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Abstract

Absorption, fluorescence excitation and fluorescence spectroscopy, combined with time-dependent spectroscopy and semi-empirical AM1
and density functional theory using Gaussian 98 program calculations have been used to study the effect of solvent and acid–base concentration
on the spectral characteristics of methyl 2-aminonicotinate (2-MAN). These results have shown that amine–imine equilibrium is absent in
2-MAN, both in the ground (S0) and first excited singlet (S1) states. Normal small Stokes shifted emission observed in all the solvents suggest
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he absence of excited state intramolecular proton transfer (ESIPT) in 2-MAN. Ionic species in S0 and S1 states formed at different acid–ba
oncentrations are: Trication (TC), dication (DC1), monocation (MC1) and monoanion (MA), pKa values for different prototropic equilibriu
ere determined in S0 and S1 states and discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Spectral characteristics of 2-aminopyridine (2-AP)[1–9]
nd 2-aminobenzoic acid (2ABA)[10–13] have been stud-

ed extensively. Besides the basic center ofN-atom in pyri-
ine, 2-AP containsNH2 group, which can behave like both
cidic and basic centers. It is well established[14] that NH2
roup becomes stronger acid andN-atom becomes stronger
ase in S1 state. Thus 2-AP may exhibit amine–imine tau-

omerism in S1 state if not in S0 state. All the studies carried
ut on 2-AP have shown that 2-AP emits only one small
tokes shifted fluorescence band in all the solvents. This has
stablished that amino-imine tautomerism is absent in this
olecule and 2-AP exists only as amine form. The reason

ould be that the activation barrier for amine to imine con-
ersion is 202.5 kJ mol−1 in S0 state. Although imine form
f 2-AP is thermodynamically stable than amino form in S1
tate by 22.17 kJ mol−1, the barrier height for this process is
till 173.6 kJ mol−1 in S1 state[6]. Absence of ESIPT in 2-

∗ Corresponding author. Tel.: +91 512 597 163; fax: +91 512 5974 36.
E-mail address:skdogra@iitk.ac.in (S.K. Dogra).

AP could be due to the absence of intramolecular hydr
bonding (IHB) in S0 state or due to the smaller acidity

NH2 group in S0 and S1 states.
Even though IHB is present in 2-ABA in S0 state, ESIPT

is not observed in S1 state. Tramer[11,12] has establishe
that IHB in 2-ABA is between the lone pair ofNH2 and
the carboxylic acid proton. In other words 2-ABA is pres
either in the molecular form or in the zwitterionic form wh
ESIPT is not possible.

Present work involves the study of spectral characteri
of 2-MAN in different solvents and at different acid–ba
concentrations. In this molecule, carboxylic acid proton
been replaced by a methyl group. Thus there can be
one kind of IHB between the amino proton and the carb
oxygen lone pair, which can lead to ESIPT. This mole
can be considered as a composite of two systems; one
AP and the second methyl 2-aminobenzoate (2-MAB).
present study has been carried out with the following aim
mind. (i) Electron withdrawing carboxylic acid group pres
atorthoposition to amino group will increase the acidity
amino group both in S0 and S1 states. The existence of amin
imino phototautomerism may thus be possible. (ii) On
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.08.013
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the criteria of ESIPT is that the acidity and basicity of the
proton donor and proton acceptor groups must increase in S1
state. Although the pKa values for the deprotonation ofNH2
group decreases from >16 in S0 state to∼11 in the S1 state
[15–20], this may not be large enough for ESIPT. Presence of
electron withdrawing N-atom at theortho to NH2 group
can increase the acidity ofNH2 group both in S0 and S1
states and can increase the feasibility of ESIPT. Besides these
points in mind, effect of acid–base concentration has been
studied on the spectral characteristics. Dissociation constants
for the various prototropic equilibria have been determined
both in S0 and S1 states and discussed. AM1 semi-empirical
quantum mechanical and DFT and TD (DFT) B3LYP with
6-31G** basis set calculations have also been carried out to
assign the spectral characteristics to various species involved
in the system.

2. Materials and methods

2-Aminonicotinic acid (2-ANA) was obtained from
Aldrich Chemical Company (U.K.) and methyl ester (2-
MAN) was prepared by refluxing 2-ANA in methanol con-
taining more than three equivalents of H2SO4, as described in
literature[21]. 2-MAN was purified by repeated crystalliza-
t ked
b es-
c mis-
s er
o
w ed for
e used
f ly
d ous
s

of pH
w
2 N
w rding
t
w ’s
b
> tion,
fl suring
l cribed
i
w an 0.1
u
0

3

N-
1 2-
M i-

Scheme 1.

cal calculations[27] (QCMP 137, MOPAC 6/PC) were car-
ried out to get various parameters for the fully optimized
geometries of all the species in S0 state. This method pro-
vides acceptable approximations to give results which are
quite close to the experimental results, as observed by others
[28–31]. Total energy relative to the most stable species (E),
dipole moment (µ) and charge densities at different basic cen-
ters are compiled inTable 1. Transition energies (�Eij ) have
been calculated using CNDO/S-CI method, as suggested by
Del Bene and Jaffe[32] and described in our recent publi-
cations[22,23]. Long wavelength (LW) transition for each
species is complied inTable 2. Charge densities in S1 state
at different basic centers have been obtained by CNDO/S-CI
method[33] and are compiled inTable 1. Transition energies
(�Eij ) were also calculated using standard single point calcu-
lations AM1 method and are compiled inTable 2. Geometry
of each species was also optimized using AM1 method and
taking into account the configurational interactions (CI = 5
in MOPAC, 100 configurations). Emission transitions were
obtained by using the single point calculations and consider-
ing the geometry of the species in S1 state. Desired transition
energies obtained by this method along with experimental
data are compiled inTable 2.

Dipolar solvation energies for different states were cal-
culated using the following expression based on Onsager’s
t
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ion from methanol. Purity of the compound was chec
y single spot on TLC, NMR and getting similar fluor
ence excitation spectra when monitored at different e
ion wavelengths (λem). All the solvents used were eith
f spectroscopic grade or HPLC grade from E. Merck and
ere used as received. Spurious emission was check
ach solvent by exciting at the same wavelength as

or each solution of 2-MAN in different solvents. Trip
istilled water was used for the preparation of aque
olutions.

Procedure used to prepare solutions and adjustment
as the same as described in our recent papers[22,23]. Since
-MAN is sparingly soluble, saturated solution of 2-MA
as prepared in all the solvents and then diluted acco

o have the desired absorbance. Hammett’s acidity scale[24]
as used for H2SO4/H2O mixtures for pH < 1 and Yagil
asicity scale[25] was used for NaOH/H2O mixtures for pH
13. Details of the instruments used for recording absorp
uorescence excitation and fluorescence spectra, mea
ifetimes in the excited states and pH are the same as des
n our recent papers[22,23]. Fluorescence quantum yield (Φf )
as measured from solutions having absorbance less th
sing quinine sulphate in 1N H2SO4 as reference[26] (Φf =
.55).

. Semi-empirical calculations

Scheme 1represents various amino rotamers, (2-MA
, 2-MAN-2), tautomer (2-MAN-T) and imino rotamers (
IN-1, 2-MIN-2). AM1 semi-impirical quantum mechan
heory[34]

Esol = −
(

µ2

a3

)
f (D) (1)

heref (D) = (D − 1)/(2D + 1),D is dielectric constant o
he solvent,µ dipole moment in the respective state anda’
nsager’s cavity radius. For non-spherical molecules, v
f ‘a’ has been calculated by taking 40% of the maxim

ength of the molecule[35] and the value is 0.317 nm. T
al energies including solvation energies for each sp
n water are also given inTable 1. It may be mentione
ere that we have not taken into account the specific i
ctions, like hydrogen bonding etc. for calculating the t
nergies.



M.K. Nayak, S.K. Dogra / Journal of Photochemistry and Photobiology A: Chemistry 170 (2005) 203–213 205

Table 1
Calculated parameters of 2-MAN rotamers/tautomers in the ground and excited states

Parameters 2-MAN-1 2-MAN-2 2-MAN-T 2-MIN-1 2-MIN-2

S0 state
AM1 method

�Hf (kcal mol−1) −53.5 −51.3 −21.7 −34.6 −33.2
E (kJ mol−1) 0 9.4 133.0 79.0 85.0
Esol (kJ mol−1) 0 7.2 125.0 63.0 77.1
�g (D) 1.0 1.9 3.2 4.3 2.9

DFT method
E (kJ mol−1) 0 12.2 – 75.1 119.7
�g (D) 1.14 2.1 – 4.5 5.0

S1 state
AM1 method

�Hf (kcal mol−1) 21.2 25.8 46.9 26.7 28.1
E (kJ mol−1) 0 19.3 107.4 22.4 28.8
Esol (kJ mol−1) 10.1 20.9 87.6 0 17.3

Charge densities
CNDO/S-CI method

S0

N4 −0.311 −0.306 −0.310
N7 −0.271 −0.272 −0.427
O9 −0.254 −0.252 −0.251
O10 −0.473 −0.467 −0.267

S1

N4 −0.143 −0.16 −0.266
N7 −0.259 −0.254 −0.232
O9 −0.244 −0.230 −0.248
O10 −0.263 −0.259 −0.275

Three possible monocations (MCs) and three possible di-
cations (DCs),Scheme 2, were also considered. AM1 semi-
empirical quantum mechanical calculations were also per-
formed on these species and the relevant data are compiled
in Tables 3 and 4respectively. Dipolar solvation energies in
water were calculated in water as solvent using Eq.(1).

Table 2
Assignment of the excitation and fluorescence transitions of 2-MAN in terms of calculated energies (eV) with and without solvation and experimental values

Assignment 2-MAN-1 2-MAN-2 2-MAN-T 2-MIN-1 2-MIN-2

Excitation
Without solvation

Single point 3.332 3.390 3.096 2.908 2.957
CNDO/S-CI 4.034 4.120 3.523 3.613 3.669
TD (DFT) 4.00 4.094 – 3.172 3.445
Experimental 3.76

With solvation
Single point 3.338 3.363 3.136 2.982 2.972
Experimental 3.76

Emission
Without solvation

Single point 3.133 3.193 2.399 2.335 2.287
Experimental 3.381

With solvation
Single point 3.136 3.133 2.251 2.254 2.197
Experimental 3.158

The electronic structure calculations were also performed
on each species, as mentioned inSchemes 1 and 2, using
Gaussian 98 program[36]. The geometry optimization was
performed on each species of 2-MAN in S0 state using DFT
[37,38]B3LYP with 6-31G** basis set[36,39]. The geometry
of these stationary points on S1 state was calculated using
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Scheme 2.

configuration interaction singles (CIS)[37,40]theory with 6-
31G** basis sets. Time-dependent (TD)[41,42]DFT B3LYP
was also used to calculate stationary point geometry in S0 and
S1 states. Relevant data are compiled inTables 1–4.

Table 3
Calculated parameters of the monocations of 2-MAN in the ground and
excited states

Parameters MC1 MC2 MC3

S0 state
AM1 method

�Hf (kcal mol−1) 95.8 106.3 113.4
E (kJ mol−1) 0.0 43.8 73.7
Esol (kJ mol−1) 0.0 76.9 117.7
�g(D) 7.5 4.6 3.1
Φ(N7C5N4C3) (deg) −180 −180 −179

DFT method
E (kJ mol−1) 0.0 57.2 88.8
�g(D) 6.8 3.7 3.1

S1 state
AM1 method

�Hf (kcal mol−1) 180.2 206.4 175.7
E (kJ mol−1) 41.3 128.7 0.0
Esol (kJ mol−1) 0.0 149.8 31.1
�e(D) 9.0 3.7 1.7

T

E

Table 4
Calculated parameters of the dications of 2-MAN in the ground and excited
states

Parameters DC1 DC2 DC3

S0 state
AM1 method

�Hf (kcal mol−1) 350.8 363.7 365.5
E (kJ mol−1) 0.0 54.0 61.3
Esol (kJ mol−1) 53.1 115.9 0.0
�g(D) 4.3 3.0 11.9

DFT method
E (kJ mol−1) 0.0 71.2 25.5
�g(D) 4.4 5.9 10.6

S1 state
AM1 method

�Hf (kcal mol−1) 434.7 442.7 429.4
E (kJ mol−1) 18.6 51.1 0.0
Esol (kJ mol−1) 16.4 51.9 0.0
�e(D) 5.5 5.2 5.2

Transition energies (nm)
Absorption

Single point
S0–S1 335 336 299

CNDO/S-CI
S0–S1 291 (�, �∗) 291 (n,�∗) 362 (n,�∗)
S0–S2 275 (�, �∗) 276 (�, �∗) 265 (�, �∗)

TD (DFT)

S0–S1 243 (n,�∗) 330 (n,�∗) 285 (n,�∗)
S0–S2 241 (�, �∗) 286 (�, �∗) 284 (n,�∗)

Emission
Single point

S1–S0 368 438 792

4. Results

4.1. Effect of solvents

Absorption spectrum of 2-MAN have been recorded in
different solvents. The relevant data are compiled inTable 5.
Molecular extinction coefficients could not be calculated ac-
curately except in water because of poor solubility in each
solvent. LW absorption band is a doublet, with vibrational
frequency 890 cm−1 and the structure is retained even in the
most polar solvent water. Both the absorption band maxima
(λab

max) are unaffected with increase in polarity and hydro-
gen bonding capacity of the solvents. Full width at half the
maximum height (FWHM) increases under the above envi-
ronments.λab

max of 2-MAN in any solvent are red shifted in
comparison to 2-AP[1], methyl nicotinate (MN)[43] and
ransition energies (nm)
Absorption

Single point
S0–S1 357 262 422

CNDO/S-CI
S0–S1 343 (n,�∗) 309 (n,�* ) 318 (�, �∗)

S0–S2 295 (�, �∗) 267 (n,�∗) 279 (n,�∗)

TD (DFT)

S0–S1 290 (�, �∗) 258 (n,�∗) 329 (n,�∗)
S0–S2 284 (n,�∗) 255 (n,�∗) 288 (�, �∗)

mission
Single point

S1–S0 341 362 609

methyl 6-aminonicotinate (6-MAN)[44] but are nearly sim-
ilar to 2-ABA [13].

4.2. Fluorescence spectrum

Fluorescence spectrum of 2-MAN in some selected sol-
vents are shown inFig. 1and the relevant data are compiled in
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Table 5
Absorption band maximum (λab

max, nm), fluorescence band maximum (λf
max, nm), fluorescence quantum yield (Φf ), lifetime in S1 state (τ, ns), radiative (kr,

107 s−1) and non-radiative (knr, 107 s−1) rate constant of 2-MAN in different solvents

Solvent λab
max λf

max Φf τ k r knr

Cyclohexane 247 329 340 367 (0.487) 5.47 8.9 9.38
Ether 248 332 340 379 (0.57) 6.24 9.13 6.89
Dioxane 250 330 340 381 (0.60) 7.23 8.30 5.53
Ethyl acetate 255 332 340 381 (0.51) 5.70 8.94 8.81
Acetonitrile 247 330 340 381 (0.535) 6.44 8.30 7.23
n-Propanol 250 330 340 386 (0.615) 7.04 8.73 5.47
Methanol 247 331 340 387 (0.622) 6.84 9.09 5.53
Water pH 6.8 248 326 – 393 (0.72) 9.03 7.97 3.10
Water pH 2.0 243 328 – 387 (0.008) 0.6 1.33 165.3
Water H0 = −5.05 247 327 – 384 (0.736) 8.54 8.62 3.09
Water H0 = −10.05 243 326 – 402 (0.73) 7.03 10.38 3.84
Water H−= 16 243 316 – 501 (0.0065) 0.24 2.7 414.0

Fig. 1. Fluorescence spectrum of 2-MAN in some selected solvents. (—),
cyclohexane; (- - -), dioxane; (©—©—©), acetonitrile; ( ), methanol;
(�—�—�), water pH 6.8. Atλexc = 330 nm.

Table 5. Unlike absorption spectrum, fluorescence spectrum
is relatively more sensitive to solvent characteristics, indicat-
ing that 2-MAN is more polar in S1 state than in S0 state. A
continuous red shift is observed in the fluorescence band max-
ima (λf

max) of 2-MAN with increase in solvent polarity and
hydrogen bonding nature. This suggests a better delocaliza-
tion of �-cloud of carbonyl group and the lone pair of amino
group with the pyridine ring. Under the similar environments,
FWHM of the fluorescence band does not change butΦf in-
creases in going from cyclohexane to water. FWHM of the
fluorescence band in each solvent is smaller than that of the
LW absorption or fluorescence excitation band (see latter). It
may be concluded that 2-MAN is less flexible in S1 state in
comparison to that in S0 state. Although there is no change
in the planarity of the substituents with the pyridine ring, the
bond distancesr (C5 N7) andr (C6 C8) reduces to 0.135 nm
and 0.143 nm in S1 state from 0.138 nm and 0.146 nm in S0
state, respectively. Normal Stokes shifted fluorescence band
observed in each solvent suggests that ESIPT does not occu
in S1 state. This behavior is similar to 2-ABA[11,12]but dif-

ferent from 2-amino-3-naphthoic acid[45]. λf
max of 2-MAN

is red shifted in comparison to 2-AP[1] but occur nearly at
the same region as observed in 2-ABA[11,12].

4.3. Fluorescence excitation spectrum

Fluorescence excitation spectra of 2-MAN were also
recorded in different solvents and at different emission wave-
lengths (λem) in the range of 350–420 nm. In each solvent and
in each case fluorescence excitation spectrum recorded at dif-
ferentλem resemble with each other and also with absorption
spectrum in all aspects (i.e.λab

max and FWHM). Overlap of
the fluorescence band with fluorescence excitation spectrum
in each solvent suggests that emission is a normal Stokes
shifted one. This indicates that there is only one species in S0
state. Overlap between fluorescence excitation and fluores-
cence spectrum is maximum in cyclohexane and the overlap
decreases with increase in the polarity and hydrogen bonding
nature of the solvents. This is due to the shift of fluorescence
spectrum towards red of absorption spectrum in polar sol-
vents, suggesting that the molecule is more polar in S1 state
and larger solvent relaxation is occurring in polar solvents,
rather than due to larger changes in geometry of the molecule
in S1 state in comparison to S0 state. This is also supported
by the data ofTable 1.

4

y
u used
o

ν

m

a t,
c
a a in

r

.4. Excited state dipole moment

Excited state dipole moment (µe) can be evaluated b
sing number of equations and spectral data. We have
nly Bilot-Kawski’s (BK) Eq.(2) [46] in this work.

āb − ν̄fl = m

[
D − 1

2D + 1
− n2 − 1

2n2 + 1

]
(2)

= (µe − µg)2

βa3
(3)

ndβ = 2πεohc = 1.105× 10−35 C2, h Planck’s constan
velocity of light, 4�ε0 is the permittivity constant,̄νab

ndν̄fl are the absorption and fluorescence band maxim
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Fig. 2. Plot of Stokes shifts versus different polarity parameters. (),ET(30);
(�—�—�), BK parameters,α = 0; (©—©—©), α = 1.

wave numbers (cm−1). In case of isotropic polarizability (α
= polarizability) of molecules, condition 2α/4πεoa

3 = 1, is
frequently satisfied and Eq.(2) will represent BK equation.
Whenα = 0, (polarizability is neglected), Eq.(2) is reduced
to Eq.(4), derived by Lippert[47] and Mataga[48].

ν̄ab − ν̄fl = m

[
D − 1

2D + 1
− n2 − 1

2n2 + 1

]
(4)

BK polarity parameters forα = 0 andα = 1 were taken
from literature[49] and value of̄νab in each solvent is taken
from the fluorescence excitation spectrum as it is more sen-
sitive.Fig. 2 represents the plot of Stokes shifts (ν̄ss) versus
polarity parameters whenα = 0 andα = 1. ν̄ss versusET(30)
polarity parameter is also depicted inFig. 2. ExceptET(30)
plot, departure from linear relations (Eqs.(4) and (2)) is quite
large for protic solvents as observed in other aromatic amines
[15–20]and thus can be explained in the same manner. On
the other handET(30) parameters takes care of the specific
interactions. Change in dipole moment�µ = µe − µg was
calculated from the linear part of the plots after neglecting
dioxane and protic solvents and using ‘a’ as 0.317 nm. Val-
ues are found to be 2.69D and 1.85D for α = 0 andα = 1
respectively. Peculiar properties of dioxane are well known
and the large deviations from the linearity observed in this
solvent can be explained on the same lines as made by Ledge
a

4

a-
s e
b pro-
fi
1 ved
t a

Fig. 3. Fluorescence decay profile of 2-MAN in methanol.λexc = 337 nm,
λem = 386 nm.

typical fluorescence decay profile of 2-MAN in methanol as
solvent. Values of radiative (kr) and non-radiative (knr) rate
constants were calculated from the lifetimes (τ) andΦf using
the following relations. Values ofτ, Φf , kr andknr in different
solvents and at different acid–base concentrations are com-
piled in Table 5. Values ofkr in different solvents are nearly
independent of the characteristics of solvents, whereas those

kr = Φf

τ
, knr = 1

τ − kr

of knr decreases with increase of solvent polarity and hydro-
gen bond forming capacity of the solvents. Values ofknr for
the monocation (MC) and monoanion (MA) are very large
(1.65× 109 and 4.14× 109 s−1, respectively) as compared
to other ionic species.

4.6. Effect of acid–base concentrations

Absorption and fluorescence spectra of 2-MAN were in-
vestigated in the acid–base concentration range of H0/pH/H−
−10.0–16. Relevant data are compiled inTable 5and respec-
tive spectra are shown inFigs. 4 and 5, respectively. 2-MAN
is neutral in the pH range of 6.8 to 10 in S0 state. With in-
crease of base strength a blue shifted absorption band ap-
p . No
c
3 med
b H
λ and
t 8 nm
b nges
c ) at
p any
c g
c tion
d en
c rows
nd Suppan[50].

.5. Excited state lifetimes

Lifetime (τ) of 2-MAN in different solvents were me
ured by usingλexc = 337 nm andλem as the fluorescenc
and maximum in each solvent. Fluorescence intensity
le in each case followed a single exponential decayχ2 =
± 0.1 and good autocorrelation function. It is obser

hat τ is independent ofλexc and λem. Fig. 3 represents
r

ears at 316 nm having an isosbestic point at 314 nm
hange is observed in the absorption spectrum at H− > 15.
16 nm band can be assigned to monoanion (MA) for
y the deprotonation ofNH2 group. With decrease of p
ab
max at 326 nm is shifted to 328 nm, whereas 248 nm b
o 243 nm. There is an increase in the absorbance at 32
y 30% with an isosbestic point at 340 nm. These cha
ould be assigned to the formation of monocation (MC
H ∼ 2.0. With further increase of acid strength hardly
hange is observed inλab

max even up to H0 =−10.0. So nothin
an be said about further protonation of MC from absorp
ata. pKa values of MC-N and N-MA equilibria have be
alculated from absorption data and are given on the ar
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Fig. 4. Absorption spectrum of different ionic species. (—), H− = 16;
(- - -), pH 6.80; (©—©—©), pH 2.0; (�—�—�), H0 = −5.0; ( ), H0 =
−10.05. [2-MAN] = 2× 10−6 M.

Fig. 5. Fluorescence spectrum of different ionic species. (—), H− = 16
(intensity enhanced 40 times); (- - -), pH = 6.80; (©—©—©), pH 2.0 (in-
tensity enhanced 20 times); (�—�—�), H0 = −5.0; ( ), H0 = −10.05.
At �exc = 325 nm and [2-MAN] = 2× 10−6 M.

of the respective equilibria (Scheme 3). Unlike absorption
spectrum, a very weak and large red shifted fluorescence
band (501 nm) appears with increase of base concentration.
This fluorescence band is very similar to that observed in
case of 2-naphthylamine[19] under the similar NaOH con-
centration and thus can be assigned to MA formed by the

Scheme

deprotonation of NH2 group. With decrease of pH fluores-
cence intensity of neutral 2-MAN (393 nm) is quenched with
the appearance of small blue shifted weak emission (387 nm)
and remains unchanged up to H0 = 0. With further increase
of acid strength, fluorescence intensity increases with the ap-
pearance of an emission band at 384, reaches a maximum
value at H0 = −5.0. At H0 < −5.0 a new intense red shifted
emission band appears at 402 nm with an isoemissive point at
393 nm.

pKa values in S1 state (pK∗
a) were calculated using fluori-

metric titration curves. Due to poor fluorescence intensities
of some of the ionic species, the fluorescence intensities of
either conjugate acid or conjugate base were plotted. Values
obtained are given below the arrows ofScheme 3. Fluores-
cence decay profiles of each ionic species followed single
exponential and lifetime obtained are compiled inTable 5.
This suggests that only one kind of ionic species is present
at the respective acid–base concentrations. Lifetime of the
species at pH 2 could not be measured because of very small
fluorescence intensity.

4.7. Effect of acid–base concentration in non-aqueous
solvents

Spectral characteristics of 2-MAN were also studied in
a ions
o N
i ose
o rs at
3 in
a s not
q htly
m rs at
3
s -
i
s t 1
1
s pec-
t s are
t Inter-
s ectra
s cence
b rile
c
3 9.0
± d of
M

3.

cetonitrile and methanol containing different concentrat
f H2SO4 up to 1 M. Absorption characteristics of 2-MA

n acidified acetonitrile and methanol are similar to th
bserved in water i.e. small blue shifted band appea
25 nm in acetonitrile and 328 nm in methanol. Unlike
queous medium, fluorescence band of neutral 2-MAN i
uenched with increase of acid concentration, but slig
ore intense and a red shifted emission band appea
84 nm and 1× 10−3 M H2SO4, followed by a slightly blue
hifted band at 381 nm at 1 M H2SO4.This behaviour is sim
lar to those observed in water at pH 2 and H0 = −5 re-
pectively. Fluorescence excitation spectra recorded a×
0−2 M and 1 M H2SO4 at differentλem in acetonitrile were
imilar to each other and resemble with the absorption s
rum, suggesting that the absorbing and emitting specie
he same at these two respective acid concentrations.
ection of fluorescence excitation and fluorescence sp
uggests the presence of small Stokes shifted fluores
and. Excited state lifetimes of 2-MAN in an acetonit
ontaining 1× 10−2 M and 1 M H2SO4 and usingλexc =
37 nm andλem 384, 460 are similar to each other (

0.1 ns). This indicates the presence of only one kin
C.
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5. Discussion

5.1. Assignment of states

Before we start the discussion, it may be mentioned here,
unlike 2-ABA, there can be only one kind of IHB in 2-MAN,
i.e. between the carbonyl oxygen atom orOCH3 and amino
proton (2-MAN-1 and 2-MAN-2). FromTable 1, it is clear
that both the rotamers (2-MIN-1 and 2-MIN-2) are less stable
than 2-MAN-1 by 79 and 85 kJ mol−1 under isolated condi-
tions in S0 state. The stability of these species will increase
on including the solvation energies as� of the imine forms
are greater than that of 2-MAN-1 but the instability is still
quite large that imine forms can be neglected in S0 state in any
solvent. Results based on heats of formation and DFT calcu-
lations also suggest that 2-MAN-1 is the most stable species.
The conclusion is supported by the fact that activation barrier
for this IPT in S0 state is 401 kJ mol−1. Very large value of
activation barrier for this IPT could be due the formation of
four memebred ring conformation between hydrogen donor
( NH2 group) and hydrogen acceptor (N-atom) in 2-MAN
so that IPT reaction is expected to be associated with very
large strain energy. In S1 state 2-MAN-1 is still the most sta-
ble species under isolated conditions, whereas 2-MIN-1 be-
comes the most stable species when dipolar solvation energy
is included. This species still can be neglected on the grounds
t
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the results predicted by all the methods is quite close to the
experimental results. In S1 state, conversion of 2-MAN-1 to
2-MAN-2 will be further hindered because the stability of
2-MAN-1 increases from 9.4 to 19.3 kJ mol−1 under isolated
conditions and from 7.2 to 10.8 kJ mol−1 when dipolar sol-
vation energy is included. The activation barrier for this con-
version in S1 state also increases from 22.7 to 45.6 kJ mol−1.
This seems to be consistent with the fact that carbonyl oxygen
becomes stronger base and thus will increase the hydrogen
bond strength.

CNDO/S-CI calculations have predicted that S1 and S2
states of 2-MAN are of n,�* and �, �* in nature, respec-
tively. This is in agreement with those predicted for 2-AP[1]
and by Jain et al. for 2-ABA respectively[13]. Large value
of molecular extinction coefficient and very high value ofΦf
suggest that the lowest energy absorption band observed can
be assigned to S0–S2 transition and the next one to S0–S3 tran-
sition. Similar conclusions have also been arrived at by Jain
et al.[13]. On the other hand, Goodman and Shull[51] have
explained the near ultra violet absorption band of 2-ABA as
being due to intramolecular charge transfer transition from
aniline residue to the antibonding orbital of >CO group.
On the other hand, TD (DFT) calculations suggested�, �*
and n,�* to be S1 and S2 states. Gap between S1 and S2
states predicted by CNDO/S-CI and TD (DFT) is only 2180
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hat the activation barrier for IPT is very large (336 kJ mol−1).
imilar behavior is also observed in 2-AP[6]. In other words

t may be concluded that 2-MAN-1 will be present as am
orm both in S0 and S1 states.

Similarly the presence of tautomer (2-MAN-T) form c
lso be neglected in S0 state in any solvent because
roton transfer from NH2 group to >C O group is en
othermic by 133 kJ mol−1 under isolated conditions a
y 125 kJ mol−1when dipolar solvation energy is include
urther the activation barrier height for the conversion
-MAN-1 to 2-MAN-T is 151 kJ mol−1 and thus make

his process unviable at room temperature. In case of
he optimized structure of 2-MAN in S0 state is always 2
AN-1 even if we start with 2-MAN-T. Combining the r

ults of heats of formation along with DFT results, p
nce of 2-MAN-T can also neglected in S0 state. Although

he stability of 2-MAN-T increases in S1 state (Table 1,
07.4 kJ mol−1) and the activation barrier also decreases f
51 to 121.5 kJ mol−1, these values are still quite large to c
lude that 2-MAN-T will be absent in S1 state also.

Rotamer 2-MAN-2 is unstable by 9.4 kJ mol−1 under iso
ated conditions and 7.2 kJ mol−1 when dipolar solvation i
dded. Activation energy for the conversion of 2-MAN-1 to
AN-2 in S0 state is 22.7 kJ mol−1 under isolated condition
nd will decrease when dipolar solvation energy is ad
hus presence of 2-MAN-2, even though in small amou
annot be ruled out in the system. This can be supporte
he data ofTable 2that the predicted absorption transitio
or the rotamers 2-MAN-1 and 2-MAN-2 are quite close
he experimentally observed ones. The agreement be
nd 4510 cm , respectively. A similar behaviour is observ
n case of 1-hydroxy-9-fluorenone[52]. It may thus be con
luded that if n,�*and �, �* states are close by, predicti
nd assignment of electronic states by these theories is
cult proposition. Spectral characteristics in the present
an be explained by mixing the two states. Decrease iknr
ith increase in solvent polarity supports this, i.e. incre

n solvent polarity decreases the energy of� �* state and
ncreases that of n�* state. This will increase the charact
stics of� �* state in the lowest energy transition and incre

f.
It is well known that electron migration or charge tran

nteraction between the substituent and the aromatic h
arbon is the most important factor which affects and d
ines the electronic spectra of aromatic hydrocarbon de

ives [53]. The effect of solvents on the spectral charac
stics of 2-MAN by these interactions can be obtained
omparing the absorption spectrum of 2-MAN, with 2-
1], methyl nicotinate[43] and 2-ABA [13]. Red shift ob
erved in the LW absorption band of 2-MAN as compare
rst two molecules and near resemblance with that of 2-A
uggests that IHB plays a major role in affecting the nea
raviolet absorption band of 2-MAN. This is supported by
act that IHB is quite strong in the S0 and S1 states, i. e. 22.
nd 45.4 kJ mol−1 in 2-MAN-1 and 13.3 and 26.1 kJ mol−1,
espectively in 2-MAN-2. Near invariance of the absorp
pectra of 2-MAN in different solvents could be due to
ccidental cancellation of the effects of intermolecular hy
en bonding of the solvents withN and carbonyl group an
H2 group. Former leads to red shift and latter to blue s

n the absorption spectrum.
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Small Stokes shift observed in different solvents for 2-
MAN can be explained as follows. As mentioned above,
there is an IHB between the amino proton and the lone pair
of carbonyl oxygen atom. It is shown that electronic delo-
calization is possible through the hydrogen bond. In the ex-
cited singlet state this delocalization would be stronger than
that in S0 state, because the electronic orbital is more ex-
tended, the ionization potential of the carbonyl group be-
comes smaller, and the electron affinity of the amine group
becomes larger in the excited electronic state than in S0 state.
But due to closer proximity of these two groups, charge sep-
aration between the two groups will be small and thus may
results in smaller Stokes shift. This may be the main rea-
son for the small slope observed in theFig. 2 for both α =
0 andα = 1. Lastly, increase inΦf with increase in polar-
ity and hydrogen bonding nature of the solvents is due to
the competition between inter and intra molecular hydrogen
bonding (IHB). It has been established[54] that IHB plays
the major role in the non-radiative decay rate constant as
compared to intermolecular hydrogen boding. Thus decrease
in knr in going from cyclohexane to water could be due to
the partial replacement of IHB by intermolecular hydrogen
bonding.

5.2. Monocation-neutral equilibrium
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5.3. Dication–monocation equilibrium

Similar to MCs, three DCs can be obtained by further
protonating the MCs (Scheme 2). Based on the results of
AM1, �Hf and DFT calculations, DC1 is the most stable
species under isolated conditioned in S0 state, whereas when
dipolar solvation energies are added DC3 is the most stable
species. In S1 state, AM1 calculations predict that DC3 is
the most stable DC, both under isolated and solvated condi-
tions. Based on absorption spectral data, it is not possible to
assign the nature of DC, as hardly any change is observed
in λab

max except that absorbance increases. On the other hand,
fluorescence intensity of 387 nm band increases by a factor
of ∼80, followed by a blue shift of 3 nm. Although based on
the theoretical and experimental data, it is not easy to assign
the structure of DC, but based on earlier results[1,2,11,12],
it is speculated that DC1 is the most probable species and
is supported by the following arguments. (i) Two positive
charges are well separated and thus repulsive interaction will
be the minimum. (ii) Hardly any changes are observed in
the absorption spectrum of nicotinic acid[43] and 2-ABA
[13] when protonated at carbonyl oxygen. (iii) pKa values for
the protonation of NH2 group in MC of 2-AP is−7.8 and
pK∗

a could not be determined as it required further stronger
conditions to protonateNH2 is S1 state[12]. Presence of
e
f
v
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Three MCs can be obtained by protonating three b
enters of 2-MAN.�Hf , AM1 and DFT calculations hav
hown that MC1 is the most stable MC in S0 state, both un
er isolated and solvated conditions. On the other hand1
tate MC3 is the most stable under isolated conditions
C1 when dipolar solvation energy is included. So it se

hat MC1 is the only MC present in both the states in a
us medium. This is supplemented by the following res
i) pKa value for the protonation of 2-AP[2] at N-atom is
.75 and that of >CO group is∼ −5.0 [14]. pKa values

or the MC–N equilibrium of 2-MAN is 4.75. Thus agre
ith the formation of MC1. Small decrease in the pKa value

n 2-MAN is due to the fact that NH2 group lone pair i
hared by two electron withdrawing groups and thus ch
ensity will be smaller on N in 2-MAN as compared t

hat in 2-AP. It is well known that >CO oxygen become
trong base in S1 state and the pK∗

a value increases[14]. But
uch an increase from−5 in S0 state to 4.7 in S1 state is no
bserved in earlier cases[14]. (ii) In general large red shi

s observed in the spectral characteristics of neutral sp
n protonation of >CO group[14]. In our case slight re
hift in absorption band maxima (2 nm) and slight blue s
n emission spectrum contradicts the protonation of >CO
roup. (iii) Ground state pKa value observed from fluorime
ic titration only suggests that prototropic equilibrium is
stablished in S1 state. This could be due to smaller va
f deprotonation/protonation rate constants in comparis
adiative decay rate constants for the conjugate acid–
air.
lectron withdrawing COOMe group atorthoposition will
urther decrease in the pKa value it. In case of 2-ABA pKa
alue for the similar prototropic reaction is 2.55[13]. In case
f 2-ABA and 2-DMABA a continuous red shift was o
erved when acid concentration was increased from 0
0 M H2SO4, followed by red shift of 10 nm with furthe

ncrease of acid concentration. The former was attribute
olvent dielectric effect and latter to the protonation of >CO
xygen atom. Although in our case a continuous increa
bsorbance was observed without any change in 328 n
orption band maximum in 0.5–10 M acid concentration
light blue shift inλab

max in 10–18 M acid concentration, t
esults can be explained on the same lines. Hardly any ch
n λab

max and slight blue shift inλf
max from H0 = 0 to H0 = −5

an be explained as follows. In case of 2-ABA or 2-DMA
he IHB is between amino lone pair andCOOH proton an
C O is free for protonation. Whereas in our case IHB
etween NH2 proton and >CO oxygen atom. Protonatio
f >C O group will lead to the breaking of cyclic structure
-ANA. This will lead to blue shift, whereas the protonat
f >C O group will lead to red shift. Thus the net effect m
e zero or negligible on the spectral properties. A large
hift in λf

max with increase of acid concentration in the ra
f 10–18 M H2SO4 and appearance of isoemissive point
erved in the acid concentration range of H0 =−5 to H0 =−10
uggests the formation of DC1. Single exponential obse
n the fluorescence decay profile of species at H0 = −10 (τ

7 ns) suggests the presence of a single species. Alth
e are not able to measure the pKa value for DC–MC equi

ibrium, fluorimetric titration method has given the pK∗
a as

7.9. Thus the minimum value of pKa would be−7.9. These
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values agree nicely with those observed for 2-DMABA[12].
Trication, obtained by further protonatingNH2 of DC1 is
not formed as one would require stronger acidic conditions
than H0 = −10.

5.4. Neutral-monoanion equilibrium

MA can only be formed by deprotonation ofNH2 group.
In 2-AP [1] pKa for deprotonation is >16 and in 2-MAN its
value is 11. Large decrease in the pKa value for the depro-
tonation of NH2 is due to the presence of two electrons
withdrawing groups presentortho to NH2 group and thus
will decrease the charge density on the amino nitrogen atom.
In general, MA formed by the deprotonation ofNH2 group
is non-fluorescent[15–22] with few exceptions[19]. Low
Φf for the MA of aromatic amines in aqueous medium has
been attributed to the solvent induced fluorescence quench-
ing, because many of the MAs of aromatic amines becomes
fluorescent in basic micellar medium[55]. A small decease
in pK∗

a value suggests thatNH2 group becomes stronger
acid on excitation to S1 state, consistent with literature data
[14–20].

6. Conclusions
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