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Abstract The photophysical behavior of 2-(4′-N,N-dime-
thylaminophenyl)imidazo[4,5-b]pyridine (DMAPIP-b) has
been studied in nonionic triton X-100 (TX-100), cationic
cetyltrimethylammonium bromide (CTAB) and anionic
sodium dodecylsulfate (SDS) micelles using steady state
and time resolved fluorescence techniques. The molecule
emits both normal and TICT fluorescence in SDS and TX-
100 but emits only normal fluorescence in CTAB. This
difference in behavior of the fluorophore is due to varying
extent of hydrogen bonding experience by it in different
micelles. Of the three possible monocations, only two kinds
of monocations, MC1 (formed by protonation of pyridine
ring nitrogen) and MC2 (formed by the protonation of
imidazole nitrogen) are present in all the micelles
(Scheme 1). DFT calculations performed on the mono-
cations reveal that MC1 and MC2 are more stable than
MC3, the monocation formed by the protonation of
dimethylamino nitrogen.

Keywords TICT. Fluorescent probe . Prototropic
equilibrium . Hydrogen bonding

Introduction

Molecules those emit intramolecular charge transfer (ICT)
fluorescence have attracted growing interest in recent
investigations [1, 2]. When excited, the fluorophore could
give a dual fluorescence due to emission from both the

locally excited (LE) state and the twisted intramolecular
charge transfer (TICT) state. This dual fluorescence
emission is very sensitive to polarity and viscosity [1, 2].
Thus TICT compounds are important for applications, for
example, as a fluorescence sensor and as a probe and in
material science [3, 4].

In our recent communication [5], we have reported the
protic solvent induced dual fluorescence emission of 2-(4′-
N, N-dimethylaminophenyl)imidazo[4,5-b]pyridine (DMA-
PIP-b, Scheme 1). The longer wavelength emission is due
to formation of the TICT state facilitated by hydrogen
bonding of the solvent with the pyridine nitrogen. The
TICT fluorescence increases with increasing hydrogen
bond donating capacity and polarity of the solvent, but no
dual fluorescence was observed in water. The TICT
fluorescence also decreases with increase in viscosity of
medium. Thus the dual fluorescence emission of DMAPIP-b
is expected to be modulated by viscosity, polarity and
hydrogen bonding capacity of the environment.

The study of micellar solutions is of interest both
from the point of view of basic research and applications
of surfactants. Micelles also simulate a more complex
environmental conditions present in larger bioaggregates
such as membranes. Therefore micelles are being exten-
sively studied as rudimentary models for biological lipid
membrane systems [6, 7]. Attention has been paid to the
micellar activities on the nature and characteristics of
different photophysical and photochemical processes [4, 5,
8, 9]. Upon binding, a molecule will experience a different
environment inside the microheterogeneous structure of
micelle, than that of bulk solvents for e.g., polarity,
viscosity and diffusion of water molecules changes on
moving towards the core of the micelle. In other words,
the micelles can influence the TICT emission of DMAPIP-
b in a unique way. Thus we have investigated the effects
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of TX-100 (nonionic), CTAB (cationic) and SDS (anionic)
micelles on the photophysics of DMAPIP-b. The studies
result in an interesting observation that TICT emission is
induced only in SDS and TX-100, but not in CTAB.

Materials and methods

DMAPIP-b was synthesized from 2, 3-diaminopyridine and
4-dimethylamino benzoic acid by the procedure reported in
our previous paper [5]. TX-100 (Aldrich), CTAB (99%,
Sigma) and SDS (≥99%, Sigma) were used as received.
Millipore water was used for preparing aqueous solutions.
The pH of the aqueous solutions was adjusted by addition
of NaOH or H2SO4. Spectral measurements were per-
formed at the solute concentration of 5×10−6 M. Absorp-
tion and fluorescence spectra were recorded on Cary 50 and
Cary Eclipse instruments, respectively. Fluorescence spec-
tra reported were corrected spectra. Fluorescence lifetimes
were measured with the use of the Jobin Yon Spex
Fluorocube instrument. IBH 375 nm LED was used for
excitation and emission intensity was recorded using
420 nm Scotch cut-off filters. The Fluorocube instrument
employs a TBX-04 detector with jitter timing of 250 ps
FWHM or better. The fluorescence decays were analyzed
with the reconvolution method using software provided by
IBH. All experiments were performed at 300 K.

Results and discussion

Absorption and steady-state fluorescence

Spectral data of DMAPIP-b in micelles along with few
solvents are compiled in Table 1. The longer wavelength

absorption maximum is red shifted in micelle with small
increase in molecular extinction coefficient. The spectral
behaviors are consistent with the solublization of the
molecule in micelles. Upon addition of surfactant, the
fluorescence spectrum of DMAPIP-b is blue shifted with
increase in intensity (Figs. 1, 2 and 3). But the difference
between SDS and other surfactants is, SDS triggers dual
emission in DMAPIP-b and two clear emission bands start
to appear in SDS solution at concentrations above 4 mM.
The intensity of the longer wavelength band increases
with further increases in SDS concentration (Fig. 3). No
such clear two band spectrum was observed in TX-100 or
CTAB even at 40 mM solution. The overall fluorescence
increases by a factor of 38 in TX-100, 36 in CTAB and 4.3
in SDS.

The spectral characteristics of DMAPIP-b have been
studied well [5]. DMAPIP-b emits dual emission only in
protic solvents. The shorter wavelength emission is from
LE state. The longer wavelength emission is due to
formation of a TICT state facilitated by the hydrogen
bonding of the solvent with pyridine nitrogen of
DMAPIP-b. The intensity ratio of the TICT to normal
emission increases with increase in hydrogen bonding
capacity of the solvent. But in water the TICT emission
is almost completely quenched. This was attributed to
greater stabilization of the highly polar TICT state by
strong dipole-dipole and hydrogen bonding interactions
with water, and consequently, rapid nonradiative transi-
tion to the ground and/or low lying triplet state. Based
on the above results and considering results in the
present study, the shorter wavelength band in SDS and
the emission bands in CTAB and TX-100 can be
assigned to normal emission and the longer wavelength
emission band in SDS can be assigned to TICT
emission.
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Scheme 1 DMAPIP-b and its monocations
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Binding constants of DMAPIP-b with different micelles
have been determined following the method proposed by
Almgren et al. [10]. According to the method

Fm � F0ð Þ
.

Fin � F0ð Þ ¼ 1þ K M½ �ð Þ�1

where, F0, Fm and Fin are the fluorescence intensities of the
probe in absence of surfactant, in micellar solutions of
concentration [M], and under conditions of complete
micellization respectively. K represents the binding constant
between the probe in the excited state and micelle. The
micellar concentration

M½ � ¼ S½ � � CMCð Þ=n

where [S] is the surfactant concentration and n is the
aggregation number. The aggregation numbers were taken
as 143, 60 and 62 for TX-100, CTAB and SDS,
respectively [11]. The binding constants obtained for TX-
100, CTAB and SDS are 4.6±0.2×104, 3.3±0.4×104, and
5.1±0.8×105M−1 respectively.

Fluorescence lifetime

Fluorescence lifetime data obtained in different micelles
along few solvents are listed in Table 1. Single exponential
decays were observed in aprotic solvents. However two
different lifetimes due to normal and TICT emissions were
observed in protic solvents [5].The lifetime of the LE state
is attenuated in protic solvents compared to aprotic solvents
and the shortest lifetime is observed in water. The short
lifetime of the normal emission in protic solvent may due to
the strong intermolecular hydrogen bonding between
DMAPIP-b and protic solvent molecules, resulting in an
increase in the nonradiative decay rate of the LE state.
Thus, as expected the lifetime of the normal emission
increases in all the three micelles compared to water.
Biexponential decays are observed in SDS and TX-100.
This indicates that not only SDS micelle, TX-100 micelle
also triggers the dual emission in DMAPIP-b and the weak
TICT emission is burried underneath the strongly enhanced
normal emission. In β-cyclodextrin environment also no
clear band TICT emission was observed for DMAPIP-b,
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Fig. 2 Fluorescence Spectra of DMAPIP-b as a function of CTAB
concentration (λexc=350 nm)

0

50

100

150

200

250

300

350

360 410 460 510 560 610
Wavelength (nm)

In
te

n
si

ty
 (

a.
 u

.)

[TX-100], mM
40.0
35.0
20.0
10.0
2.5
1.8
1.5
1.0
0.8
0.5
0.3
0.2
0.1
0.0

Fig. 1 Fluorescence Spectra of DMAPIP-b as a function of TX-100
concentration, λexc=350 nm

Medium λmax
a log ∈max λmax

f τ1

Cyclohexane 336, 352 (sh) – 359, 379, 398 1.99

Acetonitrile 345 4.50 407 1.50

Ethanol 350 4.48 413 0.85 (21.05)

494 2.07 (78.95)

Methanol 350 4.50 414 0.31 (56.50)

506 1.16 (43.50)

Water (pH 9.0) 345 4.39 451 0.16 (98.75)

2.13 (01.25)

SDS (50 mM, pH 10.2) 349 4.50 431 0.30 (70.18)

530 1.25 (29.82)

TX-100 (80 mM, pH 7.3) 352 4.46 416 1.24 (91.31)

3.06 (8.69)

CTAB (80 mM, pH 7.1) 353 4.45 424 1.30

Table 1 Absorption band max-
ima (λmax

a, nm), log ∈max, M
−1

cm−1, fluorescence band maxi-
ma (λmax

f, nm) and fluorescence
life time (τ, ns) for neutral
DMAPIP-b in different media

1 λcoll>420 nm, figures in pa-
renthesis show relative
amplitudes
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however biexponential decay clearly established the dual
emission [12]. Monoexpoential decay of DMAPIP-b in
CTAB, clearly suggests the absence of TICT emission in
CTAB.

Nature of the binding site

Determination of polarity of the probe binding site inside
the micelle has great importance in biological systems,
and much attention has been drawn in that direction [13,
14]. In addition determination of micropolarity serves as
an indicator of the local environment in which a given
fluorophore is placed and enables one to find the probable
location of the probe [15]. Single exponential decay for
normal band and very high values of K establish that
DMAPIP-b is present only at one site in the micelles. So
we have made an attempt to evaluate the effective polarity
at the micellar site of DMAPIP-b location from the
correlation diagrams drawn between the fluorescence
maxima of the normal band and ET(30), solvent polarity
parameter [16] (not shown). The results clearly show that
the micropolarity of DMAPIP-b binding sites in micelles,
are close to that of alcohols. In other words, the probe
molecule resides not in the core region, but in the
micellar-water interface with limited exposures to water.
The polarity experienced by the fluorophore in SDS is
more compared to other micelles. This suggests that the
amount of water molecules present in the Stern layer of
SDS is more than the palisade region of TX-100 or the
Stern layer of CTAB.

Kundu et al. proposed p-N,N-dimethylaminobenzonitrile
present in SDS and CTAB with the dimethylamino group
(donor) at the micellar periphery and the other end
(acceptor) deep inside the micellar core [17]. On the other
hand Jaffer et al. suggested two different orientation for
TICT probe trans-2-[4-(dimethylamino)styryl]benzothia-
zole in SDS and CTAB. It was proposed that the –NMe2
was oriented toward the micellar phase and the benzothia-

zole ring was projected toward the bulk aqueous environ-
ment in SDS and the orientation was reversed in CTAB
[18]. It is well established that –NR2 group acts as proton
acceptor in the ground state [19]. The removal of water
solvation shell around the –NMe2 group would cause a red
shift. The red shift in the absorption spectrum of DMAPIP-
b in SDS indicates that –NMe2 group is present in the
micellar phase and the imidazopyridine ring is exposed to
water. The orientation also ensures the hydrogen bonding of
the water with pyridine nitrogen of DMAPIP-b and such a
hydrogen bonding is necessary to induce the TICT emission
in DMAPIP-b. The reduced polarities experienced by the
molecule more destabilize the greater polar TICT state
than the LE state. As a consequence, the energy of
activation for the LE to TICT transition is increased, and
hence increasing the normal emission [1, 2]. As far as the
TICT state is concerned, destabilization inside the micellar
environment increases the energy gap between the TICT
state and the low lying states. This increase in energy gap
reduces the nonradiative rate. This explains the observed
TICT emission in SDS. In the reverse orientation, i.e. when
imidazopyridine ring resides inside the micelle, the pyridine
nitrogen is not available to form hydrogen bonding with
water and may explain the absence of TICT emission in
CTAB. However the red shift found in the absorption
spectra of CTAB compared to water clearly rules out such
an orientation for DMAPIP-b in CTAB. Thus the absence
of TICT emission in CTAB and small TICT emission in
TX-100 may be due to reduced hydrogen bonding
experienced by the probe inside the micelle. Bagchi et al.
also reported that the hydrogen bond donating capacity in
micelles follows the order SDS > TX-100 > CTAB [20].
They also demonstrated that in SDS-TX-100 mixed micelle
the hydrogen bonding donating ability decreases with
increase in TX-100 concentration [21]. These properties in
the micellar phase were attributed to the difference in
extend of bound water molecules present in the micellar
interface. Several other groups also observed that the
environment of SDS is richer in water content as compared
to that in TX-100 and CTAB [22, 23].

The large difference observed in the lifetimes of LE and
TICT states in SDS and TX100 (Table 1), suggests that the
equilibrium is not established between the two emitting
states in these micelles also. The same behavior was reported
for p-N,N-diethylamino benzoic acid in β-cyclodextrin
[24]. It was shown that diethylamino group was located
inside the cyclodextrin cavity and –COOH group outside
the cavity, which was involved in hydrogen bonding, and
increase in the rate of formation of TICT state and decrease
in the rate of reverse process. A similar explanation can be
offered in our case also, as the -NMe2 group is projected
toward the micellar core and the imidazopyridine ring
towards the water rich part of the micelles. The shortest
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Fig. 3 Fluorescence Spectra of DMAPIP-b as a function of SDS
concentration, λexc=350 nm
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lifetime observed for normal emission in SDS (among the
micelles) substantiates the conclusion that DMAPIP-b
experience a water rich environment inside SDS compared
to TX-100 and CTAB.

pH effects

DMAPIP-b has three basic centers, but still only one
absorption and one fluorescence bands correspond to the
imidazole ring nitrogen protonated monocation was observed
in aqueous medium [5]. It was reported that micelles strongly
influence the formation and relative population of cations
[25]. Since our present probe DMAPIP-b has three basic
centers and it may form three types of monocations
(Scheme 1): MC1 (protonation of pyridine nitrogen), MC2
(protonation of imidazole nitrogen) and MC3 (protonation of
dimethylamino nitrogen). Thus we intend to know the effect
of micelle on the protropic equilibrium. The absorption and
fluorescence spectra of the dye at different pH were measured
in CTAB (80 mM), TX-100 (80 mM), and SDS (50 mM) and
the relevant data are along with the pKa compiled in Table 2.
Absorption spectra are red shifted in all the micelles with
decrease in pH. The fluorescence maximum of DMAPIP-b in
CTAB is red shifted with decrease in intensity with increase
in acid concentration (Fig. 4). The behavior is also observed
in TX-100 (Figure not shown). With decrease in pH the
fluorescence normal band maximum in SDS is red shifted
with increase in intensity and on the other hand the intensity
of TICT band decreases (Fig. 5). These red shifts in
absorption and fluorescence spectra are consistent with those
observed in aqueous medium. But in micelle the fluorescence
spectra are more complicated than in water. For example, in
SDS at monocationic pH (the pH at which DMAPIP-b is
completely present in monocationic form), a fluorescence
band is observed at 435 nm with a long tail when λexc=
360 nm. With increase in λexc another band appears at longer
wavelength side at 550 nm. The intensity ratio of the longer
wavelength emission to shorter wavelength emission also
increases with increase in λexc (Fig. 6). The behavior of the
fluorescence excitation spectra also matches with emission
spectra. Only one band (385 nm) is observed in the excitation
spectrum when λem=430 nm and the band maxima shift

towards red with increase in λem. At λem=610 nm the
excitation spectral band appears at 407 nm (Fig. 7). These
spectral behaviors are consistent with formation of two kinds
of monocationic species in SDS. Similar excitation and
emission spectral characteristics are also observed in TX-100
and CTAB at monocationic pH, and indicate the presence of
two kinds of monocations in these micelles also (Table 2).
The observed red shift in absorption and fluorescence spectra
rules out the protonation of dimethylamino nitrogen. How-
ever a large red shift is expected in particular with the
fluorescence spectrum due to TICT emission, on protonation
of pyridine ring nitrogen [26]. Thus the longer wavelength
excitation and emission spectral bands can be assigned to
MC1 and the shorter wavelength excitation and emission
ones to MC2.

To substantiate further, we have optimized the geome-
tries of all the monocations in the ground state by density
functional theory (DFT) [27] method using the hybrid
Becke3 [28] and the Lee-Yang-Parr functionals [29]
(B3LYP) in conjunction with 6-31G* basis set by Gaussian
03 W package to calculate the ground state energy and
dipole moment. The results thus obtained are presented in
Scheme 1. Theoretical calculations predicted MC2 as the
most stable and least polar monocation. As mentioned
earlier, only absorption and fluorescence bands correspond
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Fig. 4 Fluorescence spectra of DMAPIP-b in 80 mM CTAB as a
function of pH, λexc=370 nm

Table 2 Absorption band maxima (lmax
a, nm), fluorescence excita-

tion band maxima (lmax
ex, nm) and emission band maxima (lmax

f ,
nm) for monocationic DMAPIP-b and pKa value in different media

Medium lmax
a lmax

ex lmax
f pKa

Water (pH 4.0) 386 – 451 5.4

CTAB (80 mM, pH 2.6) 379 360, 403 437, 530 3.6

TX-100 (80 mM, pH 2.9) 387 368, 403 428, 523 3.9

SDS (50 mM, pH 5.1) 394 385, 407 434, 550 7.3
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Fig. 5 Fluorescence spectra of DMAPIP-b in 50 mM SDS as a
function of pH, λexc =370 nm
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to MC2 was observed in aqueous medium [5]. The
observation of MC1, in the less polar micellar media may
be due to reduced nonradiative rates (like the TICT
emission of neutral DMAPIP-b). The excitation energies
were obtained by vertical excitations of optimized ground
states using time dependent DFT (TDDFT) using B3LYP/6-
31G calculations [30, 31]. The TDDFT excitation energies
values for MC1 and MC2 are 2.50 eV and 3.39 eV
respectively. The calculations also predict MC1 is more
red shifted than MC2. The theoretical excitation energy
obtained for MC2 (3.39 eV) is in very good agreement with
experimental value (3.37 eV in TX-100). But the TDDFT
excitation energy for MC1 is very small (2.50 eV)
compared to experimental value (3.05 eV in TX-100). It
is reported in the literature that TDDFT poorly describes
some charge transfer situations, in which little or no overlap
between the atomic orbitals contributing to the HOMO and
those to the LUMO [32, 33]. However ZINDO calculations
predict the excitation energy for MC1 as 2.89 eV and is in
fair agreement with the experimental value (3.05 eV).

The striking difference between SDS and other micelles
is the increase in fluorescence intensity with decrease of pH
(Fig. 5). This could be due to large decrease in
nonradiative rates for monocationic species than the
neutral molecule in anionic micelle. In monocationic
forms of the dye, imdazopyridine ring posses more
positive charge and it interacts with the negative charge
of the SDS polar head group. This results in higher
binding between cation and SDS. In addition the dipole-
dipole interaction attracts the imidazopyridine ring
towards the Stern layer and pushes the rest of the cation
more deep inside the micelle. This reduces the interac-
tion of monocation with water.

Fluorescence spectra of the monocations were also studied
as function of surfactant concentration. The fluorescence
intensities of both the monocations increase with increase in
surfactant concentration. The fluorescence intensities of both
emission and excitation spectra of monocations are plotted
against the surfactant concentrations to find the CMC of the
surfactant and are compiled for in Table 3. The increase in the
CMC of the nonionic micelles and the decrease in the CMC
of the anionic micelle with the addition of protic acids is
consistent with earlier works [22, 34, 35]. Interestingly the
CMC value obtained for SDS using MC1 fluorescence
intensities is lower than the value that obtained using MC2.
This shows that MC1 has specific interaction with SDS and
induces the formation of micelle at a lower concentration.

The apparent pKa value is lower in TX-100 and CTAB
than in water, but the apparent pKa value is higher in SDS
with respect to water (Table 2). Similar decrease in the pKa

value was reported for neutral-monocation equilibrium by
others [22, 34] in TX-100 and is due to decrease in
dielectric constant. A similar kind of explanation does not
hold well for the apparent pKa value observed in SDS and
CTAB and may be explained on the basis of a pseudo-
phase ion-exchange (PIE) model [36, 37]. According to the
model, in anionic micelle the protons and the cations tend
to concentrate in the Stern layer and suppress the release of
protons from the probe, resulting in an increase in apparent
pKa. In contrast, in cationic micelle positively charged
species are repelled to the aqueous phase. To ensure that
the increase in the apparent pKa value in SDS is only due to
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Fig. 6 Normalized fluorescence emission spectra of monocations of
DMAPIP-b in SDS at (a) λexc=360 nm; (b) λexc=380 nm; (c) λexc=
400 nm; (d) λexc=420 nm

Table 3 Critical micelle concentrations (CMC, mM) determined
using emission and excitation intensities of different monocations

Micelle MC1 MC2

Emission Excitation Emission Excitation

SDS 0.9 1.0 3.3 3.5

TX-100 6.7 6.3 6.9 6.5

CTAB 1.9 1.7 1.6 1.8
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Fig. 7 Normalized fluorescence excitation spectra of monocations of
DMAPIP-b in SDS at λem=430 nm; (b) λem=470 nm; (c) λexc=
510 nm; (d) λem=570 nm; (e) λem=590 nm; (f) λexc=610 nm
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the change in dielectric constant and potential (Ψ0) at the
surface, we have used the following relation [32]

pKobs
a ¼ pK i

a � eΨ0=2:303kbTð Þ

where pKa
obs and pKa

i are the apparent pKa value for the
acid–base indicator at the charged surface and for the
interface if surface potential is zero, and e, kb, and T are
the charge on the electron, the Boltzmann constant, and the
temperature in Kelvin, respectively. Taking the upper limit of
surface potential equal to −140 mV for SDS [37] pKa

i as 3.9
in TX-100, the pKa

obs in SDS will be 6.3, which is much
lower than that observed in SDS (7.3). This suggests that the
higher value of the apparent pKa value in SDS is due to the
specific molecular interactions of DMAPIP-b with SDS,
besides smaller dielectric constant and electrostatic potential.

Conclusion

DMAPIP-b resides in the micellar-water interface, while
the –NMe2 present inside the micellar phase, the imdazo-
pyridine ring projected towards the micellar periphery. Of
the micelles studied, DMAPIP-b emits dual fluorescence
only in SDS and TX-100. The reduced polarity and the
hydrogen bonding capacity experienced by the fluoro-
phore inside micelles triggers the TICT emission in
DMAPIP-b. The TICT emission is strong and emerges as
a separate band in SDS, but in TX-100 it is weak and
buried underneath the normal emission. The absence of
TICT emission in CTAB is due to small hydrogen bond
donating ability experienced by the molecule. Unlike
water, the fluorescence from MC1 is also observed in
micelle in addition to that from MC2. MC1 induces the
micelle formation in SDS at lower concentration.
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