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Abstract

The photo-physics of methyl 2-hydroxy-9H-1-carbazazole carboxylate (MPCC) in different solvents and cyclohexane-trifluoroethanol
(TFE) mixtures has been studied by means of absorption, fluorescence, fluorescence excitation spectra, time dependence spectrofluoremetery
and AM1 semi-empirical quantum mechanical calculations. Only one small Stoke’s shifted fluorescence band is observed under all the
environments, indicating that the geometry of the molecule is not changed much on excitation to the first singlet state (S1) and excited state
intramolecular proton transfer (ESIPT) is not viable both in the ground (S0) and S1 states at the room temperature. AM1 calculation shows
that the ESIPT is still endothermic in S1 state. Single exponential decay is observed in the fluorescence from MPCC in all the solvents
except acetonitrile and methanol. This suggests that in these two solvents, at least two different conformers are present in the S0 state,
whose absorption spectra are not different from each other. Spectral characteristics of MPCC in cyclohexane as a function of TFE have
shown a slight blue shift in theλab

max, decrease in theεmax, red shift in theλfl
max and decrease in theφfl. This suggests that intermolecular

hydrogen bonding is playing a major role in the deactivation of the fluorescence intensity than the intramoleuclar hydrogen bonding (IHB).
Spectral properties of MPCC were also studied as a function of acid–base concentrations. pKa values for different prototropic equilibriums
were determined in S0 and S1 states and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Proton transfer, especially intramolecular in the singlet
state (S1) state has received a lot of attention in recent times
[1–13], but still it is not as understood as the proton transfer
reaction in the ground state (S0) from both a practical and
fundamental perspective[14–16]. Excited state intramolec-
ular proton transfer (ESIPT) reaction has centered on the
transfer of a proton across the intramoleuclar hydrogen
bonding (IHB). Molecules in which absorption occurs at
much shorter wavelength (SW) than fluorescence that fol-
lows the proton transfer, resulting in a large Stoke’s shift in
the fluorescence spectrum, have found lot of interest. The
reason being that these molecules have found a number of
diverse applications, e.g. lasers[17–19], energy/data storage
devices and optical switching[20,21], Raman filters and
hard-scintillation counters[22], polymer photo-stabilizers
[23–25]and triplet quenchers[26,27]. Photo biologists have
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suggested that ESIPT reactions can be used in understand-
ing the binding properties of proteins[28,29], as well as,
ESIPT can be used as fluorescence probes for bio-molecules
[30,31].

It is well understood that the main conditions for the
ESIPT to occur are the presence of IHB between the acidic
centers (–OH, –NH2 groups) and the basic centers (C=O,
=N– groups) in the S0 state and the presence of proper en-
ergy levels of the enol and keto forms in the S1 state. The
driving force behind the ESIPT is the increase in the acidity
and basicity of the respective acidic and basic centers up on
excitation. Thus, main features common to many ESIPT re-
actions are their rapidity on the sub-pico second time scale
[9,32] and this has been attributed to a barrier less process
or at least with very low barrier[33,34].

Our laboratory has been active in synthesizing and study-
ing the photo-physics of those molecules showing ESIPT
behavior[35–37]. In all these molecules, the acidic centers
have been either –OH group or –NH2 group, but the basic
center has been only=N– moiety. In all these molecules,
respective rotamers were present in the S0 state to give
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Scheme 1.

rise to either small Stokes shifted normal emission or the
large Stokes shifted tautomer emission or both. Further, the
presence of single fluorescence band either from the enol
form or from keto form or the dual emission from both the
forms depend on: (i) changes in the pKa values of the acidic
and the basic centers on excitation to S1 state [38]; (ii)
energy gap between the enol and the keto forms in the S1
state and; (iii) the presence of different conformers leading
to or not leading to enol one. Thus it is important to note
that the presence of IHB between the acidic and the basic
centers in a molecule do not guarantee that ESIPT will oc-
cur. For example, the molecule like 1-aminoanthraquinone
[39], 1,4-dihydroxyanthraquinone[40,41] and I-hydroxy-9-
fluorenone[42] (1-HF), do not exhibit evidence of a large
Stokes shifted emission (i.e. the tautomer band). As sug-
gested, the energetic factors inhibit the ESIPT in these
molecules.

The present study involves the spectroscopic study of
methyl 2-hydroxy-9H-1-carbazazole carboxylate (MPCC).
The beauty of this molecule is that it has two acidic centers
(–OH, N–H groups) which can form IHB with basic cen-
ter C=O group in the S0 state (i.e. MPCC-1 and MPCC-2,
Scheme 1) and in principle this molecule can lead to the for-
mation of two tautomers by ESIPT process. Thus, we have
studied the photo-physics of this molecule using absorption,
fluorescence excitation, fluorescence spectra and time de-
pendence fluorimetry. We have also carried out the AM1
semi-empirical quantum mechanical calculations to confirm
the formation of the desired species. Further, we have also
studied the effect of acid–base concentrations on the spec-
tral characteristics of MPCC. pKa values for different pro-
totropic reactions of MPCC are determined and discussed.

2. Materials and methods

Sodium salt of 2-hydroxy-9H-1-cabazole carboxylic acid
was procured from Aldrich, UK, whereas the ester (MPCC)

of the above acid was prepared by using dimethyl sulphate
in acidic medium, as suggested in literature[43]. Both
these compounds were purified by repeated crystallization
from ethanol. Obtaining identical fluorescence and fluo-
rescence excitation spectra with different excitation and
emission wavelengths respectively in any one particular
solvent checked the purity of both the compounds. All
the solvents, except ethanol, were either of spectroscopic
grade or HPLC grade from Merck and were used as such.
Commercial ethanol was purified as described in literature
[44]. Triply distilled water was used for the preparation of
aqueous solutions.

The procedure to prepare the solutions and adjustment
of pH was the same as mentioned in our recent paper
[45]. The absorption spectra were recorded on a Shimadzu
UV-Vis spectrophotometer equipped with a 135U chart
recorder. Steady state fluorescence and fluorescence exci-
tation spectra were recorded on a Fluorolog-3 (ISA Jobin
Spex Instruments S.A. Inc.) spectrofluorimeter and all the
spectra reported were corrected ones. The bandwidth used
for recording the fluorescence and fluorescence excitation
spectra were 2 and 3 nm, respectively. Lifetimes in different
solutions were measured on a nanosecond single-photon
counting spectrofluorimeter (PS 70/80) supplied by Ap-
plied Photo-physics, England. The electronic processing
equipment and multi-channel analyzer were from Ortec and
Norland, respectively. Nitrogen gas was used in the flash
lamp. The flash lamp profile, defined by the full width at
half the maximum height (FWHM) is 2 ns at the lamp fre-
quency of 30 kHz. The fluorescence decay was analyzed
by the re-convolution technique (software provided by IBH
consultants, UK). The computer used was an IBM-based
AT386. The lifetimes so reported possess theχ2 in the range
of 1 ± 0.2 and good auto-correlation functions. The error
involved in the measurements of emission lifetime, taking
into account the experimental facts is 10% and 0.2 ns is
the shortest lifetime which can be measured under the best
conditions of the experiments. The fluorescence quantum
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yields (φfl) have been calculated from the solutions having
absorbance less than 0.1, using quinine sulphate in 1 N
H2SO4 as reference (φfl = 0.55) [46]. The concentration of
MPCC was kept at 1× 10−5 M.

3. Semi-empirical quantum mechanical calculations

MPCC can be represented by two rotamers, i.e. MPCC-1,
where the hydroxyl group is intramolecularly hydrogen
bonded to carbonyl group and MPCC-2, whereNH
proton is intramolecularly hydrogen bonded to the car-
bonyl group. Each rotamer can be represented as closed
forms (MPCC-1-c, MPCC-2-c), open forms (MPCC-1-o,
MPCC-2-o) and tautomer forms (MPCC-1-T, MPCC-2-T),
where the hydroxyl or NH protons are intramolecularly
transferred to carbonyl group along with the structural
reorientation. These species are given inScheme 1. PC-
MODEL program[47] was used to find the initial geometry
of each species. This program helped us to draw the struc-
ture of each species, optimized roughly the geometry using
MM2 force field and generates the corresponding coordi-
nates. Using these coordinates, the ground state geometry
of all the species were then optimized using AM1 method
(QCMP137, MOPAC 6/PC)[48]. As suggested and found
by others[45,49–53], this method provides acceptable ap-
proximations to give results, which are quite close to the
experimental finding. Total energy (E), dipole moment (µ),
and dihedral angle (ϕ) have been compiled inTable 1. The
geometry of the desired species was also optimized in the
S1 state using MOPAC program and by keeping the coordi-
nates same as in the S0 state. This procedure is also known
as “Single Point Calculations”. The values of energies so
obtained represent the Franck–Condon states and thus can
be used to calculate the transitions energies for the vertical

Table 1
Calculated parameters for the different rotamers/tautomers of MPCC

MPCC-1-c MPCC-1-o MPCC-1-T MPCC-2-c MPCC-2-o MPCC-2-T

Ground state
−E (eV) 3111.4875 3111.2544 3110.6665 3111.4759 3111.3284 3109.9656
−Esol (eV) 3111.5269 3111.2825 3110.7693 3111.4767 3111.3415 3110.0125
−E′′ (eV) 3111.3746 3111.0048 3110.3092 3111.3308 3111.2795 3109.5270
−E′′

sol (eV) 3111.4141 3111.0251 3110.4330 3111.3318 3111.2925 3109.6069
µ (D) 2.84 2.47 4.47 0.5 2.0 3.74
µ′′ (D) 2.84 2.1 4.9 0.35 2.0 4.88
ϕ1 0.2 −30.0 0 169 176 −1.5

S1 state
−E (eV) 3108.1045 3107.7412 3107.9236 3108.1043 3107.8616 3107.6101
−Esol (eV) 3108.2171 3107.7812 3108.1091 3108.1320 3107.8785 3107.6466
−E′ (eV) 3108.0404 3107.6943 3108.0360 3108.0360 3107.8136 3107.3193
−E′

sol (eV) 3108.1329 3107.7430 3108.0515 3108.0458 3107.8327 3107.3240
µ (D) 4.8 2.95 6.0 2.9 2.27 3.3
µ′ (D) 4.35 3.25 1.73 1.72 2.4 1.18
ϕ1 1.4 −25.2 1.6 173.7 176 1.5

Double prime represents the parameters of the S0 state obtained with S1 state geometry. Single prime represents the parameters of the S1 state with S0
state geometry.

transitions. These parameters are represented by the single
prime in Table 1. Similar calculations were also performed
taking into account CI (CI= 5 in MOPAC, total config-
urations 100). Each species was also fully optimized in
the S1 state using the above program with CI and without
any constraint. The molecular parameters for each species
were also calculated exactly in the similar manner in the S0
state as done for each species by keeping the excited state
coordinates and are represented by double prime inTable 1.

Dipolar solvation energies for different species have
been calculated using the following expression based on
Onsager’s theory[54,55]

	Esolv = −
(

µ2

a3

)
f(D) (1)

wheref(D) = (D − 1)/(2D + 1), D is the dielectric con-
stant of the solvent,µ the dipole moment of the fluorophore
in the respective state anda is the Onsager’s cavity radius.
For non-spherical molecule like MPCC, the value ofa have
been obtained by taking the 40% of the maximum length of
the molecule[56]. The maximum length of the molecule was
obtained from the optimized geometry of MPCC. The value
of a obtained for MPCC is 0.4 nm. It may be mentioned here
that we have not taken into account the specific interactions
like hydrogen bonding with the solvents, etc. for the calcula-
tion of total energies. The total energies including solvation
energy for each species in water are compiled inTable 1.
The absorption and fluorescence transitions obtained theo-
retically and experimentally are compiled inTable 2.

Relative stability of each rotamer has been obtained by
presetting the dihedral angle between the hydroxyl group
and the carbonyl group (MPCC-1-c to MPCC-1-o), hy-
droxyl group and methoxy group (MPCC-2-c to MPCC-2-o)
and between the ester group and the carbazole moiety
(MPCC-1-c to MPCC-2-c) and then fully optimizing all
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Table 2
Assignment of the excitation and fluorescence transitions of different species of MPCC in terms of calculated energies (eV) with and without solvation
energies and the experimental values

Species Excitation spectrum Fluorescence spectrum

Without solvation With solvation Without solvation With solvation

Single point Experimental Single point Experimental Single point Experimental Single point Experimental

MPCC-1-c 3.45 3.41 3.39 3.48 3.27 3.14 3.20 3.07
MPCC-1-o 3.56 3.54 3.26 3.24
MPCC-1-T 2.63 2.72 2.39 2.32
MPCC-2-c 3.44 3.43 3.23 3.20
MPCC-2-o 3.52 3.51 3.41 3.42
MPCC-2-T 2.65 2.69 1.92 1.96

Fig. 1. Energetic of transformation of MPCC from MPCC-1-c to MPCC-1-o in S0 and S1 states as a function of dihedral angle.

the parameters. Energies so obtained for each rotamer are
plotted in Figs. 1–3, respectively. These figures depict the
interconversion of MPCC-1-c to MPCC-1-o, MPCC-2-c to
MPCC-2-o and MPCC-1 to MPCC-2, respectively. Simi-
larly, potential energy curves for the respective interconver-
sion in the S1 state were also obtained as the function of
respective dihedral angle by adding the transition energies
(	Eij, calculated by the single point calculations) to the
respective S0 value (Ei). The values of minimum dihedral
angles obtained from the minimum energy of the rotamers
from the respective figures agree nicely with those obtained
by optimization process.

The interconversion of MPCC-1-c to MPCC-1-T or
MPCC-2-c to MPCC-2-T in the S0 and S1 states can be
thought of as arising from proton transfer from hydroxyl
group to carbonyl oxygen in the former or proton transfer
from N–H proton to carbonyl oxygen in the latter species
with simultaneous distribution of charge in and around the
six member hydrogen bonded ring. One can also consider it

as hydrogen atom in both cases. In either case, one requires
to identify the reaction coordinate and calculate the poten-
tial energy change along the reaction coordinate. We have
varied the O–H ( N–H) distance and optimized the rest of
the structural parameters to get the potential energy for each
rO–H (r N–H) distance and plots are given inFigs. 4 and
5, respectively. Similar potential energy curves in the S1
state were also obtained by the same procedure as followed
above for the interconversion of the closed forms to the
open forms and are shown inFigs. 4 and 5, respectively.

4. Results

4.1. Absorption spectrum

Fig. 6 depicts the absorption spectra of MPCC in some
selected solvents and relevant data are compiled inTable 3.
The absorption spectrum can be divided into three regions,
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Fig. 2. Energetic of transformation of MPCC from MPCC-2-c to MPCC-2-o in S0 and S1 states as a function of dihedral angle.

long wavelength (LW) absorption band comprises the region
>340 nm, the middle wavelength (MW) band is between
300 and 340 nm and the short wavelength absorption band
is between 250 and 300 nm. LW and MW absorption spec-
tra are structured in cylcohexane with vibrational frequency
as ∼700 and∼1200 cm−1, respectively and the structure
is destroyed in polar solvents. On the other hand, the SW
absorption band is also structured (ῡvib =∼ 750 cm−1)

Fig. 3. Energetic of transformation of MPCC from MPCC-1-c to MPCC-2-c in S0 and S1 states as a function of dihedral angle.

and the structure is retained even in the most polar pro-
tic solvent like water. In other words, the LW and MW
absorption band systems are influenced by the presence
of substituents on carbazole and thus get affected by the
changes in the environments, where as the SW absorp-
tion band is associated with the parent carbazole moiety.
All the three band systems are blue shifted with increase
in the polarity and hydrogen bond forming capacity of
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Fig. 4. Energetic of transformation of MPCC from MPCC-1-c to MPCC-1-T in S0 and S1 states as a function ofrO–H.

the solvents, but the maximum blue shift is observed in
the LW absorption band under the similar environments.
A slight decrease in the molecular extinction coefficient
and increase in FWHM are notice under the similar set of
solvents.

Fig. 5. Energetic of transformation of MPCC from MPCC-2-c to MPCC-2-T in S0 and S1 states as a function ofrN–H.

Infra-red absorption spectrum of MPCC has been
recorded both in KBr pallet and CCl4 solution and shown
in Fig. 7. The lowering of O–H stretching frequency to
3390 cm−1 clearly suggests the presence of IHB between
the carbonyl oxygen and hydroxyl proton.
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Fig. 6. Absorption spectrum of MPCC in some selected solvents. (—) cyclohexane; (�) dioxane, (×) acetonitrile; (
) methanol. [MPCC]= 1× 10−5 M.

4.2. Fluorescence spectrum

Fig. 8 depicts the fluorescence spectrum of MPCC in
some selected solvents and the relevant data are compiled
in Table 4. Only one small Stokes shifted fluorescence band
is observed in different solvents and at different excitation
wavelengths (λexc). This band is very sensitive to the sol-
vent polarity, suggesting that greater charge transfer takes
place between the carbazole and the substituents in the S1
state than in the S0 state. A continuous red shift observed in
the fluorescence band maximum (λfl

max) with increasing po-
larity and hydrogen bond forming tendency of the solvents,
indicates the increase in the delocalization of the� cloud
of the carboxylic group and the lone pair of the hydroxyl
group throughout the carbazole moiety in the S1 state. Fluo-
rescence quantum yield (φfl) decreases under the similar en-

Table 3
Absorption band maximum (λab

max, nm), molecular extinction coefficient (logε) and FWHM (cm−1) of the long wavelength absorption band maximum
of MPCC

Solvents λab
max FWHM

1. Cyclohexane 280 (4.43) 286 (4.51) 313 (sh) 325 (3.83) 355 (4.0) 364 (4.0) 3340 (3290)
2. Ether 279 (4.43) 285 (4.46) – 324 (3.83) – 362 (4.0) 3390 3290
3. Dioxane 279 (4.41) 285 (4.43) – 323 (3.83) – 360 (3.99) 3400 (3360)
4. Ethyl acetate 278 (4.40) 284 (4.42) – 322 (3.81) – 360 (3.99) 3400 (3370)
5. Acetonitrile 278 (4.40) 284 (4.42) – 322 (3.80) – 360 (3.98) 3360 (3440)
6. Methanol 279 (4.38) 285 (4.40) – 322 (3.79) – 360 (3.98) 3400 (3570)
7. H2O (saturated) (pH= 6.0) 279 282 – 320 – 356 3500 (3630)
8. H2O/methanol (pH= 12.4) 280 (4.44) 288 (4.42) 313 (4.04) 325 (sh) 350 (4.01) 367 (3.94) 4470 (4460)
9. H2O/methanol (H− = −15.8) 280 (4.42) – – 327 (4.09) 346 (4.14) – 5210 (4660)

[MPCC] = 1 × 10−5 M. Values of FWHM in parenthesis are of the LW excitation fluorescence spectrum.

vironments. These results suggest the stronger interactions
between the fluorophore and the solvents. Bothλfl

max and
φfl of MPCC are insensitive to the change in theλexc. This
confirms that the fluorescence is occurring from the most
relaxed first singlet state and is consistent with the fact that
the solvation relaxation time of the solvents used is smaller
than the lifetime of the fluorophore.

The fluorescence excitation spectra of MPCC in differ-
ent solvents are recorded at differentλem in the range of
380–500 nm. In each case, the fluorescence excitation spec-
tra (not shown) resemble with each other and also with the
absorption spectra in the respective solvent. This suggests
that there is only one species for MPCC in the S0 state.

The FWHM of the fluorescence band is nearly invariant
in the polar aprotic solvents, but increases with increase
in the hydrogen bond donor strength. FWHM of the LW
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Fig. 7. Infra-red spectrum of MPCC, recorded in KBr pallet.

Fig. 8. Fluorescence spectrum of MPCC in some selected solvents. (—) cyclohexane; (�) dioxane, (×) acetonitrile; (
) methanol. [MPCC]= 1×10−5 M.
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Table 4
Fluorescence band maximum (λfl

max (nm)), fluorescence quantum yield (φfl), FWHM (cm−1), lifetime (τ (ns)), kr (10−7 s−1) and knr (10−7 s−1)

Solvents λfl
max φfl FWHM τ kr knr

1. Cyclohexane 395 0.253 3410 2.79 9.1 26.8
2. Ether 399 0.188 3440 2.32 8.1 35.0
3. Dioxane 400 0.157 3450 2.11 7.4 39.9
4. Ethyl acetate 401 0.138 3460 2.09 6.6 41.3
5. Acetonitrile 405 0.079 3480 0.96 (0.156), 2.97 (0.035) 5.8 67.0
6. Methanol 419 0.053 3710 0.48 (0.168), 4.13 (0.034) 4.6 82.4
7. Water (pH= 6) 434 0.048 3700 5.6 0.86 17.0
8. Water/methanol (pH= 12.4) 433 0.06 3630 0.45 (0.197), 6.35 (0.024) – –
9. Water/methanol (H− = 15.8) 401 0.22 3390 1.94 11.3 40.0

[MPCC] = 1 × 10−5 M (λexc for lifetime = 354 nm and [MPCC]= 1 × 10−4 M).

absorption, as well as, that of LW fluorescence excitation
band and the fluorescence band is nearly equal to each other
in each solvent. This suggests that not much change is oc-
curring in the geometry of the molecule on excitation to
S1 state. This is also reflected by the similar dihedral an-
gle (ϕ) between the carbazole moiety and carboxylic ester
group in S0 and S1 states (Table 1). Whatever changes are
taking place in the spectral characteristics, are due to the
solvent–solute interactions. This is reflected by the small
Stokes shift (2160 cm−1) observed in the cyclohexane as the
solvent and decrease in theφfl in the polar protic solvents.

4.3. Lifetimes of the excited states

The excited state lifetimes of MPCC were measured in
different solvents by usingλexc = 354 nm, whereas theλem

Fig. 9. Fluorescence decay curve of MPCC in acetonitrile.λexc = 354 nm;λfl = 405 nm. [MPCC]= 1 × 10−5 M.

were the fluorescence band maxima in the respective sol-
vent. The fluorescence intensity in each case, except ace-
tonitrile and methanol, followed a single exponential decay
with χ2 = 1 ± 0.1 and with good auto-correlation func-
tions.Fig. 9 represents a typical fluorescence decay profile
of MPCC in acetonitrile. The decay of fluorescence inten-
sities of MPCC in acetonitrile and methanol were also fol-
lowed atλem = 360, 400 and 440 nm. The decay in each
case followed a double exponential withχ2 = 1± 0.1. The
relative contribution of the amplitude of the short lifetime
increases with the increase in the emission wavelength. This
shows that there are two different kinds of species in these
solvents. Species with shorter lifetime possesses the fluo-
rescence band maximum towards the red side of the spec-
trum and that longer lifetime towards the shorter wavelength
side. The values of radiative (kr) and non-radiative (knr) rate
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Fig. 10. Plot of Stokes shifts vs. BK parameters,α = 0 and 1 andET (30) parameters. (�) α = 0; (�) α = 1; (�) ET (30) parameter.

constants were calculated from the lifetimes (τ) andφfl us-
ing the following relations.

kr = φfl

τ
, knr =

(
1

τ

)
− kr

The values ofkr, knr, τ and φfl for MPCC in different
solvents, except acetonitrile and methanol are compiled
in Table 4. The values of kr and knr in acetonitrile
and methanol have been calculated using the average
lifetime, obtained by taking into account the respec-
tive amplitude and lifetime. It is clear from the data
of Table 4 that the values ofknr increase with increase
of the solvent polarity and their protic nature except
water.

4.4. Dipole moments

The ground state dipole moments (µg) for the various
species have been calculated using AM1 program after
optimizing the geometry and are compiled inTable 1.
Many equations are available to determine the excited
state dipole moment (µe) from absorption and fluores-
cence data. We shall use the BK[57] Eq. (2) to calculate
the µe. BK polarity parameters forα = 0 and 1 (where
α is the polarizability) have been taken from literature
[57].

ῡab − ῡfl = m1

[
D − 1

2D + 1
− n2 − 1

2n2 + 1

]
+ constant (2)

where

m1 = (µe − µg)
2

βa3
(3)

β = 2πε0hc = 1.105× 10−35C2. In case of isotropic polar-
izability (α) of the molecules, the condition 2α/4πε0a

3 = 1
is frequently satisfied andEq. (2) will represent BK equa-
tion. When the polarizability of the molecule is neglected,
Eq. (2) reduces toEq. (4), derived by Lippert[58] and
Mataga et al.[59].

ῡab − ῡfl = m1

[
D − 1

2D + 1
− n2 − 1

2n2 + 2

]
+ constant (4)

Fig. 10 presents plots of Stokes shifts versus BK param-
eters whenα = 0, Eq. (4) and whenα = 1, Eq. (2). A
plot of Stokes shifts versusET (30) parameters is also in-
cluded inFig. 10. It is evident fromFig. 10that the Stokes
shifts observed in protic solvents is much larger than that
expected on the basis of linear relations. The large de-
viation from linearity shown by protic solvent is due to
the fact that hydrogen bond between the solvent and the
lone pair of the hydroxyl group in the S0 state is broken
and hydrogen bond is formed between the hydroxyl pro-
ton and the lone pair of the solvent molecule. Because of
this a large red shift is observed in the fluorescence spec-
tra of MPCC. This is also reflected by the fact that hy-
droxyl group becomes stronger acid in the S1 [38]. It is
supported by the fact that the plot of Stokes shifts versusET
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Fig. 11. Absorption spectrum of MPCC in cyclohexane at room temperature as a function of added concentration of TFE. [MPCC]= 1 × 10−5 M. (1)
TFE = 0 M; (2) TFE= 1.39× 10−3 M; (3) TFE = 6.95× 10−3 M; (4) TFE = 1.39× 10−2 M; (5) TFE = 6.95× 10−2 M; (6) 1.39× 10−1 M.

(30) parameter (Fig. 10), which also includes the specific
interactions, is linear in all the solvents with regression
coefficient (R) as 0.99. The peculiar properties of diox-
ane as a solvent are well known and the large deviations
from linearity observed in this solvent can be explained on
the same lines as made by Ledger and Supan[60]. 	µe
was determined from the slope of the linear parts of the
plots of Fig. 10 (R = 0.98 for bothα = 0 and= 1 and
neglecting the protic solvents) and taking Onsager’s cav-
ity radius ‘a’ as 0.4 nm. The values of	µe are found to
be 3.9 D, forα = 0, and 2.9 D forα = 1 from the BK
equations.

4.5. Effect of TFE

The absorption spectrum of MPCC was also recorded
in cylcohexane containing trifluoroethanol (TFE) up to
0.139 M. The LW and MW absorption bands are shown in
Fig. 11. A slight blue shift and decrease inεmax of all the
absorption band maxima are observed with increase in the
TFE concentration. These results are similar to those ob-
served in other protic solvents but are different from those
noticed in 1-HF [42] and 1-amino-9-fluorenone (1-AF)
[61]. λfl

max is red shifted from 395 to 404 nm,φfl decreases
and FWHM increases from 3520 to 3870 cm−1 (Fig. 12)
with the increase in the concentration of TFE in cyclohex-
ane. Above-mentioned parameters remain invariant with the
change in theλexc. These results are different from those
observed in case of 1-HF[42] and 1-AF[61] in the sense
that φfl for these molecules increase with increase in the
TFE in cyclohexane.

4.6. Effect of acid–base concentrations

Effect of acid–base concentrations in the range of
(H0/pH/H−) −10 to 16 on the absorption and fluores-
cence spectra of MPCC has also been studied in 30% (v/v)
methanol/water mixture. In the basic solution at pH 12.4,
the absorption spectrum of MPCC was red shifted (367 nm)
in comparison to the neutral MPCC and is assigned to
monoanion (MA) formed by deprotonating the hydroxyl
group[38]. This is because the pKa value for the deproto-
nation of aromatic alcohols falls in this range. On further
increase in the base strength, the absorption spectrum of
MPCC at H− 15.8 gets blue shifted (346 nm) in comparison
to both neutral and MA species. This has been assigned to
the dianion (DA) obtained by further deprotonating the
N–H group of MA. On increasing acid concentration, the
LW absorption band of MPCC starts red shifting (380 nm)
at H0 –0.72 and reached maximum value at H0 –4.72. The
LW absorption band (380 nm) is very broad as compared to
that of neutral species (356). On the other hand, 280 nm ab-
sorption band of neutral species is red shifted only by 8 nm
under the similar environments. Thus, these changes could
be due to the formation of monocation (MC) obtained by
protonating the C=O group, as similar changes have also
been observed in other similar systems[38]. Similar changes
in the absorption spectrum (356 nm band with a tail towards
red) of MPCC in cyclohexane containing 1 M trifluoroacetic
acid (TFA) are very small. On further increase of acid con-
centration by adding H2SO4, the solution turns blue and
LW absorption band becomes broad and diffuse, whereas
no changes are observed in the 280 nm band system.
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Fig. 12. Fluorescence spectrum of MPCC in cyclohexane at room temperature as a function of added concentration of TFE. [MPCC]= 1× 10−5 M. (1)
TFE = 0 M; (2) TFE= 1.39× 10−3 M; (3) TFE = 6.95× 10−3 M; (4) TFE = 1.39× 10−2 M, (5) TFE = 6.95× 10−2 M; (6) TFE = 0.139 M.

The absorption data were used to calculate the equilibrium
constants for the MC–N, N–MA and MA–DA equilibria in
the S0 state. The pKa values for the N–MA and MA–DA are
found to be 10.2 and 14.4, respectively. The similar value for
the MC–N equilibrium could not be calculated accurately
but can be assigned the value of−5.2 ± 0.5. Similar value
is also observed for other carbonyl protonation[38].

Fluorescence spectra of various species were recorded by
exciting the samples at 312, 340, 360 and 365 nm. 340 and
365 nm, the isosbestic wavelengths for the N–MA and 312
and 360 nm are the isosbestic wavelengths for MA–DA equi-
librium, respectively. The fluorescence band maximum and
FWHM of MPCC at pH 12.40 (MA) is hardly affected by
changing theλexc. The fluorescence band maximum of the
MA is nearly similar to that of the neutral species, whereas
the φfl of MA is invariant atλexc at 312 and 340 nm, but
starts decreasing atλexc >340 nm. On the other hand,λfl

max,
φfl and FWHM of MPCC at H− 15.8 (i.e. DA) are indepen-
dent ofλexc. Under the acidic conditions, a new red shifted
fluorescence band of very low intensity starts appearing at
the expanse of neutral species of MPCC. Based on the ear-
lier results[38], new emission can be assigned to the MC,
formed by protonating the carbonyl group. With further in-
crease of acid concentration, the fluorescence intensity is
completely quenched. Thus, suggesting that proton-induced
fluorescence quenching is observed[62]. Excited state pKa
(pK∗

a) values for all the three equilibriums were studied with
the help of fluorometric titration method. Results indicate
the observation of the ground state pKa values for the N–MA

and MA–DA equilibriums and 2.3 for the MC–N equilib-
rium from the fluorimetric titrations.

5. Discussions

Six possible species can be written for MPCC, as de-
picted inScheme 1. From the data ofTable 1and Figs. 4
and 5, it is evident that MPCC-1-T and MPCC-2-T are
unstable with respect to MPCC-1-c and MPCC-2-c by 79.3
and 145.8 kJ mol−1, respectively, under isolated conditions
in S0 state. Taking into consideration even the dipolar
solvation energy, although this instability reduces to 73.1
and 141.2 kJ mol−1, respectively, still it is too high for
these species to be present in S0 state. The reduction in
the instability of the two tautomers is becauseµg of each
tautomer is larger than the respective enol structure. Fur-
ther, the barrier height for the conversion of MPCC-1-c (or
MPCC-2-c) to MPCC-1-T (or MPCC-2-T) is 114.7 kJ mol−1

(177.4 kJ mol−1) and is very large in the S0 state. This
suggests that the intramolecular proton transfer in the S0
state is unviable under the thermal conditions for both the
species. In other words, MPCC-1-T and MPCC-2-T are not
present in the S0 state.

Under isolated conditions, both the closed forms of
MPCC (MPCC-1-c and MPCC-2-c) are of nearly equal sta-
bility. The stability of MPCC-2-c increases by 4.9 kJ mol−1

as compared to MPCC-1-c, when solvation energy is
taken into account. The barrier height for interconversion
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of MPCC-1-c to MPCC-2-c is 30.9 kJ mol−1 in the S0
state. On the other hand, both the open forms of MPCC
(MPCC-1-o and MPCC-2-o) are unstable by 22.5 (Fig. 1)
and 14.3 kJ mol−1 (Fig. 2) as compared to their respective
closed forms and their instability further increases when
dipolar solvation energies are taken into account. In other
words, it may be mentioned here that only closed forms of
MPCC are present in the system. These are further substan-
tiated from the following results. Data ofTable 2indicate
that with in the approximations used in these calculations,
the agreement between the absorption and emission transi-
tions predicted by single point calculations for the closed
forms and those observed experimentally is very good un-
der isolated conditions and when solvation energy is taken
into account. This agreement is also good for the absorption
spectrum when the results are compared even in water as
solvent but the agreement becomes bad for the emission
spectrum. This is obvious, as we have not taken in to ac-
count the hydrogen bonding interaction. This also confirms
that the IHB is stronger in the S1 state as compared to that
in the S0 state.Figs. 1 and 2also reflect this because IHB
increases from 22.5 to 33.4 kJ mol−1 in case of MPCC-1-c
and from 14.1 to 21.4 kJ mol−1 in case of MPCC-2-c in the
S1.The barrier heights for the interconversion of MPCC-1-c
to MPCC-1-o and MPCC-2-c to MPCC-2-o also increases
from 28.7 to 36.2 kJ mol−1 in former and from 23.7 to
25.1 kJ mol−1 in S1 state and thus their interconversion will
also be slowed down in the S1 state. This is reflected by
the double exponential decay observed in the fluorescence
intensity of MPCC in acetonitrile and methanol. This also
suggests that the equilibrium between the open and closed
structures is not established in the S1 state.

Having established that only the closed forms of MPCC
are present under isolated conditions, the experimental re-
sults can be discussed in the light of these observations.
Molecular extinction coefficients,φfl and theoretical calcu-
lations confirm that all the transitions observed are of��∗
in nature. Further, it has also been shown[63] that 343 nm
absorption band of carbazole moiety is short axis polarized
and the 295 and 265 nm bands are long axis polarized. Thus,
the presence of substituents along the shorter axis will af-
fect the LW transition and their presence along the longer
axis will affect the second and third bands. Hardly any
changes observed in the LW band in 2-hydroxycarbazole
[64] confirm this. In other words, a large red shift observed
in 343 nm absorption band of carbazole moiety in MPCC
confirms the planarity of the ester group and hydroxyl lone
pairs (Table 1). The decrease in the sensitivity of absorp-
tion bands towards solvents as one moves towards the blue
side of the spectra support the above argument. This sug-
gests that the LW absorption band of the carbazole moiety
is influenced more by the presence of IHB between the sub-
stituents and N–H group as shown in theScheme 1. The
blue shift observed with the increase in the solvent polar-
ity and hydrogen bonding capacity favors the formation of
open structures. Thereby losing the co-planarity of the ester

group with the carbazole moiety. This will be also reflected
later. Increase in the FWHM of the absorption spectrum in
polar protic solvents also substantiates this.

Very small Stokes shift observed in the fluorescence spec-
trum of MPCC in cyclohexane, only 2150 cm−1, confirms
that the emission is observed from the normal species and not
from the tautomer. This also suggests that the geometry of
the molecule does not change much on excitation to S1 state.
Large red shift in the fluorescence band maximum reflects
the greater delocalization of the� cloud of the ester group
and the lone pair of the hydroxyl oxygen with the carbazole
moiety. The total energy data ofTable 1show that both the
open structures of MPCC are not favorable under isolated
and solvated conditions. Solvatochromic results have fur-
ther confirmed the above observation. This is because the
AM1 calculations have shown that	µ on excitation to S1
state are only 0.5 and 0.25 D in MPCC-1-o and MPCC-2-o
respectively, whereas the	µ observed from the BK plot
with α = 0 and= 1 are found to be 3.9 and 2.9 D, respec-
tively. From the following results even this can be further
narrowed down to only the conformer MPCC-1-c. Although
thermodynamically both the closed forms are equally stable,
the solvatochromic results have shown that theµe predicted
from AM1 calculations for MPCC-2-c form, taking con-
figurational interactions in to account, is too small (2.9 D)
in comparison to that of MPCC-1-c (4.8 D) This is further
supported by the greater IHB, i.e. reflected by the shorter
hydrogen bond distance (0.197 nm) between the hydroxyl
proton and the carbonyl group in MPCC-1-c as compared
to 0.223 nm between N–H proton and carbonyl group in
MPCC-2-c (larger planarity of the ester group with the car-
bazole moiety) in MPCC-1-c in comparison to MPCC-2-c
(Table 1), as well as, the decrease in the hydroxyl stretching
frequency to 3390.25 cm−1 (Fig. 7).

Having established the presence of only one form of
MPCC as MPCC-1-c, following results can be discussed.
The agreement between the predicted and the observed val-
ues ofµe are not very good, although it is close to that
when isotropic polarizability is taken in to account. Spec-
tral properties of fluorene, carbazole and phenanthrene are
quite close to each other[65]. The difference between these
molecules is the presence of lone pair of electrons in the p
orbital on N–H group. The lone pair of electrons takes part
in the intramolecular charge transfer towards the� cloud
of the homocyclic rings and thus polarizing the molecule as
shown below.

This is supplemented by the: (i) electrophillic substitution
occurring at 3-position, favored by 3, 6- and 3, 6, 1- for
di- and trielectrophillic substitution; (ii) increase in the pKa
value of 2-hydroxy carbazole[64] (10.5) and decrease in
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the pKa value of N–H proton. In other words, the increase
in the dipole moment of MPCC up on excitation can be
nicely expressed when the contribution of the polarizability
is considered. Small difference in theµe value could be due
to the assumption made that the polarizability is isotropic as
well as in calculating the Onsager’s cavity radius.

Fluorescence decay following single exponential in all
the solvents except acetonitrile and methanol and observing
similar fluorescence spectrum at differentλexc in all the
solvents further prove the presence of only one species, i.e.
MPCC-1-c. Double exponential decay observed in acetoni-
trile and methanol can be explained in the following man-
ner. Even though MPCC-1-o is unstable by 22.5 kJ mol−1

in comparison to MPCC-1-c under isolated conditions and
the barrier height for the interconversion of these rotamers
is 28.7 kJ mol−1 in the S0 state, the presence of polar and
protic solvents will favor the equilibrium towards the open
structure. In other words, both closed and open structures
are present in the system in the S0 state. Different lifetimes
observed also suggest that the equilibrium is not established
between the two species in the S1. It may be mentioned
here that the interconversion of these conformers is not
possible in the S1 state as the barrier height increases in
the S1 state from 28.7 to 38.1 kJ mol−1. Fluorescence de-
cays followed at differentλem (360, 400, 440 nm) in these
two solvents have shown that the relative amplitude of the
short-lived species increases with the increase in theλem.
This suggests that the short-lived species contributes to the
red part of the fluorescence spectrum. This is substantiated
by the increase in the FWHM of the emission spectrum in
polar protic solvents and when TFE was added to cyclo-
hexane (Fig. 12). TFE being stronger hydrogen bonding
solvent than ethanol, will shift the equilibrium towards the
open structure (MPCC-1-o), followed by an increase in the
FWHM and decrease in theφfl. Values ofknr and kr for
these two solvents were calculated using the average value
of τ, obtained from the bi-exponential decay. These obser-
vations are consistent with the fact that the open structure
being more flexible will increase the value ofknr [66], in
agreement with the data ofTable 4. Decrease in the value
of φfl of MPCC in cyclohexane containing TFE further
supports that the intermolecular hydrogen bonding plays
the major role in the non-radiative decay process than IHB.

It is well established that the ESIPT is observed if: (i)
IHB is present between the acidic and basic centers in the
S0 state; (ii) acidity and basicity of the respective center in-
crease on excitation to S1 state; (iii) ESIPT is an exothermic
process in the S1 state. The first two conditions are present in
MPCC-1-c but the conversion of MPCC-1-c to MPCC-1-T is
endothermic by 17.5 kJ mol−1 in S1 state (Fig. 4). Although
both endothermicity and barrier height for the ESIPT pro-
cess in S1 state decrease as compared to those in S0 state,
still these values are so high that this process is not viable
in S1 state at room temperature. The other possible reason
could be the presence of close byn�∗ S2 state in MPCC
tautomer which is separated by only 1500 cm−1 (0.186 eV).

Due to this, somen�∗ character will be present in S1 state
and thus enhance the intersystem crossing rate to the��∗
triplet states. A similar behavior is also observed in many
other systems[39–42]. Scheiner’s[67] theoretical studies
of the excited state proton transfer in small model systems
have established that IHB is strengthened and the transfer
barrier is reduced in1��∗ and barrier is increased in3��∗
and1n�∗ states.

The spectral changes observed in the absorption and flu-
orescence spectra of MPCC in the basic and acidic condi-
tions are consistent with the structures of the species present
under similar environments. The first deprotonation occurs
from the hydroxyl group as the deprotonation constants[38]
for the aromatic alcohols are at∼10. Red shift observed in
the absorption spectrum of MA of MPCC is due to stronger
hydrogen bonding between the carbonyl oxygen andN–H
moiety. This may lead to more planar structure of the MA
and larger delocalization of the lone pair from the hydroxyl
oxygen. Slightly larger value of pKa for the N–MA equilib-
rium of MPCC in comparison to aromatic alcohols is due
to the presence of IHB (MPCC-1-c). Similar behavior has
also been observed in other similar systems[38,68]. In case
of DA, the presence of negative charge on theN− and
on O− moieties compel the ester group to be out of plan
with carbazole moiety, leading to the loss of the overlap
of the � cloud of the carbazole and ester moiety and thus
blue shift in the absorption and fluorescence spectra of DA
in comparison to MA and neutral carbazole. Ground state
pKa values observed from the fluorometric titration method
for the N–MA and MA–DA equilibriums indicate that these
equilibriums were not established in the S1 state and could
be due to the faster radiative decay rates of the respective
conjugate acid–base pairs. pK∗

a (2.3) value obtained for the
MC–N equilibrium suggested that the carbonyl group be-
comes stronger base in the S1 state as observed by others
[38]. This is further supported by: (i) observation of MC flu-
orescence band in cylclohexane containing 1 M TFA when
no change has been noticed in the absorption spectrum of
the neutral MPCC, and, (ii) potential energy mapping (not
shown) has also shown that the reactivity of the neutral
MPCC towards protonation at the carbonyl oxygen increases
from 221 kJ mol−1 in S0 state to 283.4 kJ mol−1 S1 state.

6. Conclusions

The above study leads to the following conclusions: (i)
all the transitions in MPCC are of��∗ in nature; (ii) LW
absorption band of carbazole is affected by IHB between the
carbonyl and hydroxyl proton; (iii) intermolecular hydrogen
bonding and polarity of the solvents are predominant in the
non-radiative decay of the excited molecules in S1 state; (iv)
ESIPT process is endothermic even in the S1 state and is
not viable at room temperature. The other reason could be
the presence of close byn�∗ S2 state in MPCC, which is
separated by∼1500 cm−1.
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