species
present in the water–DX mixture, we have used picosecond-
resolved area normalized emission spectroscopy (TRANES).

The time-resolved fluorescence Stokes shift method has been
adopted to study the solvation dynamics of water in the
nanoclusters. To compare the solvent relaxation dynamics as
revealed by the probe NpOH, we have measured the solvation

dynamics of water with another well-known solvation probe
Coumarin 500 (C500). To understand the energetics of the
hydrogen bonded network in hydrophilic (water)-hydrophobic

(DX) mixture, we have studied the excited state kinetics of
both the probes at different temperatures. Similarity in both
results reveals the importance of hydrogen bonding interaction

in the solvent relaxation process and thereby provides a
strengthened connection between solvation dynamics and ESPT
process.

MATERIALS AND METHODS

1-Naphthol was purchased from Sigma–Aldrich. Coumarin 500 (C500)
was a product of Exciton. 1,4-DX was purchased from Spectrachem
and was of highest purity available and used without further purifica-
tion. Double-distilled water was used for preparation of water–DX
mixture of different concentrations. Absorption and emission spectra
were recorded with a Shimadzu UV-2450 spectrophotometer and a
JobinYvon Fluoromax-3 fluorimeter, respectively. We used a commer-
cially available picosecond diode laser-pumped (LifeSpec-ps) time-
resolved fluorescence spectrophotometer from Edinburgh Instruments
(Livingston) for time-resolved measurements. For 409 nm excitation
(for electronic excitation of C500), a picoquant diode laser was used
with instrument response function (IRF) of 80 ps. For NpOH, we have
used a femtosecond-coupled TCSPC (time-correlated single-photon
counting) setup in which the sample was excited by the third harmonic
laser beam (290 nm) of the 870 nm (0.5 nJ per pulse) using a mode-
locked Ti-sapphire laser with an 80 MHz repetition rate (Tsunami,
Spectra-Physics), pumped by a 10 W Millennia (Spectra-Physics)
followed by a pulse-peaker (rate 8 MHz) and a third harmonic
generator (model 3980, Spectra-Physics). The third harmonic beam
was used for excitation of the sample inside the TCSPC instrument
(IRF = 70 ps) and the second harmonic beam was collected for the
start pulse. Luminescence transients were fitted by a commercially
available software F900 (LifeSpec-ps) from Edinburgh Instruments
using a nonlinear least squares fitting procedure to a function
ðXðtÞ ¼

R t
0 Eðt0ÞRðt� t0Þdt0Þ comprising of convolution of the IRF

(E(t)) with a sum of exponentials ðRðtÞ ¼ Aþ
PN

i¼1 Bie
�t=si Þ with pre-

exponential factors (Bi), characteristic lifetimes (si) and a background
(A). Relative concentration in a multiexponential decay was finally
expressed as; an ¼ Bn=

PN
i¼1 Bi

� �
� 100.

The time-dependent fluorescence Stokes shifts, as estimated from
time-resolved emission spectroscopy (TRES; 32,33), were used to
construct the normalized spectral shift correlation function or the
solvent correlation function C(t) defined as

CðtÞ ¼ mðtÞ � mð1Þ
mð0Þ � mð1Þ ð1Þ

where m(0), m(t) and m(¥) are the emission maximum (in cm)1) at time
zero, t and infinity, respectively. The m(¥) values had been taken to be
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the emission frequency beyond which an insignificant or no spectral
shift was observed. The C(t) function represents the temporal response
of the solvent relaxation process, as occurs around the probe following
its photoexcitation and the associated change in the dipole moment.
To ascertain the types of species present in the water–DX mixture, we
adopted the time-resolved area normalized emission spectra
(TRANES) technique developed by Periasamy’s group (34). TRANES
is a model free modified version of TRES mentioned earlier. A useful
feature of the method is that an isoemissive point in the spectra in-
volves two emitting species (could be same molecule in different
environments), which are kinetically coupled either irreversibly or
reversibly or not coupled at all.

RESULTS AND DISCUSSION

The absorption and emission spectra of NpOH in pure water,
DX and water–DX mixtures are shown in Fig. 1. Dynamic
light scattering (DLS) studies confirm the formation of water

nanocluster (1–400 nm) in the water–DX mixtures. The
absorption spectra are insensitive to the relative concentrations
of water and DX solvent mixture. This suggests that the
ground state property of NpOH hardly depends on the

polarity of the host solvent. However, the emission spectra
(Fig. 1b) show two distinct emission bands whose intensities
are sensitive to water concentrations. In a pure DX solvent,

there is a single emission band centered at 360 nm. On
addition of water, the intensity of this band decreases, and a
new band grows at 460 nm. The short wavelength emission has

been attributed to protonated NpOH, whereas the long-
wavelength emission to the deprotonated 1-naphtholate anion
(NpO)) characteristic of the ESPT between NpOH and water
solvent (35). The relative fluorescence intensity of the proton-

ated and deprotonated form with increasing mole fractions of
water is shown in the inset of Fig. 1b. As the water content
increases, the ESPT process is more and more facilitated. This

progressive increase in ESPT is related to polarity of the
solvent mixture, which mainly refers to the hydrogen bonding
ability of the solvent. One may note that the ESPT process is

believed to follow a three-state two-step model (19) as shown
in Scheme 1. Optical excitation of NpOH leads to 1Lb state.
Depending upon the hydrogen bonding ability and dielectric

constant, the relatively nonpolar first excited state relaxes to
the second polar acidic excited state 1La that has the oxygen-
to-ring charge transfer character, which is required for ESPT.
This is followed by removal of the proton in coordination with

relaxation of the solvent around the new ion pair. Thus,
properties of the solvent and relaxation dynamics determine
whether only the first or both steps take place.

In pure nonpolar DX, the only emitting species is first
relatively nonpolar excited state and as such there is no ESPT.
However, in the case of water–DX mixture, after the first step,

the lowest excited state interacts with the solvent water
molecule, leading to the ESPT reaction. It should also be
noted that there is no sign of ESPT reaction up to xw = 0.58
(Fig. 1b). This might be due to NpOH that does not get

enough water molecules in their immediate environment.
Previously, it was shown that clusters composed of a minimum
of approximately 30 or more water molecules are required

around the probe NpOH so that proton affinity of the cluster
is sufficient to promote ESPT (19). The observed decrease in
the fluorescence intensity at ca 330 nm (characteristic of

neutral NpOH) and consecutive growth at ca 450 nm (char-
acteristic of NpO)) are the consequences of the progressive
increase in water cluster size (Fig. 1b). It has to be noted that

at 0.79 mole fraction of water (xw), the intensity of the
protonated and deprotonated forms are comparable (Fig. 1b).

Figure 1. (a) Absorption and (b) emission spectra of 1-naphthol in
water–DX mixture with different mole fraction (xw) of water. Inset:
plot of variation of the normalized-fluorescence intensity of the
protonated naphthol (NpOH) and deprotonated (NpO)) forms at
different mole fractions of water in water–DX mixture.

Scheme 1. Schematic illustration of the excited state solvation of
1-naphthol in coordination with proton transfer process. Optical
excitation of NpOH leads to 1Lb state, which attains the second polar
acidic excited state 1La after solvation and finally removal of the
proton to the surrounding water molecules.
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Hence, the time-resolved measurements are carried out at this
particular concentration (xw = 0.79). The choice of this
concentration also lies in the fact that at xw = 0.79, the water
clusters have different geometry than that in the bulk water

due to the breakage of the hydrogen bond network. Pure
water clusters begin to appear at the critical point xw ‡ 0.83
(36). This is also reflected in the faster relaxation rate with

increase in the water content in water–DX, which increases the
number of hydrogen bonds per oxygen atom (31) Our DLS
experiment confirms a cluster size of �350 nm in the xw of 0.79

(data not shown).
We have measured fluorescence decays at a number of

wavelengths across the emission spectrum of NpOH in

water–DX mixture of xw = 0.79 and the fitting parameters
are tabulated in Table 1. Figure 2a shows the decay tran-
sients at three representative wavelengths (330, 440 and
490 nm). It is observed that the fluorescence decays are

wavelength dependent, and there is evidence of a rise in the
intensity as a function of time at the longest wavelengths
(490 nm). It is known that this type of rise in intensity is

characteristic of an excited state process in which the
emitting species is not directly excited but rather forms,
from a previously excited state (33). We have used the

fluorescence transients to construct TRES (time-resolved
emission spectra) as shown in Fig. 2b. In TRES, the
temporal profiles are well fitted by the sum of two
lognormal functions revealing two excited state processes.

At time t = 0 ns, only one peak centered at 27 140 cm)1 is
observed revealing the signature of neutral NpOH. As time
progresses, the peak intensity decreases (Fig. 2b) and shows
time-dependent Stokes shift (TDSS), which is indicative of

dynamic solvation. A new band near 22 332 cm)1 appears,
which is a characteristic of ESPT. The intensity of this new
band keeps growing, which can be readily used to measure

the kinetics of the NpO) ion formation. Thus, the rate of
proton transfer (formation of NpO)) is estimated by
plotting the time-dependent intensity at 22 332 cm)1 as

shown in the inset of Fig. 2b, which reveals a time constant
of 220 ps (Table 2).

From the TRES it is also evident that emission from locally

exited state (LE) is dominant in the wavelength region of
30 303–23 809 cm)1. On the other hand, the emission from the
NpO) is prevailing in the region of 21 739 cm)1. It is evident
from Table 1 that the longer time component (ca 2.3 ns) of the

fluorescence transients gradually increases with the increase in
the detection wavelength (from 2.4 ns at 330 nm to 8.0 ns at
450 nm) of LE emission. The observation is consistent with

the fact that NpOH molecules, which are stabilized by the
solvation, are expected to encounter higher solvation energy
barrier for the ESPT process as shown in Scheme 1. Our

observation is consistent with the results reported in the earlier
femtosecond-resolved studies on a twisted ICT probe (2-(p-
toluidino)naphthalene-6-sulfonate; TNS), where two compet-
ing processes, namely solvation and twisting dynamics, were

Table 1. The fluorescence lifetimes for 1-naphthol and Coumarin 500 in water–dioxane mixture with xw = 0.79 with a standard error of ca 10%.

Wavelength (nm) a1 (%) s1 (ps) a2 (%) s2 (ps) a3 (%) s3 (ps)

1-Naphthol 330 10 220 82 1000 8 2350
340 3 260 86 970 11 2140
350 – – 95 1010 5 2750
360 – – 95 1010 5 2640
370 )12 20 105 980 7 2760
380 )12 70 108 1020 4 2860
390 )18 90 113 1020 5 3400
400 )16 50 111 1060 5 5840
410 )12 70 102 1070 10 6710
420 )25 80 102 1150 23 7450
430 )35 100 90 1300 45 7580
440 )45 160 72 1560 73 7780
450 )69 220 61 1930 108 8020
460 )93 270 67 3110 126 8320
470 )120 360 77 3530 143 8550
480 )154 380 100 4130 154 8830
490 )179 430 167 5080 112 10 260

C500 450 70 60 5 560 25 4980
460 55 70 5 1050 040 5010
470 43 80 5 1380 52 5000
480 28 100 8 2410 64 5070
490 18 100 10 2630 72 5060
500 11 100 15 2960 74 5120
510 3 110 32 3640 65 5310
520 1 100 27 3600 73 5200
530 )3 420 9 2110 94 4950
540 )10 700 11 1180 99 4880
550 )14 540 13 1000 101 4880
560 )7 240 12 3040 95 4980
570 )8 200 56 4120 52 5480
580 )11 170 52 4140 59 5370
590 )19 70 83 4420 39 5270
600 )36 80 11 3800 125 4875
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found to be major deactivation channels in the excited state of

the probe molecule (37).
To show the TDSS of LE NpOH more clearly, we have

normalized the fluorescence intensity at 27 140 cm)1 and fitted

with a lognormal function as shown in Fig. 2c. The observed
Stokes shift is roughly 255 cm)1 over a time window of 1 ns.
From the dynamic Stokes shift, we have constructed the solvent

correlation function (C(t)) to obtain the solvation time con-
stants (inset of Fig. 2c). The constructed C(t), can be fitted
biexponentially with time constants of 70 (85%) and 340 ps
(15%) (Table 2). It should be noted that both the observed time

constants are much slower than the subpicosecond solvation
time constant of bulk water (38). These slow components might
have their genesis in the translational diffusion of water into the

solvation shell displacing the nonpolar solvent molecule in the

cluster (39–41). Such slow solvation dynamics in relatively
concentrated solutions of polar fluid in hydrophobic solvents
has previously been reported (39,42). The average solvation
time constant (a1s1 + a2s2 = <ss> = 110 ps) in our case is

in good agreement with that reported by Mitra et al. (31) with
Coumarin 500 for a similar system with xw = 0.826.
A significant retardation in the proton transfer rate and the

dynamics of solvation in our experimental condition
(xw = 0.79) can be rationalized as follows.

In pure water, NpOH undergoes ESPT in ca 35 ps, causing

a 35 ps fall time of the protonated species and a ca 35 ps rise
time for the deprotonated product, 1-naphtholate anion (35).
At xw = 0.79, we have also observed a fall (at 330 nm for the

protonated form) and rise (at 450 nm for the deprotonated
form) time of ca 220 ps (Table 1). Thus, the ESPT in water–
DX mixture is slowed down approximately seven times
compared with that in pure water. The reduction in ESPT

has two probable causes. First, local concentration of water
molecules near the photoacid, NpOH in water–DX mixture
should be sufficient to promote proton transfer. In fact, a

cluster composed of minimum of 30–50 water molecules is
required to promote ESPT (20). Second, the solvation reor-
ganization in water–DX mixture (ca 110 ps) is much slower

compared with that in bulk water (ca 1 ps). For water–DX
mixture, water clusters are present with considerably different
geometry than that in the pure water due to breakage of the
hydrogen bond network. Previously, Knochenmuss and Smith

suggested that the ESPT rate is controlled by the rate at which
the water relaxes around the NpOH fluorophore, via interaction

Figure 2. (a) Picosecond-resolved decay transients of 1-naphthol at 330, 440 and 490 nm in water–DX mixture with xw = 0.79 at room
temperature (excitation at 300 nm). (b) Time-resolved emission spectra (TRES) of 1-naphthol for xw = 0.79 in water–DX mixture. The peak
fluorescence intensity at 450 nm of naptholate anion (NpO)) is shown in the inset. (c) Normalized time-resolved emission spectra of 1-naphthol in
water–DX mixture with xw = 0.79. The corresponding solvent correlation function, C(t), has been shown in the inset. (d) TRANES of 1-napthol
for xw = 0.79.

Table 2. Proton transfer and solvent correlation time constants for
1-naphthol and Coumarin 500 in water–dioxane mixture with
xw = 0.79 with a standard error of ca 10%.

Probe
Temperature

(K)
s1 ⁄ ps
(%)

s2 ⁄ ps
(%)

<s>
(ps)

sPT
(ps)

1-Naphthol 278 76 (90) 1000 (10) 168 380
293 70 (85) 340 (15) 110 220
313 65 (100) – 65 230

Coumarin 500 278 99 (87) 55 (13) 160 –
293 67 (55) 15 (45) 105 –
313 72 (69) 13 (31) 89 –
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with two electronic excited states (43). Thus, time-resolved
analysis as discussed above clearly indicates that the dynamical
rearrangement (solvation of average time of 110 ps) is an
essential requirement prior to the ESPT (average time of

220 ps). An isoemissive point at 24 086 cm)1 in the TRANES
as shown in Fig. 2d indicates the presence of two distinct
species (34) namely neutral NpOH and the NpO) anion

revealing characteristic peaks at 27 140 and 22 332 cm)1. It is
evident from Fig. 2d that at time t = 0, there is only one
emission band centered at 27 140 cm)1 and the emission is

from the LE NpOH. As time progresses, the band at
22 332 cm)1 is clearly seen to grow at the expense of the one
at 27 140 cm)1.

To check the reliability of the solvation time constants as
revealed by NpOH, we have studied the excited state dynamics

of Coumarin 500 (C500), a well-known solvation probe in the
same composition of water–DX mixture. To construct the
TRES, the decay transients of C500 have been monitored at 16
different wavelengths from 450 to 600 nm with 10 nm interval.

Figure 3a represents the emission decays at two extreme
wavelengths (450 and 600 nm). On the blue edge of the
spectrum (450 nm), the fluorescence transient undergoes

decay, whereas on the red edge (600 nm) it rises, which is the
clear indication of relaxation dynamics of C500. The inset of
Fig. 3b denotes the constructed TRES of the system. The

constructed TRES shows a spectral shift of 395 cm)1 and the
corresponding solvent response function (Fig. 3b) is well fitted
biexponentially with time constants of 67 ps (55%) and 150 ps

(45%; Table 2). It is to be noted that TRANES analysis of
C500 (Fig. 3c) is devoid of any isoemissive point indicating the
fact that there is a single emitting species in the excited state
and the continuous time evolution is due to the solvation

dynamics only. The average solvation time constant of 105 ps
is in good agreement with that obtained using NpOH
(Table 2).

The solvent reorganization around NpOH certainly in-
volves breaking of hydrogen bonds as molecules translate and
rotate, and this will require activation. It is therefore con-

structive to perform a temperature dependent study of the
system. Figure 4 shows the emission spectra of NpOH and
C500 with xw = 0.79 at five different temperatures. From
Fig. 4a it is evident that emission intensity of NpOH decreases

significantly with increasing temperature. In fact, the extent of
decrease of fluorescence intensity for the anionic form

Figure 3. (a) Picosecond-resolved decay transients of C500 at 450 and
600 nm detection wavelength in water–DX mixture with xw = 0.79
(kex = 409 nm). (b) Solvent correlation function, C(t), of C500 in
water–DX mixture with xw = 0.79. The corresponding TRES has
been shown in the inset. (c) TRANES of C500 in water–DX mixture
with xw = 0.79.

Figure 4. Emission spectra of 1-naphthol (a) and C500 (b) in water–
DX mixture of xw = 0.79 at different temperatures.
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(450 nm) is higher than that for the neutral species (360 nm). A
small blueshift (around 4-5 nm) of the peak at 360 nm is also
evident. However, no such change in the absorbance spectra is
found for NpOH with increasing temperature (data not

shown). The steady-state emission spectra of the system using
C500 (Fig. 4b) shows a marginal (3–4 nm) blueshift as the
temperature is increased from 278 to 343 K. The observed

blueshift indicates a less polar environment experienced by the
probe at elevated temperatures. To gain more insight, we
performed time-resolved measurement of xw = 0.79 at five

different temperatures. The constructed TRES are shown in
the Fig. 5a,b at 278 and 313 K, respectively. TDSS of the
protonated species is used to construct solvent correlation

function and the values are listed in Table 2. The overall
decrease of the average solvation time on increasing temper-
ature reveals that an increase in temperature accelerates the

solvation process. It has to be noted that due to our limited
instrumental resolution we could not resolve the water
dynamics at higher temperature (>313 K) in the present
system. The temperature-induced acceleration of solvation

dynamics is possibly due to breakdown of the hydrogen bond
network followed by the formation of smaller clusters with
increasing temperature (31). In fact, it has been suggested that

DX specifically binds five or six water molecules into more
strongly bound hydrogen-bonded structures than in liquid
water itself (44,45). There exists a dynamic equilibrium

between the bound type (strongly hydrogen bonded to ether
oxygen of DX) and free type (not directly hydrogen bonded to
DX). The energetic of the exchange depends upon the strength

and the number of hydrogen bonds among the water molecules
at the interface (i.e. water–DX interface). The bound to free
type transition of water molecules with temperature is assumed
to be governed by an Arrhenius type of activation energy

barrier crossing model (46,47). We fit an Arrhenius plot using
the <ss> values listed in Table 2 (Fig. 6a). Plots of ln
(1 ⁄<ss>) vs 1 ⁄T produce good linear fit with corresponding

activation energy (Eact) values of 4.60 ± 0.2 kcal mol)1. We
also perform similar measurement (Fig. 6b) using C500 in
identical system, which purely senses solvent relaxation

(Table 2) and Eact is found to be 2.85 ± 0.4 kcal mol)1.
Solvent reorganization results from solvent relaxation around
the solute molecule (fluorophore) following a change in the
excited state dipole moment. The difference in the activation

Figure 5. Normalized time-resolved emission spectra of of 1-naphthol
in water–DX mixture with xw = 0.79 at 278 K (a) and 313 K (b). The
corresponding solvent correlation function, C(t), has been shown in
the inset. (c) The increase in peak intensity of the deprotonated form
(NpO)) at two different temperatures (278 and 313 K), respectively.

Figure 6. Arrhenius plot for water–DX mixture in xw = 0.79 with two
different dyes (1-naphthol and C500). The solid lines are the best linear
fit. The error bars are of 0.2% and 0.5%, respectively.
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energies is probably due to the difference in specific hydrogen
bonding interactions of the probe fluorophores in the water
clusters (31,42).

Having understood the temperature-induced acceleration of

solvation dynamics, we now focus on the proton transfer rate.
The peak intensity of the deprotonated form provides the
value of proton transfer time constant. The proton transfer

time constant becomes faster on raising the temperature from
278 to 293 K and then does not change appreciably (Table 2).
This is in contrast to the solvation dynamics where a

progressive decrease in average solvation time constant is
observed with increasing temperature. This discrepancy can be
understood as follows. As discussed earlier, ESPT is mainly

controlled by two factors namely local concentration of water
molecules near the photoacid and solvent reorganization. We
have discussed that at elevated temperatures, the hydrogen
bond network of clusters break down and isolated small

clusters consisting of different geometry of hydrogen bonded
water start growing. This lowers the polarity of the system due
to breakage of hydrogen bonded network, which is also

evident from the steady-state emission spectra of the probe as
discussed earlier (Fig. 4a,b). Both the lowering in the polarity
and local concentration of water favor the emission from the

relatively nonpolar first excited state 1Lb and disfavor second
polar acidic excited state 1La that has the oxygen-to-ring
charge transfer character, which is required for ESPT.

CONCLUSION

Our study explores the role of solvent relaxation on ESPT of

NpOH in water–DX mixture quantitatively. Time-resolved
studies distinctly differentiate the dynamics of two time-
dependent excited state processes, the solvent relaxation and

the deprotonation. The extent of proton transfer of NpOH is
found to be retarded in water–DX mixture compared with that
in bulk water. This retardation is attributed to the local
concentration of water molecules near the photoacid and

solvent reorganization. Solvent dynamics become faster with
increasing temperature due to breakage of cooperative hydro-
gen bond network present in the large clusters to smaller

clusters. Increased solvent relaxation at higher temperature
makes deprotonation faster. ESPT of a photoacid is an
optimization between the local concentration of water and

solvent relaxation. At elevated temperature local concentra-
tion of water reduces due to breakdown of hydrogen bonded
network and ESPT does not change appreciably, although
solvation becomes faster.
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