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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 concentratior
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 (§ and first excited singlet ($states. Normal small Stokes shifted emission observed in all the solvents suggest
the absence of excited state intramolecular proton transfer (ESIPT) in 2-MAN. lonic speciemnid S states formed at different acid—base
concentrations are: Trication (TC), dication (DC1), monocation (MC1) and monoanion (MAYatues for different prototropic equilibrium
were determined ingSand S states and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction AP could be due to the absence of intramolecular hydrogen
bonding (IHB) in 9 state or due to the smaller acidity of
Spectral characteristics of 2-aminopyridine (2-ABR)9] —NH2 group in § and § states.
and 2-aminobenzoic acid (2ABA)10-13] have been stud- Even though IHB is present in 2-ABA ingState, ESIPT
ied extensively. Besides the basic centerNfatom in pyri- is not observed in Sstate. Tramefl1,12] has established
dine, 2-AP containsNH> group, which can behave like both  that IHB in 2-ABA is between the lone pair efNH, and
acidic and basic centers. It is well establisfiet] that—NH the carboxylic acid proton. In other words 2-ABA is present

group becomes stronger acid arld-atom becomes stronger  either in the molecular form or in the zwitterionic form where
base in $ state. Thus 2-AP may exhibit amine—imine tau- ESIPT is not possible.
tomerism in $ state if not in g state. All the studies carried Present work involves the study of spectral characteristics
out on 2-AP have shown that 2-AP emits only one small of 2-MAN in different solvents and at different acid—base
Stokes shifted fluorescence band in all the solvents. This hasconcentrations. In this molecule, carboxylic acid proton has
established that amino-imine tautomerism is absent in this been replaced by a methyl group. Thus there can be only
molecule and 2-AP exists only as amine form. The reason one kind of IHB between the amino proton and the carbonyl
could be that the activation barrier for amine to imine con- oxygen lone pair, which can lead to ESIPT. This molecule
version is 202.5kJmolt in Sy state. Although imine form  can be considered as a composite of two systems; one as 2-
of 2-AP is thermodynamically stable than amino formin S AP and the second methyl 2-aminobenzoate (2-MAB). The
state by 22.17 kJmol, the barrier height for this process is  present study has been carried out with the following aims in
still 173.6 kI mot? in S; state[6]. Absence of ESIPT in 2-  mind. (i) Electron withdrawing carboxylic acid group present
atortho position to amino group will increase the acidity of

* Corresponding author. Tel.: +91 512 597 163; fax: +91 5125974 3. aminogroup bothingand § states. The existence of amine-
E-mail addressskdogra@iitk.ac.in (S.K. Dogra). imino phototautomerism may thus be possible. (i) One of
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the criteria of ESIPT is that the acidity and basicity of the 90Me ¢}

proton donor and proton acceptor groups mustincreasgin S . /1 6 86\\010 - (‘iom éOMe
state. Although thelg, values for the deprotonation eNH, , @:7 b - | ; (I \c|>
group decreases from >16 i State to~11 in the S state NTSNT N7 N Sy Sy
[15-20] this may not be large enough for ESIPT. Presence of H 12 H )
electron withdrawing=N-atom at theortho to —NH, group VAN o MAN-2 VAN

can increase the acidity efNH, group both in g and S
states and can increase the feasibility of ESIPT. Besides these

points in mind, effect of acid—base concentration has been QMe @ oH
studied on the spectral characteristics. Dissociation constants (\IC\\O E\I o7
for the various prototropic equilibria have been determined N \N/H N/H
both in § and S states and discussed. AM1 semi-empirical I Y

quantum mechanical and DFT and TD (DFT) B3LYP with

6-31G** basis set calculations have also been carried out to 2-MIN-1 2-MIN-2
assign the spectral characteristics to various species involved

in the system. Scheme 1.

cal calculationg27] (QCMP 137, MOPAC 6/PC) were car-
2. Materials and methods ried out to get various parameters for the fully optimized
geometries of all the species iy State. This method pro-

2-Aminonicotinic acid (2-ANA) was obtained from vides acceptable approximations to give results which are
Aldrich Chemical Company (U.K.) and methyl ester (2- duite close to the experimental results, as observed by others
MAN) was prepared by refluxing 2-ANA in methanol con- [28-31} Total energy relative to the most stable specigs (
taining more than three equivalents of$04, as described in dipole momentg) and charge densities at different basic cen-
literature[21]. 2-MAN was purified by repeated crystalliza- ters are compiled ifiable 1 Transition energiesXE;) have
tion from methanol. Purity of the compound was checked been calculated using CNDO/S-CI method, as suggested by
by single spot on TLC, NMR and getting similar fluores- Del Bene and Jaff¢32] and described in our recent publi-
cence excitation spectra when monitored at different emis- cations[22,23] Long wavelength (LW) transition for each
sion wavelengthsiem). All the solvents used were either ~SPecies is complied ifiable 2 Charge densities in;Sstate
of spectroscopic grade or HPLC grade fromMEerck and at different basic centers have been obtained by CNDO/S-CI
were used as received. Spurious emission was checked fomethod33] and are compiled ifiable 1 Transition energies
each solvent by exciting at the same wavelength as used(AEjj) were also calculated using standard single point calcu-
for each solution of 2-MAN in different solvents. Triply lations AM1 method and are compiledTable 2 Geometry

distilled water was used for the preparation of aqueous ©f €ach species was also optimized using AM1 method and
solutions. taking into account the configurational interactions (Cl = 5
Procedure used to prepare So|utions and adjustment Of pH|n MOPAC, 100 Conﬁgurations). Emission transitions were
was the same as described in our recent pgp&r&3]. Since obtained by using the single point calculations and consider-
2-MAN is sparingly soluble, saturated solution of 2-MAN ing the geometry of the species in Sate. Desired transition
was prepared in all the solvents and then diluted accordingenergies obtained by this method along with experimental
to have the desired absorbance. Hammett's acidity §2ale ~ data are compiled ifiable 2
was used for HSOu/H,0 mixtures for pH < 1 and Yagil's Dipolar solvation energies for different states were cal-
basicity scalg¢25] was used for NaOH/D mixtures for pH culated using the following expression based on Onsager’s
>13. Details of the instruments used for recording absorption, theory[34]
fluorescence excitation and fluorescence spectra, measuring 12
lifetimes inthe excited states and pH are the same as described\ Esgl = — (—3> f(D) (1)
inour recent papef&2,23] Fluorescence quantum yieldy) a
was measured from solutions having absorbance less than 0.Where f(D) = (D — 1)/(2D + 1), D is dielectric constant of
using quinine sulphate in IN4$O, as referencg26] (&5 = the solventu dipole moment in the respective state aad *
0.55). Onsager’s cavity radius. For non-spherical molecules, value
of ‘a’ has been calculated by taking 40% of the maximum
length of the molecul¢35] and the value is 0.317 nm. To-
3. Semi-empirical calculations tal energies including solvation energies for each species
in water are also given iffable 1 It may be mentioned
Scheme ITrepresents various amino rotamers, (2-MAN- here that we have not taken into account the specific inter-
1, 2-MAN-2), tautomer (2-MAN-T) and imino rotamers (2- actions, like hydrogen bonding etc. for calculating the total
MIN-1, 2-MIN-2). AM1 semi-impirical quantum mechani- energies.
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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
S state
AM1 method
AHs (kcal mott) —53.5 -51.3 -21.7 —34.6 -33.2
E (kJmol1) 0 9.4 133.0 79.0 85.0
Esol (kJmol?1) 0 7.2 125.0 63.0 77.1
g (D) 1.0 1.9 3.2 43 2.9
DFT method
E (kJmol1) 0 12.2 - 75.1 119.7
g (D) 1.14 21 - 45 5.0
S; state
AM1 method
AHs (kcal mott) 21.2 25.8 46.9 26.7 28.1
E (kJ mot1) 0 19.3 107.4 22.4 28.8
Esol (kJmol?1) 10.1 20.9 87.6 0 17.3

Charge densities
CNDO/S-CI method

So
N4 —-0.311 —0.306 —0.310
N7 -0.271 —0.272 —0.427
Og —0.254 —0.252 —0.251
O10 —0.473 —0.467 —0.267
St
Na —0.143 —0.16 —0.266
N7 —0.259 —0.254 —0.232
Og —0.244 —0.230 —0.248
O10 —0.263 —0.259 —0.275

Three possible monocations (MCs) and three possible di-  The electronic structure calculations were also performed
cations (DCs)Scheme 2were also considered. AM1 semi- on each species, as mentionedSohemes 1 and, 2ising
empirical quantum mechanical calculations were also per- Gaussian 98 prograi36]. The geometry optimization was
formed on these species and the relevant data are compilegberformed on each species of 2-MAN ig Sate using DFT
in Tables 3 and 4espectively. Dipolar solvation energies in  [37,38]B3LYP with 6-31G** basis s€86,39] The geometry

water were calculated in water as solvent using(&y. of these stationary points on, State was calculated using
Table 2
Assignment of the excitation and fluorescence transitions of 2-MAN in terms of calculated energies (eV) with and without solvation and expetiresntal v
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
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configuration interaction singles (CI8)7,40]theory with 6-
31G** basis sets. Time-dependent (T@1,42]DFT B3LYP
was also used to calculate stationary point geometry an8l

S; states. Relevant data are compiledables 1-4

Table 3

Calculated parameters of the monocations of 2-MAN in the ground and

excited states

Parameters MC1 MC2 MC3
S state
AM1 method
AHs (kcalmol?) 95.8 106.3 113.4
E (kJmol1) 0.0 438 73.7
Esol (kJmol?1) 0.0 76.9 117.7
Mg(D) 7.5 4.6 3.1
®(N7Cs5N4C3) (deg)  —180 —180 -179
DFT method
E (kJmol1) 0.0 57.2 88.8
Mg(D) 6.8 3.7 3.1
S; state
AM1 method
AHs (kcalmol1) 180.2 206.4 175.7
E (kJmol1) 41.3 128.7 0.0
Esol (kdmol1) 0.0 149.8 31.1
Me(D) 9.0 3.7 1.7
Transition energies (hm)
Absorption
Single point
S-S 357 262 422
CNDO/S-CI
S-St 343 (n,7*) 309 (n,7") 318 (r, 7*)
S-S 295 @r, m*) 267 (n,w*) 279 (n,w*)
TD (DFT)
S-S 290 (m, 7*) 258 (n,@*) 329 (n,@*)
S-S 284 (n,m*) 255 (n,7*) 288 (@, 7*)
Emission
Single point
S-S 341 362 609

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

Parameters DC1 DC2 DC3
S state
AM1 method
AHs (kcal mol1) 3508 3637 3655
E (kJmol 1) 0.0 540 613
Esol (kJ mot1) 531 1159 0.0
) 43 30 119
DFT method
E (kJmol 1) 0.0 712 255
g(D) 4.4 59 106
S state
AM1 method
AHs (kcalmol1) 4347 4427 4294
E (kJmol 1) 186 511 0.0
Esol (kJmol1) 16.4 519 0.0
HeD) 5.5 5.2 5.2

Transition energies (nm)

Absorption
Single point
S-S 335 336 299
CNDO/S-CI
S-S 291 (@, 7*) 291 (n,7*) 362 (n,7*)
S-S 275 (@, w*) 276 (@, 7*) 265 (@, 7*)
TD (DFT)
S-S 243 (n,m*) 330 (n,7*) 285 (n,m*)
S-S 241 @, w*) 286 (@, m*) 284 (n,m*)
Emission
Single point
S-S 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 compilet@iahle 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! and the structure is retained even in the
most polar solvent water. Both the absorption band maxima
(A,an%x) 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-
ronmentsA2 of 2-MAN in any solvent are red shifted in
comparison to 2-AR1], methyl nicotinate (MN)[43] and
methyl 6-aminonicotinate (6-MAN}4] 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 iRig. 1and the relevant data are compiledin
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Table 5
Absorption band maximurmﬁ,'gu, nm), fluorescence band maximuwin(a, nm), fluorescence quantum vyields), lifetime in S state ¢, ns), radiative K,
10’ s71) and non-radiativekg,, 10" s~1) rate constant of 2-MAN in different solvents

Solvent A28 M ax Pt T Ky Enr
Cyclohexane 247 329 340 367 (0.487) 5.47 98 9.38
Ether 248 332 340 379 (0.57) 6.24 18 689
Dioxane 250 330 340 381 (0.60) 7.23 38 553
Ethyl acetate 255 332 340 381 (0.51) 5.70 98 881
Acetonitrile 247 330 340 381 (0.535) 6.44 38 723
n-Propanol 250 330 340 386 (0.615) 7.04 8 547
Methanol 247 331 340 387 (0.622) 6.84 09 553
Water pH 6.8 248 326 - 393 (0.72) 9.03 97 310
Water pH 2.0 243 328 - 387 (0.008) 06 33 1653
Water H = —5.05 247 327 - 384 (0.736) 8.54 62 209
Water Hy = —10.05 243 326 - 402 (0.73) 7.03 28 384
Water H.= 16 243 316 - 501 (0.0065) 0.24 ) 4140
7 ferent from 2-amino-3-naphthoic adids). Af _of 2-MAN

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

4.3. Fluorescence excitation spectrum

[
o
1

Fluorescence excitation spectra of 2-MAN were also
recorded in different solvents and at different emission wave-
lengths {em) in the range of 350—420 nm. In each solvent and
in each case fluorescence excitation spectrum recorded at dif-
ferenthemresemble with each other and also with absorption
spectrum in all aspects (i.a;’;ﬁx 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 specieg in S

Wavelength (nm) state. Overlap between fluorescence excitation and fluores-
Fig. 1. Fluorescence spectrum of 2-MAN in some selected solvents. (—), cence spectr.um IS max'mum n CyCl.Ohexane and the over[ap
cyclohexane: (---), dioxaneyf—O—O), acetonitrile; ¥ ), methanol: decreases with increase in the polarity and hydrogen bonding
(A—A—A), water pH 6.8. Atkexc = 330 nm. nature of the solvents. This is due to the shift of fluorescence
spectrum towards red of absorption spectrum in polar sol-

Table 5 Unlike absorption spectrum, fluorescence spectrum Vents, suggesting that the molecule is more polaristate

is relatively more sensitive to solvent characteristics, indicat- and larger solvent relaxation is occurring in polar solvents,
ing that 2-MAN is more polar in Sstate than in §state. A rather than due to larger changes in geometry of the molecule
continuous red shiftis observed in the fluorescence band maxin St state in comparison togState. This is also supported
ima (A ) of 2-MAN with increase in solvent polarity and by the data offable 1

hydrogen bonding nature. This suggests a better delocaliza-

tion of w-cloud of carbonyl group and the lone pair of amino 4.4. Excited state dipole moment

group with the pyridine ring. Under the similar environments,

FWHM of the fluorescence band does not changeziin- Excited state dipole momenp§) can be evaluated by
creases in going from cyclohexane to water. FWHM of the Using number of equations and spectral data. We have used
fluorescence band in each solvent is smaller than that of theonly Bilot-Kawski's (BK) Eg.(2) [46] in this work.

LW absorption or fluorescence excitation band (see latter). It

Intensity (arb. units)
&
1

2
may be concluded that 2-MAN is less flexible in &ate in Vab— Vfl = m |: b-1 =n 5 1 ] (2
comparison to that in §state. Although there is no change 2D+1 2n®+1
in the planarity of the substituents with the pyridine ring, the (e — Mg)Z
bond distancess(Cs—N-) andr (C¢—Cg) reducesto 0.135nm M = @ 3)

and 0.143 nm in Sstate from 0.138 nm and 0.146 nm ip S

state, respectively. Normal Stokes shifted fluorescence bandand 8 = 2reohe = 1.105x 10-3°C?, h Planck’s constant,
observed in each solvent suggests that ESIPT does not occuc velocity of light, 4mweg is the permittivity constantyyy

in $; state. This behavior is similar to 2-ABA1,12]but dif- andvy are the absorption and fluorescence band maxima in
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BK (c2=0) or BK (c:=1)

0.0 0.2 0.4 0.6 0.8 1.0
5000 — + } + } t } + }

(cm-1)

BN
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*—x—x  E_(30)

=—= u Bk(x=0)
11 0—o—o0 Bk(@a=1)
s00 A X - - o O O
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E,(30) k¢ pov!

Fig. 2. Plotof Stokes shifts versus different polarity parametk)s K (30);
(H—H—~), BK parametersy = 0; (O—0O—0), « = 1.

wave numbers (cmmt). In case of isotropic polarizability(
= polarizability) of molecules, conditionnZ4reoa® = 1, is
frequently satisfied and ER) will represent BK equation.
Whena = 0, (polarizability is neglected), ER) is reduced
to Eq.(4), derived by Lipperf47] and Matagd48].

_ D—-1 n?2-1 @
V. — Vf| = —
b =M o1 m2+1

BK polarity parameters foex = 0 ande = 1 were taken
from literature[49] and value ofuy, in each solvent is taken

Counts

1608 18 28 38 40 58

S.Dbev.

dbowe
T T

Fig. 3. Fluorescence decay profile of 2-MAN in methanglc = 337 nm,
Lem =386 nm.

typical fluorescence decay profile of 2-MAN in methanol as
solvent. Values of radiativek() and non-radiativek,) rate
constants were calculated from the lifetimesgnd®s using

the following relations. Values af, @5, k; andk,, in different
solvents and at different acid—base concentrations are com-
piled in Table 5 Values ofk; in different solvents are nearly
independent of the characteristics of solvents, whereas those

D5 b — 1
U

of knr decreases with increase of solvent polarity and hydro-
gen bond forming capacity of the solvents. Valuepffor

from the fluorescence excitation spectrum as it is more sen-the monocation (MC) and monoanion (MA) are very large

sitive. Fig. 2 represents the plot of Stokes shiftgd versus
polarity parameters whan= 0 ando = 1. vsg versustEr(30)
polarity parameter is also depictedhig. 2 ExceptEr(30)
plot, departure from linear relations (E¢4) and (2) is quite

(1.65x 10° and 4.14x 10°s1, respectively) as compared
to other ionic species.

4.6. Effect of acid—base concentrations

large for protic solvents as observed in other aromatic amines

[15-20]and thus can be explained in the same manner. On

Absorption and fluorescence spectra of 2-MAN were in-

the other hander(30) parameters takes care of the specific vestigated in the acid—base concentration rangeftfH_

interactions. Change in dipole mometif = pe — g was

—10.0-16. Relevant data are compiledable 5and respec-

calculated from the linear part of the plots after neglecting tive spectra are shown Figs. 4 and Srespectively. 2-MAN
dioxane and protic solvents and using ‘a’ as 0.317 nm. Val- is neutral in the pH range of 6.8 to 10 i State. With in-

ues are found to be 2.9 and 1.85D for « = 0 anda = 1

crease of base strength a blue shifted absorption band ap-

respectively. Peculiar properties of dioxane are well known pears at 316 nm having an isosbestic point at 314 nm. No
and the large deviations from the linearity observed in this change is observed in the absorption spectrum_atH5.
solvent can be explained on the same lines as made by Ledgeg16 nm band can be assigned to monoanion (MA) formed

and Suppaffs0].
4.5. Excited state lifetimes

Lifetime () of 2-MAN in different solvents were mea-

sured by usingiexc = 337 nm andigm as the fluorescence

by the deprotonation ofNH> group. With decrease of pH
220 at 326 nm is shifted to 328 nm, whereas 248 nm band
to 243 nm. There is an increase in the absorbance at 328 nm
by 30% with an isosbestic point at 340 nm. These changes
could be assigned to the formation of monocation (MC) at

pH ~ 2.0. With further increase of acid strength hardly any

band maximum in each solvent. Fluorescence intensity pro-change is observed ki, even up to i = —10.0. So nothing

file in each case followed a single exponential degéy=

can be said about further protonation of MC from absorption

1 4+ 0.1 and good autocorrelation function. It is observed data. K5 values of MC-N and N-MA equilibria have been

that r is independent ofeyc and Aem. Fig. 3 represents a

calculated from absorption data and are given on the arrows
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0.03

0.02

Absorbance

0.00

T T
275 300 325

Wavelength (nm)

T
250

Fig. 4. Absorption spectrum of different ionic species. (—), H 16;
(---), pH 6.80; O—0O—0), pH 2.0; ®—@—@®), Ho = —5.0; {K), Ho =
—10.05. [2-MAN] = 2x 10-6 M.

80

60 —

40

20

Intensity (arb . units)

<~ T T
350 400 450

Wavelength (nm)

Fig. 5. Fluorescence spectrum of different ionic species. (—),=H16
(intensity enhanced 40 times); (- --), pH = 6.80)0O—{0), pH 2.0 (in-
tensity enhanced 20 times®{—@®—®), Hp = —5.0; (¥ ), Hp = —10.05.
At Aexc = 325 nm and [2-MAN] = 2x 10°5 M.

of the respective equilibriasScheme B Unlike absorption

209

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 t@ H 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 i) = —5.0. At Hy < —5.0 a new intense red shifted
emission band appears at 402 nm with an isoemissive point at
393 nm.

pKa values in g state (K3) 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 ®theme 3Fluores-
cence decay profiles of each ionic species followed single
exponential and lifetime obtained are compiledTable 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
acetonitrile and methanol containing different concentrations
of HoSOq up to 1 M. Absorption characteristics of 2-MAN
in acidified acetonitrile and methanol are similar to those
observed in water i.e. small blue shifted band appears at
325nm in acetonitrile and 328 nm in methanol. Unlike in
agueous medium, fluorescence band of neutral 2-MAN is not
quenched with increase of acid concentration, but slightly
more intense and a red shifted emission band appears at
384nm and 1x 10-3 M H,SQy, followed by a slightly blue
shifted band at 381 nm at 1 M330y.This behaviour is sim-
ilar to those observed in water at pH 2 ang H -5 re-
spectively. Fluorescence excitation spectra recorded»at 1
102M and 1 M H,SOy at differentiem in acetonitrile were
similar to each other and resemble with the absorption spec-
trum, suggesting that the absorbing and emitting species are
the same at these two respective acid concentrations. Inter-
section of fluorescence excitation and fluorescence spectra
suggests the presence of small Stokes shifted fluorescence

spectrum, a very weak and large red shifted fluorescenceband. Excited state lifetimes of 2-MAN in an acetonitrile

band (501 nm) appears with increase of base concentration
This fluorescence band is very similar to that observed in
case of 2-naphthylamin@9] under the similar NaOH con-

centration and thus can be assigned to MA formed by the

@]CI)H QMe
C\
= | C\QMe ~ 8.1 = | S0 4.75
| —_— ® d ~
@ _H
oW e S 4
H H H H

containing 1x 1072M and 1M HSO4 and usinghexc =
337nm andiem 384, 460 are similar to each other (9.0
+ 0.1ns). This indicates the presence of only one kind of
MC.

OMe OMe
Ce , Ce
I — Yo
b
SN 106 SN\
| (€]
H

Scheme 3.
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5. Discussion the results predicted by all the methods is quite close to the
_ experimental results. InjState, conversion of 2-MAN-1 to
5.1. Assignment of states 2-MAN-2 will be further hindered because the stability of

2-MAN-1 increases from 9.4 to 19.3 kJ mélunder isolated

Before we start the discussion, it may be mentioned here, conditions and from 7.2 to 10.8 kJ mdlwhen dipolar sol-
unlike 2-ABA, there can be only one kind of IHB in 2-MAN,  vation energy is included. The activation barrier for this con-
i.e. between the carbonyl oxygen atom-@CHz and amino  version in § state also increases from 22.7 to 45.6 kJnhol
proton (2-MAN-1 and 2-MAN-2). FronTable 1 itis clear  This seems to be consistent with the fact that carbonyl oxygen
that both the rotamers (2-MIN-1 and 2-MIN-2) are less stable hecomes stronger base and thus will increase the hydrogen
than 2-MAN-1 by 79 and 85 kJ mol under isolated condi-  pond strength.
tions in & state. The stability of these species will increase  CNDO/S-CI calculations have predicted that &d $
on including the solvation energies @of the imine forms states of 2-MAN are of n* and =, 7* in nature, respec-
are greater than that of 2-MAN-1 but the instability is still tively. This is in agreement with those predicted for 24AP
quite large thatimine forms can be neglectedgstateinany  and by Jain et al. for 2-ABA respective]¢3]. Large value
solvent. Results based on heats of formation and DFT calcu-of molecular extinction coefficient and very high valuefaf
lations also suggest that 2-MAN-1 is the most stable species.suggest that the lowest energy absorption band observed can
The conclusion is supported by the fact that activation barrier pe assigned togS'S, transition and the next one tg-SSz tran-
for this IPT in S state is 401 kI mot. Very large value of  sition. Similar conclusions have also been arrived at by Jain
activation barrier for this IPT could be due the formation of et al.[13]. On the other hand, Goodman and Sii&dl] have
four memebred ring conformation between hydrogen donor explained the near ultra violet absorption band of 2-ABA as
(—NH2 group) and hydrogen acceptei-atom) in 2-MAN being due to intramolecular charge transfer transition from
so that IPT reaction is expected to be associated with very anjline residue to the antibonding orbital of =0 group.
large strain energy. IniSstate 2-MAN-1 is still the most sta- ~ On the other hand, TD (DFT) calculations suggested*
ble species under isolated conditions, whereas 2-MIN-1 be-and n,=* to be § and S states. Gap between &nd $
comes the most stable species when dipolar solvation energystates predicted by CNDO/S-CI and TD (DFT) is only 2180
is included. This species still can be neglected on the groundsand 4510 cm?, respectively. A similar behaviour is observed
that the activation barrier for IPT is very large (336 kJ miol in case of 1-hydroxy-9-fluorenorig2]. It may thus be con-
Similar behavior is also observed in Z-M In other words, cluded that if nm*and , 7* states are close by, prediction
it may be concluded that 2-MAN-1 will be present as amino and assignment of electronic states by these theories is a dif-
form both in $ and § states. ficult proposition. Spectral characteristics in the present case

Similarly the presence of tautomer (2-MAN-T) form can can be explained by mixing the two states. Decreadgin
also be neglected ingSstate in any solvent because the with increase in solvent polarity supports this, i.e. increase
proton transfer from-NH> group to >G-O group is en- in solvent polarity decreases the energymof:”™ state and
dothermic by 133kJmof* under isolated conditions and increases that of m" state. This will increase the character-
by 125 kJ mot*when dipolar solvation energy is included. istics ofw " state in the lowest energy transition and increase
Further the activation barrier height for the conversion of ;.
2-MAN-1 to 2-MAN-T is 151kImof! and thus makes Itis well known that electron migration or charge transfer
this process unviable at room temperature. In case of DFT, interaction between the substituent and the aromatic hydro-
the optimized structure of 2-MAN in¢Sstate is always 2-  carbon is the most important factor which affects and deter-
MAN-1 even if we start with 2-MAN-T. Combining the re-  mjnes the electronic spectra of aromatic hydrocarbon deriva-
sults of heats of formation along with DFT results, pres- tives [53]. The effect of solvents on the spectral character-
ence of 2-MAN-T can also neglected i State. Although  istics of 2-MAN by these interactions can be obtained by
the stability of 2-MAN-T increases in;Sstate Table 1, comparing the absorption spectrum of 2-MAN, with 2-AP
107.4 kI mot1) and the activation barrier also decreases from [1], methyl nicotinatd43] and 2-ABA[13]. Red shift ob-
151to 121.5 kI molt, these values are still quite largetocon- served in the LW absorption band of 2-MAN as compared to
clude that 2-MAN-T will be absent in;Sstate also. first two molecules and near resemblance with that of 2-ABA,

Rotamer 2-MAN-2 is unstable by 9.4 kJmélunderiso-  suggests that IHB plays a major role in affecting the near ul-
lated conditions and 7.2 kJ mdl when dipolar solvation is  traviolet absorption band of 2-MAN. This is supported by the
added. Activation energy for the conversion of 2-MAN-110 2-  fact that IHB is quite strong in theg®ind § states, i. e. 22.7
MAN-2 in S state is 22.7 kJ molt under isolated conditions  and 45.4 kJ mol! in 2-MAN-1 and 13.3 and 26.1 kJ mot,
and will decrease when dipolar solvation energy is added. respectively in 2-MAN-2. Near invariance of the absorption
Thus presence of 2-MAN-2, even though in small amounts, spectra of 2-MAN in different solvents could be due to the
cannot be ruled out in the system. This can be supported byaccidental cancellation of the effects of intermolecular hydro-
the data offable 2that the predicted absorption transitions gen bonding of the solvents witiN—and carbonyl group and

for the rotamers 2-MAN-1 and 2-MAN-2 are quite close to  NH, group. Former leads to red shift and latter to blue shift
the experimentally observed ones. The agreement betweenn the absorption spectrum.
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Small Stokes shift observed in different solvents for 2- 5.3. Dication—monocation equilibrium
MAN can be explained as follows. As mentioned above,
there is an IHB between the amino proton and the lone pair ~ Similar to MCs, three DCs can be obtained by further
of carbonyl oxygen atom. It is shown that electronic delo- protonating the MCsScheme P Based on the results of
calization is possible through the hydrogen bond. In the ex- AM1, AH; and DFT calculations, DC1 is the most stable
cited singlet state this delocalization would be stronger than species under isolated conditioned gsEate, whereas when
that in § state, because the electronic orbital is more ex- dipolar solvation energies are added DC3 is the most stable
tended, the ionization potential of the carbonyl group be- species. In §state, AM1 calculations predict that DC3 is
comes smaller, and the electron affinity of the amine group the most stable DC, both under isolated and solvated condi-
becomes larger in the excited electronic state thap st&e. tions. Based on absorption spectral data, it is not possible to
But due to closer proximity of these two groups, charge sep- assign the nature of DC, as hardly any change is observed
aration between the two groups will be small and thus may in Aﬁgx except that absorbance increases. On the other hand,
results in smaller Stokes shift. This may be the main rea- fluorescence intensity of 387 nm band increases by a factor
son for the small slope observed in thigy. 2 for botha = of ~80, followed by a blue shift of 3 nm. Although based on
0 anda = 1. Lastly, increase im; with increase in polar-  the theoretical and experimental data, it is not easy to assign
ity and hydrogen bonding nature of the solvents is due to the structure of DC, but based on earlier resfilt,11,12]
the competition between inter and intra molecular hydrogen it is speculated that DC1 is the most probable species and
bonding (IHB). It has been establishf##] that IHB plays is supported by the following arguments. (i) Two positive
the major role in the non-radiative decay rate constant ascharges are well separated and thus repulsive interaction will
compared to intermolecular hydrogen boding. Thus decreasebe the minimum. (ii) Hardly any changes are observed in
in knr in going from cyclohexane to water could be due to the absorption spectrum of nicotinic adii3] and 2-ABA
the partial replacement of IHB by intermolecular hydrogen [13] when protonated at carbonyl oxygen. (iipvalues for
bonding. the protonation ofNH> group in MC of 2-AP is—7.8 and
pK} could not be determined as it required further stronger
conditions to protonateNH is S state[12]. Presence of
5.2. Monocation-neutral equilibrium electron withdrawing-COOMe group abrtho position will
further decrease in thekp value it. In case of 2-ABA Ka
Three MCs can be obtained by protonating three basic value for the similar prototropic reaction is 2.B3]. In case
centers of 2-MAN.AH;, AM1 and DFT calculations have  of 2-ABA and 2-DMABA a continuous red shift was ob-
shown that MC1 is the most stable MC ig State, both un-  served when acid concentration was increased from 0.5 to
der isolated and solvated conditions. On the other hand in S 10 M H,SQy, followed by red shift of 10 nm with further
state MC3 is the most stable under isolated conditions andincrease of acid concentration. The former was attributed to
MC1 when dipolar solvation energy is included. So it seems solvent dielectric effect and latter to the protonation of€C
that MC1 is the only MC present in both the states in aque- oxygen atom. Although in our case a continuous increase of
ous medium. This is supplemented by the following results. apsorbance was observed without any change in 328 nm ab-
() pKa value for the protonation of 2-AR] at=N-atomis  sorption band maximum in 0.5-10 M acid concentration and
6.75 and that of >€0 group is~ —5.0 [14]. pKa values  glight blue shift inz2 in 10-18 M acid concentration, the

for the MC-N equilibrium of 2-MAN is 4.75. Thus agrees results can be explained on the same lines. Hardly any change
with the formation of MC1. Small decrease in thepralue in 22 and slight blue shiftin! _fromHy=0to Hy=—5

max max

in 2-MAN is due to the fact thatNH> group lone pair is  can be explained as follows. In case of 2-ABA or 2-DMABA
shared by two electron withdrawing groups and thus chargethe |HB is between amino lone pair ar€OOH proton and
density will be smaller or-N—in 2-MAN as compared to  >C=0 is free for protonation. Whereas in our case IHB is
that in 2-AP. It is well known that >€0 oxygen becomes  petween-NH, proton and >&0O oxygen atom. Protonation
strong base in Sstate and the jg; value increasefd4]. But of >C=0 group will lead to the breaking of cyclic structure of
such an increase from5 in § state to 4.7 in gstate isnot  2_ANA. This will lead to blue shift, whereas the protonation
observed in earlier cas¢s4]. (i) In general large red shift  of >C=0 group will lead to red shift. Thus the net effect may
is observed in the spectral characteristics of neutral speciesye zero or negligible on the spectral properties. A large red
on protonation of >€0 group[14]. In our case slight red  shiftin Af, with increase of acid concentration in the range
shift in absorption band maxima (2 nm) and Sllght blue shift of 10-18 M HSOy and appearance of isoemissive point ob-
in emission spectrum contradicts the protonation o€C  servedinthe acid concentration range g&H-5to Hy=—10
group. (iii) Ground statelf, value observed from fluorimet-  suyggests the formation of DC1. Single exponential observed
ric titration only suggests that prototropic equilibrium is not jn the fluorescence decay profile of species gt=H-10 (r
established in §state. This could be due to smaller value = 7 ns) suggests the presence of a Sing]e Species_ A|[hough
of deprotonatiOn/protonation rate constants in Comparison tOWe are not able to measure thEdJ/ahJe for DC-MC equi-
radiative decay rate constants for the conjugate acid-bassiprium, fluorimetric titration method has given th&p as

pair. —7.9. Thus the minimum value of would be—7.9. These



212

values agree nicely with those observed for 2-DMARBZA].
Trication, obtained by further protonatingNH, of DC1 is

not formed as one would require stronger acidic conditions [10]

than Hy = —10.
5.4. Neutral-monoanion equilibrium

MA can only be formed by deprotonation-eNH> group.
In 2-AP [1] pKj4 for deprotonation is >16 and in 2-MAN its
value is 11. Large decrease in thigovalue for the depro-
tonation of—NH3 is due to the presence of two electrons
withdrawing groups presemtrtho to —NH; group and thus

will decrease the charge density on the amino nitrogen atom.

In general, MA formed by the deprotonation-efiH, group
is non-fluorescenfl5-22] with few exceptiong19]. Low
@5 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 mediuf5]. A small decease
in pK} value suggests thatNH, group becomes stronger
acid on excitation to Sstate, consistent with literature data
[14-20]

6. Conclusions

Above study has shown that: (i) 2-MAN is present as
amine form rather than the imine one, (ii) ESIPT is not possi-
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