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Abstract

Absorption, fluorescence excitation and fluorescence spectroscopy combined with time-dependent spectrofluorimetry have been used to
study the effect of solvents and acid—base concentration on the spectral characteristics of 2-aminonicotinic acid (2-ANA). The 2-ANA exists
as a molecular species in non-polar and polar aprotic solvents and zwitterion (ZI-1) in polar protic solvents. Dual emission is observed from ZI
and the monoanion (MA) of 2-ANA, suggesting that excited state intramolecular proton transfer (ESIPT) is observed from the amino proton
to the carbonyl oxygen, followed by structural reorganization. Single normal Stokes shifted fluorescence is observed from the monocation
(MC) of 2-ANA, indicating that the carboxylate ion is more effective tha®OOH group in ESIPT process. The dication (DC1) is formed
by the protonation oN— and >C=0 moieties and dianion by deprotonation-e¥iIH, and—COOH groups. Electronic molecular structure
calculations were performed on each species using semi-empirical quantum mechanical AM1 method and density functional theory (DFT)
B3LYP using 6-31G basis sets with Gaussian 98 to assign the structure to the various species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ANpA were assigned to a conformer showing the presence
of IHB between an amino proton and the hydroxyl oxy-
Tramer[1,2], Mataga[3], and Plotnikov and Komarov  gen atom. The large Stokes shifted fluorescence band was
[5] have shown that 2-amino benzoic acid (2-ABA)N2- assigned to a tautomeric species formed by ESIPT from
methylamino- and N,N’-dimethylamino benzoic acid (2- the amino group to carbonyl oxygen followed by structural
MABA, 2-DMABA) are present as the molecular species rearrangements.
in inert solvents and as zwitterionic species (ZI) in polar The present study on 2-ANA was carried out to confirm
protic solvents. They proposed that intramolecular hydro- the following points: (i) The effect of solvents on the spectral
gen bonding (IHB) between the —NHjroup and the €0 characteristics of 2-ANA was studied to find out the nature
oxygen is absent in the former species and strong IHB ex- of the excited species. (ii) It has been established that acidity
ists in ZI as—COOH - -NR»,. The presence of the above of —NH> group increases if an electron-withdrawing group
species has been confirmed using infrared, UV/visible ab- is presentortho to the —NH, group[7] or one of the hy-
sorption spectra and fluorescence spectra. On the other handjrogen atoms is replaced by an electron-withdrawing group
similar studies carried out on 2-amino-3-naphthaoic acid [8-11] The ESIPT rate is enhanced in such molecules if IHB
(2-ANpA) and its methyl ester (2-ANpH)] have shown is present inS state with the basic center. In 2-ANA, the
the presence of at least two conformers in both$he&nd pyridine nitrogen and theCOOH group are preseatthoto
S, states. Normal Stokes shifted fluorescence bands in 2-the—NH. group and thus, one may expect ESIPT behaviour.
(iii) In 2-aminopyridine (2-AP)[12—14] the =N— atom is
* Corresponding author. Tel.: +91 512 597163; fax: +91 512 590007.  MOre basic than theNH; nitrogen atom and if ZI is formed,
E-mail addressskdogra@iitk.ac.in (S.K. Dogra). it will be, most probably, by the protonation eN— atom
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rather than—-NH»> group. In ZI structure, acidity ofNH>» 3. Theoretical calculations
will be increased due to the presence=-biH"— and—COO~
moietiesortho to —NH» group. Thus, one would expect the Scheme Idepicts various amino rotamers (2-ANA-1, 2-

enhancement in the rate of ESIPT process and fluorescencéNA-2), tautomer (2-ANA-T) and imino rotamers (2-INA-1,
intensity of the tautomer band. In order to verifying the above 2-INA-2). AM1 semi-empirical quantum mechanical calcu-
points, absorption, fluorescence excitation and fluorescencdations (QCMP 137, MOPAC 6/P(20] were carried out to
spectroscopy combined with time-dependent spetrofluorime- get various parameters for the fully optimized geometries of
try have been carried out. Electronic molecular structure cal- all the species ii% state and also i; state after taking into
culations, using semi-empirical quantum mechanical AM1 account the configuration interactions (Cl=5 in MOPAC,
method and DFT calculations using 6-31Gasis set and 100 configurations). Total energy relative to the most stable
Gaussian 98 program, were performed to assign the properspecieslkE), heats of formation4 Hs) and dipole momeniy)
species. Effects of acid—base concentrations on the absorpare compiled iTable 1 Transition absorption energieSE;)

tion, fluorescence excitation and fluorescence spectra werewere calculated using CNDO/S-CI method, as suggested by

studied in the groundSy) and excited &) states. K5 val- Delbene and Jaff21] and Kumar and Mishr§22] and de-
ues were determined for various prototropic reactions and scribed in our recent publicatigh5]. Long wavelength (LW)
discussed. transition for each species is compilediable 1 Absorption

and emission energy for the first transition were also obtained

Table 1
. Calculated parameters of different rotamers/isomers of 2-AN% iandS;
2. Materials and methods states
. . . Characteristics 2- 2- 2- 2- 2-
The 2-ANA was obtained from Aldrich Chemical Com- ANA-LT ANA-2 ANAT INA-1  INA-2

pany (U.K.) and was purified by repeated crystallization from st
methanol. Purity of the compound was confirmed by Spectro- ~ Ap1 method
scopic techniques. Solvents used were either of spectroscopic  AH; (kCalmolY) —605 —581 -243 —415 —402

grade or HPLC grade from E. Merck and were used as such.  E (kJmol?) 0 98 1517 793 849
Spurious emission for each solvent was checked by exciting ~ Esol (kJmof™) 0 70 1345 529 699
at the same wavelengths that were used for the fluorophore ~ #9® 10 18 31 45 35
solution in that solvent. Triply distilled water was used for =~ DFT method
preparing the aqueous solutions. E (kImor™) 0 1217 1182 747 798
Due to poor solubility of 2-ANA in all the solvents, sat- Ho 0 09 Lin 27 439 283
urated solutions were prepared in each solvent, filtered to S state
remove suspended particles and diluted to such an extent AM?method
: E (kJmot 1) 190 349 1264 428 0.0
that the absorbance atlong wavelength (LW) absorptionband g/ ymor?) 418 457 1265 182 00
maximum is less than 0.1. Instruments used to record absorp- 4, () 12 32 36 6.0 43
tion and fluorespencg spectra and to measure lifetimes are the. ... energies (nm)
same as described in our recent pafdér,16] Hammett's Absorption & — 1)
acidity scale fp) [17] was used for HSOs—water mixtures Single point 373 365 396 432 426
for pH <1 and Yagil's basicity scaleH() [18] was used for CNDO/S-CI 309 302 353 345 342
NaOH-water mixtures for pH>13. Fluorescence quantum "0 (BFT) 810 303 371 392 38
yield (®f) was measured from solutions having absorbance Emission § — %)
less than 0.1 using quinine sulphate in 1 NS@, as refer- AM1 method
ence[19] (¢ =0.55). Single point 395 385 678 514 1048
QO/Hﬂ o (I)’H (I)/H <|:I)
1 6 é\ 10 & Z C- = C{‘O X C\O"‘H
: q N O o i | H'
N7SONT 2 S SN : = NN N 5
"k, h : ; )
2-ANA-1 2-ANA-2 2-ANA-T 2-INA-1 2-INA-2

Scheme 1.
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Table 2
Calculated parameters of zwitterions and monoanion and their tautomeric
structures of 2-ANA ing andS; states

Parameters 2- Z1-1/2- ZI-2  ZI-2-T MA MA-T
" ANA-1 ANA-3
S state
ZI-1 2-ANA-3 ZI-2 Z1-2-T AM1 method
AHf (kCalmoll) —605 —480 -164 —362 —824 —80.2
E (kJ mol 1) 0 524 1836 1016 0O 92
OH OH OH Esol (kJmoll) 1833 1947 0 1648 0 1098
& & & Ky @) 1.0 47 137 81 77 28
# \ © -~ | S ~ | © DFT method
“f{} NH, SN NH, SNTTSNH, E (kJ mol 1) 0 365 685 685 O 16
i @ Kg O) 0.9 31 129 87 599 367
S, state
MC1 MC2 MC3 AM1. method
AHf (kCalmoll) 143 422 267 330
Scheme 2. E (kdmol3) 00 1155 655 783 336 0
Esol (kJmoll) 1142 1924 965 00 432 0
Ke (D) 1.2 45 67 103 20 30

by standard single point calculations using AM1 method and
by taking the geometry of the respective specie§jirand
S states, respectively. This procedure gives Franck Condon

Transition energies (hm)
Absorption & — S)

: Single point 373 293 541 378 325 445
state energies to the respectigeandS; states. These values C',Gngfso_ 'gl 309 307 506 337 357 360
also compiled ifrable 1 TD (DFT) 310 281 329 - 332 352
Similarly, Schemes 2 and@&epicts the ZI (ZI-1, ZI-2 and Emission & — %)
Z1-2-T), monocations (MC1, MC2, and MC3) and dications Single point 395 312 801 472 727 542

(DC1, DC2 and DC3), respectivelJables 2—4give the cal-
culated parameters for the respective species. The electronic

structure calculations were also performed on each species, a®nsager’s cavity radius. Value af *has been calculated by
mentioned irSchemes 1-31sing Gaussian 98 progrd@8].  aking 40% of the maximum length of the molecysi],
The geometry optimization was performed on each species ofpq jt js 0.28 nm. Total energies including solvation energy

2-ANA in & state using DFT24,25]B3LYP with 6-31G _ of each species are compiled in respective tables.
basis sef23,26] The geometry of these stationary points

on § state was calculated using configuration interaction
singles (CIS)24,27] theory with 6-31G basis sets. Time-
dependent (TD[28,29]DFT B3LYP was also used to calcu-

Table 3
Calculated parameters of the monocations of 2-AN&jrandS; states

late the excited state energies at calculated stationa_ry ppin&;haracteristics MC1 MC2 MC3
geometry inS andS; states. Relevant data are compiled in S state
Tablgs 1-4 _ _ _ . AM1 method
Dipolar solvation energies for different species were cal- AH; (kCal mol1) 90.7 1150 1015
culated using the following expression based on Onsager's  E(kJ morl)l 0.0 1016 447
theory[30]: Esol (kI mof?) 0.0 1651 867
g (D) 6.8 0.9 4.1
2
I DFT method
AEsol = — (ﬁ) 1(D) E (kJ mol-1) 0.0 990 599
) ) ] g (D) 5.9 2.23 324
wheref(D) = (D — 1)/(2D + 1), D is dielectric constant of the S, state
solvent,.. dipole moment in the respective state aadthe AM1 method
E (kJmol1) 0.0 370 1044
Esol (kd mol1) 0.0 944 1415
OH OH OH te (O) 6.59 a71 397
== C‘\OH = C‘\OH = C*O Transition energies (nm)
@ | @ Iy | @ | Abs_orption Go -S)
N NH, N NH3 N NH3 Single point 316 432 356
& L@ CNDO/S-CI 309 330 344
TD (DFT) 262 341 290
DCH DC2 DC3 Emission &, — )
Single point 385 532 340

Scheme 3.
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Table 4 T
Calculated parameters of the dications of 2-ANASyandS, states i
Parameters DC1 DC2 DC3 '|
S state i

AM1 method 0104

AH; (kCal mol?) 3470 3643 3637 g !

E (kJmot1) 0.0 727 700 5

Esol (kJ mol?1) 56.6 1177 0.0 g

g (D) 25 39 101 2 5
<

DFT method 0.05+
E (kJmoft) 0.0 748 -

g (D) 4.24 362 -
S, state

AM1 method
E (kJmol?) 0.0 689 2115 0.00-L, : . : . : . .

Esol (kd mol1) 0.0 645 1463 240 280 320 360
He ®) 31 36 0 Wavelength (nm)
Transition energies (nm)

Absorption & — S) Fig. 1. Absorption spectrum of 2-ANA in some selected solvents: (—):
Single point 353 373 275 dioxane; (- - -): acetonitrile;—%— ): methanol; @): water, pH, 6.4.
CNDO/S-CI 298 297 360
TD (DFT) 248 342 - o o OMe

o Il
Emission & — ) & c C.
Single point 425 508 327 = | “OH = | “OMe ~ [ ©
N SS X
HoN N HoN N N~ "NH2
4. Results
6-ANA 6-MAN 2-MAN
4.1. Effect of solvents
Scheme 4.

4.1.1. Absorption spectrum

Fig. 1depicts the absorption spectrum of 2-ANA in some shifted as compared to 2-MAN, and this could be due to the
selected solvents anthble 5depicts the absorption band presence of methyl group in the ester group. On acidifying
maximum ¢.22 ) in different solvents. Molecular extinction — acetonitrile, methanol and water at pH 4, both #38, in
coefficients in different solvents could not be determined as acetonitrile are blue shifted, whereas in methanol and wa-
2-ANA is only partially soluble in these solvents except wa- ter, LW 222 is blue shifted by~5nm and short wavelength
ter. Similar to methyl 2-aminonicotinate (2-MAScheme % (SW) A%bax nearly remains unchanged. This suggests that the
[32], two absorption bands are observed in each solvent.species of 2-ANA present in polar aprotic solvent is differ-
On the other hand in case of 6-aminonicotinic acid 6-ANA ent than present in polar protic ones. No further change is
(Scheme %[33], only on&%baxwas observedin polar aprotic  observed in these two non-aqueous solvents with further in-
solventsA22, of 2-ANA in all the solvents are slightly blue  crease of acid concentration upto 1 M. Unlike 6-ANA and

Table 5
Absorption band maximum\ﬁ,bax, nm), fluorescence band maximuvringx, nm), fluorescence quantum yield) and lifetime ¢, ns), radiativek;, 10" s~1)
and non-radiativeky,, 10’ s~1) rate constants of 2-ANA in different solvents

No.  Solvent A2 (nm) (loge max) Af Ly (NM) &SV W g (ns)  w (NS) ke Enr
1 Dioxane 24% 335 382 - ®8 — 7.4 - 7.84 B7
2 Ethyl acetate 252 330 380 - 48 - 6.1 7.87 &3
3 Acetonitrile 248 330 381 - .60 - 6.7 7.46 46
4 Acetonitrile + 103 M HSO4 243 326 384 - - - - - - -
5 Methanol 244 320 383 485 .@6 Q024 7.1 1.52
6 Methanol + 103 M H»SO4 244 325 385 - - - - - - -
7 WaterpH=6.4 240 (382) 318(3838) 384 489 ®11 Q022 - - - -
8 Water pH=3.6 241 (@45) 320 (3892) 390 490 ®m02 Q017 7.15 0.6 - -
9 WaterpH=9.0 243(@00) 315(3748) 382 486 ®56 Q032 133 157 - -
10 WaterH_=16.0 244 (4053) 316 (3756) — 505 - ®Oo75 - 0.53 141 182
11 WaterpH=0.0 244 (883) 325(3045) 386 491 ®1 00037 - - - -
12 WaterHg=—-5.0 244 (4124) 325 (4005) 382 — @73 - 6.75 - 5.52 29

13 WaterHo=-10.0 246 (3995) 329 (3963) 400 - ®8 - 8.05 - 7.2 22
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;o —X—, (methanol)
(Intensity enhanced twice)
—@&—, (water, pH = 6.4)

50 (Intensity enhanced four times)

25+

Intensity (arb. units)
Intensity (arb. units)

32)0
Wavelength (nm)

T
550

I 5(;0
Wavelength (nm)

T T
400 450 240 270

Fig. 2. Fluorescence spectrum of 2-ANA in some selected solvents: (—):
dioxane; (- - -): acetonitrile.—%—): methanol (intensity enhanced twice);
(®@): water; pH, 6.4 (intensity enhanced four times).

Fig. 3. Normalized fluorescence excitation spectrum of 2-ANA in methanol
and water (pH =6.4)(0): Aem=385nm; @): Aem= 530 nm, methanol A):
Aem=385nm, &): Lem=530 nm, water.

4.1.3. Fluorescence excitation spectrum
2-MAN, 228 of 2-ANA is blue shifted with increase in the Fluorescence excitation spectrum of 2-ANA recorded in
polarity and protic nature of solvents. As mentioned above, dioxane, ethyl acetate and acetonitrile at differeptresem-
in polar protic solvents, 2-ANA seems to be partially dissoci- ble with each other and also with the absorption spectrum
ated and dissociation increases with increase of protic naturein each solvent, suggesting that there is only one species
(see later) and thus, absorption spectrum in these solventsn & state and the absorbing and emitting species are the
cannot be assigned to neutral species. Full width at half thesame. In case of methanol as solvent, SW fluorescence ex-
maximum height (FWHM) of the LW absorption band in- citation peak is at the same wavelength at edghin the
creases with increase of solvent polarity. This could be either range of 365-530 nm, whereas LW fluorescence excitation
due to dissociation of neutral 2-ANA or due to net solvent peaks are at 327 and 319 nm when monitored in the range
interactions. of 365—-420 nm and 470-530 nm, respectively. Similar be-

haviour is also observed for 2-ANA in case of water as sol-

vent except that LW fluorescence excitation peaks are at 313
4.1.2. Fluorescence spectrum and 316 nm when monitoredaim between 365-420 nm and

Fig. 2depicts the fluorescence spectrum of 2-ANAinsome between 470-530 nm, respectiveRid. 3). In other words,

selected solvents and relevant data are compil&adlite 5 In in both the solvents, two species are preserfistate with
less polar aprotic solvents, only one normal Stokes shifted flu- different LW fluorescence excitation spectra. Both these LW
orescence band is observed-é#80 nm, which is red shifted  fluorescence excitation bands are blue shifted with increase
to thatin 6-ANA[33] but at the similar position as observedin in polarity and protic nature of the solvents, but the blue shift
2-MAN [32]. @t and FWHM of the emission band of 2-ANA  gbserved in the fluorescence excitation band maximum corre-
in dioxane, ethylacetate and acetonitrile are invariantig sponding to SW emission is much larger (327—-313 nm) than
and solvent polarity. In polar protic solvents, e.g. methanol that observed for LW emission (319-316 nm). Thus, absorp-

and water (pH 6.4), dual emission is observed at albtyye
used (300, 320 and 340 nm). SM/,., and FWHM are not
sensitive to.exc and solvent, but it®s in methanol decreases
with increase of.exc, Whereas it does not change in water. On
the other hand, LW, is red shifted by 4 nm on going from
methanol to water (pH =.4). In both of these solvemﬁ,%x,

@ and FWHM of LW emission are not functionsxfyc. This

tion spectrum of 2-ANA in methanol and water are the com-
posite of the absorption spectra of two ground state species.
In all the solvents, the LW fluorescence excitation spectra and
SW fluorescence spectra overlap with each other, indicating
that~384 nm emission is a normal fluorescence band.

4.1.4. Excited state lifetimes

suggests thatemissionin each case is occurring fromthe most - Excited state lifetimes of 2-ANA were measured by ex-
relaxed state, and this is expected as the solvent relaxatiortiting at 337 nm and usingem as the band maximum in
times of the solvents used are smaller than the lifetimes of the respecti\/e solvents. In po|ar protic solvents, 311 nm was

the fluorophore. Furthek ., and®s of SW emission band
of 2-ANA in protic solvents is quite different from those of
2-MAN [32], suggesting that species of 2-ANA and 2-MAN

also used agexc and Aem Were 380 and 480 nm. In polar
aprotic solvents, fluorescence decay profile followed a sin-
gle exponential withy?=1+0.1 and good autocorrelation

involved in these solvents are quite different from each other. function. In methanol as solvent, fluorescence decay prof”e
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Scheme 5.
followed double exponential atexc=311 and 337 nm and y
0.00 .

rem=480nm, whereas a single exponential is observed for
Aem=380nm. On the other hand, single exponential decay
is observed at botheyc andiem in water. Relevant data are
compiled inTable 5 Fig. 4. Absorption spectrum of different ionic species of 2-ANAR){
Ho=-10.0; (O): Ho=—5.0; @): pH=0.0; O): pH=3.6; (—): pH=10.5;
[2-ANA]=1 x 1075 M.

T T T T
270 300 330 360

Wavelength (nm)

T
240

4.2. Effect of acid—base concentration

4.2.1. Agueous medium

Hardly any change is observed in Lwﬁbax of 2-ANA in Zl, the fluorescence intensity of SW emission band is smaller
the pHH_range of 8-16, whereas the absorbance obSy than that of LW emission band. Of course, the fluorescence
increases with an increase in base concentration without anyintensity of both the bands of ZI is smaller than those of MA.
change in22,. Thus, the [, value for the MA—DA equilib- Af .« Of dual emission are red shifted by 4 nm in each case in

rium could not be determined in ti8g state. With a decrease going from MA to ZI. With increase of acid concentration,
of pH from 9, LWA?n%X shifts to the red from 315 to 320nm  the dual emission band of ZI is replaced by a single emis-
with an increase in absorbance, whereas &, shifts to sion band at 386 nm, blue shifted by 4 nm with respect to
the blue by 3nm. The species so formed at pH 3.6 could the SW emission band of ZI, possessing an isoemissive point
be zwitterion (ZI) and K5 value evaluated using absorbance at ~440nm, just like an isosbestic point in the absorption
for ZI-MA equilibrium is found to be 6.6. With further in-  spectra. This suggests the presence of only two spects in
crease of acid concentration, both the absorption bands arestate. With further increase in acid concentration, the fluores-
red shifted by 4-5 nm with slight increase in the absorbance cence spectrum is slightly blue shifted by 4 nm with drastic
and having isosbestic point at 315 nm. The change in the ab-increase in fluorescence intensity uptg= —5, but with fur-
sorption spectrum may be assigned to the formation of MC by ther increase of acid concentration, the emission spectrum is
protonating carboxylate ion. Presence of isosbestic point de-red shifted to 400 nm with increase @f. Fig. 5depicts the
picts the equilibrium between two species aig, palue for flourescence spectra of different ionic species.
MC-Zl equilibriumis 1.95. With further increase of acid con- Fluorescence excitation spectra recorded at pH=10 and
centration absorbance of both the bands increase by 10-15%_16 in the range 365-540 nm, covering the emission of DA
uptoHp = —5 without much change in band maxima and then and dual emission of MA, are similar to each other and to
decrease with red shift in both the absorption bands. Similar absorption spectra. This suggests that the precursor for the
behaviour is observed in case of amino benzoic a@dy MA and DA species irg state is the same. Similarly, the
and 6-ANA[33] and 2-MAN[32]. pKj values obtained are  dual emission of MA also arises from the same ground state
approximate ones and given on the top of arrows depicting species and appearance of dual emission in MA is an excited
the various equilibria irScheme 5Absorption spectra of  state phenomenon. This is manifested by the fact that the fluo-
different species are given kig. 4. rescence intensity ratios of SW to LW emission bands remain
Unlike absorption spectrum of 2-ANA but similar to 2- same ateach pHintherange of pH 8#al 6. Single exponen-
MAN, a very weak fluorescence broad band appears attialinthe fluorescence decay profile witkr 0.53 ns atH_ 16
505nm and aH_ 16. With decrease of pH, an intense dual suggests the presence of only one DA species and it is differ-
fluorescence band system appears at 382 and 486 nm at the exent from those observed at pH 10.5 and &t =380 (1.3 ns)
panse of 505 nm emission band. With decrease of pH, the dualandiem =480 nm (1.6 ns). Lifetimes observed at these wave-
fluorescence systemis still retained even at pH 3.6. The onlylengths and pH =10.5 are independentgf. This suggests
difference is that in MA, the fluorescence intensity of SW that although the species formedSnstate are different, but
band is larger than that of LW emission, whereas in case of possesses the same precursdgistate.
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75 5. Discussions
5.1. Assignment of species

As observed in case of 2-AP and other substituted 2-AP
[34-40] present results also suggest that imino forms of 2-
ANA (2-INA-1 and 2-INA-2) are highly unstable as com-
pared to the most stable form of 2-ANA-1 by 79.3, 52.9 and
84.9, 69.9 kJ moil in S state both under isolated conditions
and when dipolar solvation energies are included. Similar to
2-AP[39] and 2-MAN[32], the activation energy barrier for
the amino-imino equilibrium is also expected to be very large
in § andS; states. Heats of formation and DFT calculations
also support the above results3g state Table 1. Similar
to the results of 2-AP i, state[39], taking into account
configuration interactions if; state, AM1 calculations also
show that 2-INA-2 is the most stable species under isolated
Fig. 5. Fluorescence spectrum of different ionic species of 2-AMN#: ( conditions and including dipolar solvation energies. Consid-
Ho=-10.0; (O): Ho=—5.0; (@): pH=0.0 (intensity enhanced 20 times);  ering the similar behavior as observed in 2-AP, it may also
(@): pH=4.5 (intensity enhanced 30 times); (—): pH=10.5 (intensity pe concluded that imino forms of 2-ANA are not possible in
enhanced 10 times);A(: H,zlii5 (intensity enhanced 40 times). At S andS; states.
he=320nm and [2-ANAJ= 1 1072 M. Considering the results of AM1 calculations 2-ANA-T

can also be rejected as it is unstable botBjmndS; states

As mentioned earlier and similar to that observed in by 151.7 and 107.4 kJmot under isolated conditions and
case of methanol fluorescence excitation spectra recordeddy 134.5 and 84.7 kJ mot when dipolar solvation energy is
at pH 3.6 and at differentem, do not match with absorp- included as compared to 2-ANA-1. Similar results are also
tion spectrum. Fluorescence excitation spectrum recordedobtained fromAH; and DFT calculations. Further, the acti-
at Aem 370-420nm is slightly red shifted (320nm) than Vvation barrier for IPT ir; state decreases to 119.9kJ ol
that recorded atem 470-530 nm (317 nm), suggesting that from 156 kmot? in S state. Still it is quite large. Results
each emission band may be due to different ground stateof Table 1also suggest that 2-ANA-1 is more stable than
species. This is supported by different lifetimes observed at 2-ANA-2 in S state by 9.8kJmot* under isolated condi-
380nm ¢=7.15ns) and at 480 nm (0.6 ns). This also sug- tions and 7.0kJ moit when dipolar solvation energies are
gests that the equilibrium between the two specic state  included. On the other hand B state, stability of 2-ANA-
is not established. The fluorescence excitation spectrum atl increases to 15.9 kJmdi under isolated conditions and
Ho of 0, —5 and—10 at differentiem resemble with each ~ decreases to 4 kJ mol when dipolar solvation energy is in-
other and also with absorption spectrum of each Species_duded.These data alsoreflect the relative strength of IHB be-
This suggests that there is only one species at each acidween amino proton and carbonyl group and between amino
concentration inS state and the absorbing and emitting Proton and-OH oxygen atom of-COOH group. These re-
states are the same. This is also reflected by single expo-Sults are consistent with the fact that IHB betweewH>

nential, observed in the fluorescence decay profile of eachproton and >€0 oxygen atom is stronger than that between
species. —NH> proton and-OH oxygen atom. Based on activation bar-

rier energy data (24.9 and 47.4kJ mbin S andS; states,
respectively) for the conversion of 2-ANA-1 to 2-ANA-2,

Intensity (arb. units)

350 400 450 500 550 600 650

Wavelength (nm)

4.2.2. Non-aqueous medium it can be concluded that inter conversion of 2-ANA-1 to 2-
Both the absorption band systems are blue shifted by 4 ANA-2 will be less feasible ir§; state in comparison to that

and 5 nm in acetonitrile containing 1®M H,S0y, followed in S state, which is also prohibited at room temperature.

by no effect with further increase of230, up to 1M. On Having established that 2-ANA-1 is the only molecular

the other hand, LW.32,, is red shifted by 5nm at 1G M species present, both B andS; states, we would like to
H2SQy in methanol, with no change in SWED,.. Similar compare the stability of 2-ANA-1 as compared to ZI-1 and
to acetonitrile, no further change is noticedifft,, on fur-  7|-2. Results offable 2have shown that the optimized struc-
ther addition of SOy in methanol. Contrary to absorption  ture of ZI-1 is not the charged neutral species, but it is a
spectrum, fluorescence spectrum is red shifted by 5nm inneutral species wherdCOOH proton is intramolecularly hy-
acetonitrile at 102 M H»SOy, followed by no change either drogen bonded te-NH> lone pair cCOOH - -NH5). Simi-

in A, or intensity. Dual emission band in methanol reduces [ar results have also been observed by Tramer for 2-ABA
to single normal emission at 385 nm, red shifted by 2nm as [1,2]. The species may thus be called as 2-ANA-3. Heats of
compared to SW, ., in methanol without HSOy. formation, total energy obtained by AM1 method and DFT
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calculations have shown that 2-ANA-1 is stable species un- starting geometry. Thus, it may be concluded that ZI-2 is the
der isolated conditions as compared to ZI-1/(2-ANA-3) and only species present i& state in polar protic solvents. In
ZI-2 by 52.4 and 183.6 kJ mot, respectively irf state and S state, AM1 calculations suggest that the order of stability
by 115.5 and 65.5kJ mot in S; state. On the other hand, of different species under isolated conditions in 2-ANA is 2-
when dipolar solvation energies in water are included, ZI-2 ANA-1>ZI-2 >ZI-2-T, whereas in polar protic solvents, the
becomes the most stable species by 183.3 and 194.7 k¥ mol order of stability is ZI-2-T > ZI-2 > 2-ANA-1. In other words,
in S state and by 17.7 and 95.9 kJ mbin S; state as com- ESIPT in 2-ANA will not be observed in non-polar solvents
pared to 2-ANA-1 and ZI-1. In other words, 2-ANA-1 isthe and is only feasible in polar protic ones. We could not con-
species present in less polar medium and ZI-2 in polar protic firm the former results as 2-ANA is completely insoluble
medium. in cyclohexane, but the results in acidified acetonitrile have
After establishing the presence of 2-ANA-1 and ZI-2, the confirmed the presence of MC1 at M H,SQy, as only
experimental results can be discussed as follows:3), one normal Stokes shifted emission was observed at 386 nm.
and Al of 2-ANA resemble with those of 2-MAN32] Dual emission observed in water at pH = 3.6 confirms the lat-
in polar aprotic solvents and are red shifted with respect to ter conclusion. On comparing the results with 2-MAN (where
6-ANA and 6-MAN[33]. In 6-ANA and 6-MAN, IHB is ab- IHB is also present between —NHproton and >&0O oxy-
sent. This suggests that the red shift observed in the spectragen)[32] it is concluded that ESIPT in 2-ANA is observed
characteristics of 2-ANA is due to IHB. In 2-ANA, IHB can  because of the presence of better proton acceptor carboxylate
be either between —NtHroton and >&0 oxygen/hydroxyl ion (—COO-) than the-COOMe group.
oxygen atom (2-ANA-1, 2-ANA-2) or between acidic pro-
ton of -COOH and-NH3 lone pairs (2-ANA-3), whereas in
2-MAN, IHB can be only between —Niproton and >&0

oxygen. Resemblance of spectral characteristics of 2-ANA  Three possible MCs (MC1, MC2, and MC3) are depicted
and 2-MAN suggests that 2-ANA exists as molecular species jn Scheme 2and relevant data are compilediiable 3 Itis ev-
(2-ANA-1) in polar aprotic solvents. This seems to be con- jdent from AM1 data that MC1 is more stable than MC2 and
sistent because replacing proton by methyl group®®OH  MC3 by 101.6 and 44.7 kJ mot under isolated conditions
does not affect the spectral characteristics of the system veryand its stability increases to 165 and 86.7 kJmptespec-
much. In other words, spectral assignment of 2-ANA can be tjvely when solvation energy is included $ state. Similar
explained on the same lines as done for 2-M[8R]. This is conclusion can also be drawn from the results of heats of for-
further supported by the single exponential decay, only one mation and DFT calculationsTéble 3. Results ofS; state
normal Stokes shifted fluorescence band and similar fluores-after fully optimizing the geometry of each species and tak-
cence excitation spectra recorded at differeg#. In protic ing into account the configuration interactions, also predict
solvents, no change was observedif,, and il of 2- that MC1 is the most stable species as compared to MC2 and
MAN as compared to polar aprotic solvents. On the other MC3 by 37.0 and 104.4 kJ mot under isolated conditions
hand, LW2&%,, of 2-ANA was blue shifted at pH 10.5 and  and 94.4 and 141.5 kJ mdi, respectively when dipolar en-
3.6 as compared to that in polar aprotic solvents, suggestingergies are included. All these results suggest that MC1 is the
that the species of 2-ANA present at this pH and in this pH only monocationic species presenSnandsS, states. These

range are different from those in aprotic polar solvents. Since conclusions are supported by the following results:
2-ANA contains dissociable proton, it can either lead to MA

at pH 10.5 or ZI-2 at pH 3.6 and mixture of both in the pH
range of 3.6—10.5. Presence of ZI-2 is supported by the fact
that protonation constant elN—in 2-AP [1-3] and nicotinic
acid[41] are 6.75 and 4.72, respectively, whereas that in 2-
ABA is 2.55[5], i.e.=N— atom is the most basic and will be
protonated in preference tdNH.. pK, value of 6.5 observed
in 2-ANA supports the formation of ZI-2.

It has been shown in the earlier paragraph that ESIPT is
not possible in 2-ANA in any polar aprotic solvents. Thus,
the dual emission observed in methanol and water (pH = 3.6)

5.2. MC-ZI equilibrium

(i) pKavalues for the protonation reaction of 2-AP2—-14]
and 2-ABA[1-5] are 6.86 and 2.55, respectivel\Kp
value for MC—ZI equilibrium in 2-ANA in the present
study is 6.6.

(ii) Protonation of amino group of ZI-2 will lead to blue
shift in spectral characteristics and thus should resemble
with those of zwitter ion of nicotinic acid or molecular
form of nicotinic acid (i. e. 276 nm[41,42]. Similarly,
the protonation of-NH> group of 2-ABA leads to the
spectral characteristics of benzoic acid and the species so

is due the presence of ZI-2. Although the resultSalble 2
show that ZI-2-T is stable than ZI-2 by 82 kJ mélunder
isolated conditions ir state, but both species are highly

formed is non-fluoresceif]. In the present case, slight
red shift -5 nm) observed in22, and blue shiftir .,
(4 nm) at pH =0 contradicts the above results.

unstable than 2-ANA-1 under the similar conditions. When (i) Spectral absorption and emission transitions predicted
dipolar solvation energy is included 8 state, ZI-2-T is un- by AM1 method for MC1 agree nicely with those ob-
stable as compared to ZI-2, which is the most stable species. ~ served experimentally. Agreement between the predicted
On the other hand, DFT calculations always lead to ZI-2 as ~ absorption transitions by other methods for MC1 with
the most stable structure even if we start with ZI-2-T as the ~ experimental results is also not that bad.
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(iv) )‘ﬁﬁbax and )‘Inax of the MC of 2-ANA agree nicely with moiety. This is also consistent with the results about the or-
that of 2-MAN[32]. der of A2, observed for various speciesig,, (Z1) > 222,

(v) Fluorescence excitation spectra monitored at different (MA) > 3%, (MC) >3, (N) [47]. Dual fluorescence and
Lem are similar to each other and resemble with the ab- only one fluorescence excitation band maximum at both the
sorption spectrum. Excited state lifetime could not be emission suggests the presence of only one specistate
determined because of pobyof MC. Intersection of flu- and dual emission is an excited state process, i.e. ESIPT.
orescence and fluorescence excitation spectra depicts d hese results also indicate that IHB between Nirbton
normal Stokes shifted fluorescence and thus confirms theand —CQ~ is very strong and is retained even in agueous
presence Of0n|y one monocationi.e. MCKawahJe ob- medium. The presence of ESIPT reaction is Supported by the
tained from fluorimetric titrations suggests that MC—z| results ofTable 2that MA-T is highly stable i, state by
equilibriumis not established B state and could be due ~ 33.6 and 43.2kJ mol under isolated conditions and when
to slower rate of protonation/deprotonation reactions as dipolar solvation energy is included, respectively. The acti-

compared to the radiative decay rates of the ConjugateV&tiOﬂ barrier energy for IPT i, state also reduces to 43.5
acid-base pair. from 64.2 kI mot! in S state. Although activation barrier is

still large inS; state, but it suggests that relatively it becomes
feasible inS; state in comparison § state. Similar results
are also observed in other systefd8-51] Single lifetime
observed for MA and MA-T confirms the presence of only
one kind of species ifg; state, and equilibrium is not es-
tablished inS; state as the lifetimes for MA and MA-T are
different.

DA can only be formed by the deprotonation-eiH>
oup and thus, there can be only one speci&s state. This

is consistent with only one fluorescence band maximum, sim-
ilarly, fluorescence excitation band recorded at different
and single exponential decay observed in the fluorescence de-

5.3. Dication—Monocation equilibrium

Similar to MCs, three DCs can be formed by further proto-
nating the basic centers (DC1, DC2, D&gheme B Heats
of formation and total energy data depict that DC1 is the
most stable species in tl8 state under isolated conditions
and DC3 is the most stable when dipolar solvation energy gr
is included. DFT calculations, under isolated conditions also
predict the similar results. It may also be mentioned here that
DFT calculations only predict DC1 to be most stable even if

Wg statr_twnr;hDCS g]?ome:_ry. I_ﬁltstatet,_ afterglﬂng)g_ln;;)ggi-c cay profile. This is also supported by the fact that =Njrbup
siderations the configuration interactions (CI=5in ' becomes stronger acid on excitation3ostate[43—46] In

100 configurations), DC1 is most stable dicationic species. general, species formed by the deprotonatioal group

Thus, under all circum;tances, DC; Is thg only species_in of aromatic amines is non-fluorescent with few exceptions
S ands; states except in polar protic media where DCS3 is [52] and the DA so formed from 2-ANA belongs to latter

the species iy state. Spectral characteristics observed for categories. The non-fluorescent nature of MA of aromatic

2-ANA |n_ th_e acid concentration range H =0 to —10 are amines has been attributed to the solvent induced fluorescent
exactly similar to those observed for 2-MAR2] under the quenching53]

similar conditions. Thus, the prototropic reactions occurring The pk* values for both equilibriums were determined us-
a

in 2-ANA can be_ explalped.on t'he s!mllar lines, i.e. DC1is ing fluorimetric titration method and exciting at the isosbestic

the only dicationic species in this acid range. point for ZI-MA anda22, in the latter case. Value obtained
for ZI-MA is the ground statelg, value, indicating that the

5.4. Zwitterion—Monoanion ZI-MA prototropic equilibrium is not established in this case
and could be due to the shorter lifetimes of the respective con-

As established earlier, ZI-B¢heme Pis the stable species  jugate acid—base pairs as compared to the reciprocal rate of

in polar protic solvent. MA from this can be formed either deprotonation and protonation rateSpstate. Smaller value

deprotonating=NH*— moiety or—NH3 group. The latter is  of pK} for MA-DA equilibrium confirms that —NkK group

neglected on the ground that thKovalue for the deproto-  becomes stronger acids $a state[43—46]

nation of—NH> group is >16[43-46] Observed K; value

of 6.6 in the present case, thus, neglects the deprotonation

of —NH; group at pH =10.6. Results dable 2suggestthat 6. Conclusions

the intramolecular proton transfer (IPT) in MA of 2-ANA in

S state is not possible as the tautomer (MA-T) so formed  Following conclusions can be drawn from the above study:

from MA is unstable by 9.2 and 109.8 kJ mé| respectively (i) 2-ANA exists as the amino form both & andS; states.

under isolated conditions and when solvation energies are in-Imino forms are absent. (ii) 2-ANAis presentin the molecular

cluded. Further, the activation barrier for IPT $9 state is neutral form in polar aprotic solvents. (iii) Dual fluorescence

64.2 kJmot?. In other words, formation of MA-T is highly  is observed from MA, by ESIPT process from —pétoup to

improbable inS state at room temperature. Small blue shift —COO™~ moiety followed by structural rearrangement. Both

observed in LWA22, and SWaf . in comparison to ZI-2,  the emission bands possess the same ground state precur-

could be due to strong IHB betweelNH, proton and-CO,~ sor, suggesting that IHB is very strong between sNiid
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—COO™ moieties even in aqueous medium. Different life-

times for the two species suggest that equilibrium is not es-
tablished inS; state. (iv) Dual fluorescence observed in case
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