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Abstract

Excited state intramolecular proton transfer (ESIPT) process has been studied in the monoanionic and monocationic speties of 2-(2
amino-3-pyridyl)benzimidazole (2-A3PyB]l) in aqueous and organic solvents. Dual fluorescence is observed from monocationic (aqueous ant
alcoholic solvents, partly from non-polar and polar aprotic ones) and monoanionic species in aqueous media. Presence of different species h
been characterized with the help of absorption, fluorescence excitation and fluorescence spectroscopy, as well as, time resolved fluorimet
The electronic structure calculations were performed on each species using semi-empirical quantum mechanical AM1 method and densit
functional theory B3LYP with 6-31G** basis set using Gaussian 98 program to characterize the particular ionic species. Presence of electrol
withdrawing pyridine=N— atom and negative charge on the benzimidazole moiety plays the vital role in increasing the rate of ESIPT process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction be lower than that of enol forfi5-18] (iv) S; state of enol
form should be of 4, #*) in character, because the acti-

Intramolecular hydrogen bonding (IHB) is known to have vation barrier for the conversion of enol to tautomer is the

considerable effect on the geometric, electronic, vibrational smallest for $ state of {r, 7*) in nature and largest forf,

and radiationless transitional properties of the substituted aro-w*) triplet state[19]. Presence of first two criteria does not

matic molecule$1-3]. Besides its relevance in understand- guarantee that ESIPT will occur and Gillespie eff4B,16]

ing the conformation in bio-molecul§4,5], the above men-  were the first to show the absence of large Stokes shifted

tioned properties have many practical utilities worthy of con- tautomer emission in 1-aminoanthraquinone (1-AA) and 1,4-

siderations, e.g., dye lasg6s7], high energy radiation detec-  dihydroxyanthroquinone (1,4-DHA).

tors[8], development of UV photo-stabilizef8], molecular In our recent studies on ESIPT process in 2-(2

energy storage devicgs0], fluorescent probgd 1,12] etc. aminophenyl)benzimidazole (2-APBJ20,21], (Scheme }
Basic requirements for ESIPT reactions to take place are:though we observed the presence of ESIPT reaction from

(i) IHB between the acidic centersiiH,, —OH groups) and  the acidic—NH, group to benzimidazole (BE-N— atom,

the basic centers (>COOHN- moieties) in the ground (3 fluorescence quantum vyield of the tautomer banﬁ)(was
state[13], (ii) increase in acidic and basic character of these very small as compared to that of small Stokes shifted nor-
groups on excitation to first singlet excited;State[14], mal emission ¢N). Ratio @/ /®}") in cyclohexane is 0.42

(iif) ESIPT process in $state should be exothermic, i.e., en- and decreases to 0.0 with increase in the polarity and pro-
ergy of tautomer formed by ESIPT from enol form should tic nature of solvents. Smadl'fT of tautomer could be due to
smaller rate of ESIPT in Sstate as thelf, and Ky* values
* Tel.: +91 5122597163 fax: +91 5122597436. of the deprotonation reaction efNH, group are >16 and
E-mail addressskdogra@iitk.ac_in. 11—12, respectively. Sm|th et @22] and our gr0uﬂ23—25]

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2004.12.009
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have shown that the rate of ESIPT process from-thiélo Procedure used to prepare solutions and adjustment of

group can be increased either by increasing the acidity of pH was the same as described in our recent pgdR8r29]
—NH2 group by replacing one of theNH> proton by elec- Hammett's acidity scald30] was used for RHSO—H,O
tron withdrawing group{COCH;, —COGCsHs) or increasing mixture for pH<1 and Yagil's basicity scalg81] was
the basicity of electron withdrawing group. used for NaOH-KHO mixtures for pH > 13. These Ham-
In continuation to our study on 2-APBI, we have syn- mett’s and Yagil’'s functions represent the actual (or free)
thesized 2-(2amino-3-pyridyl) benzimidazole (2-A3PyBI, amount of protons or hydroxyl ions available in the de-
Scheme I molecule which contain an electron withdrawing sired solution to react with weak base or acid, respec-
pyridine =N— atom ortho to—-NH, group. Photophysics of tively. Acid concentration in cyclohexane was controlled

this molecule has shown that ratio @K/@}“) in 2-A3PyBI by trifluoroacetic acid (TFA), whereas in acetonitrile and
in cyclohexane increases and is much larger than that ob-methanol, it was controlled by 2$0,. Details of instru-
served in 2-APBI in cyclohexang6]. Acidity of —NH, ments used for recording absorption, fluorescence, fluores-

group can be increased by protonating pyridii¢— atom cence excitation spectra and excited state lifetimes are the
or by increasing the basicity of Bl moiety. Present study same as described in our recent papg@&29] Fluores-
involves the effect of acid-base concentration on the pho- cence quantum yield&;) was measured from solutions
tophysics of 2-A3PyBI, as well as, on the ESIPT reaction. having absorbance less that 0.1 using quinine sulphate
Absorption, fluorescence excitation and fluorescence specin 1N H,SO; as reference &; =0.55) [32]. Concentra-
troscopy and time correlated single photon counting spec-tion of 2-A3PyBI was kept at 1.08 10°M to avoid self-
trofluorimetry has been used. Both semi-empirical (AM1) absorption.
quantum mechanical and DFT-B3LYP calculations using 6-
31G** as basis set, employing Gaussian 98 program were
also carried out on the ionic species to supplement the exper-3. Theoretical calculations
imental results.
Schemes 2—donsider different monocations (MCs, MC-
1, MC-2, MC-3 and MC2-T), dications (DCs, DC-1, DC-2
2. Materials and methods and DC-3) and monoanions (MAs, MA-1, MA-2 and MA-
T), respectively for theoretical calculations. Geometry of all
2-A3PyBl was synthesized by refluxing equivalent the species were fully optimized using AM1 method (QCMP
amount of 1,2-diaminobenzene and 2-aminonicotinic acid 137, MOPAC 6/PC)33] and using the coordinates obtained
(both procured from Aldrich Chemical Company, UK) in from PCMODEL[34] in Sg and § states after taking into
polyphosphoric acid medium as described in literaf@ig. account the configuration interactions (Cl=5 in MOPAC,
2-A3PyBI was purified by repeated crystallization from 100 configurations). Total energ§), dipole moment &),
methanol. Purity was checked by the desired spectroscopicand dihedral angleg Ng—Co—Ci10—C11) have been com-
techniques, as well as, getting similar fluorescence and flu-piled in Tables 1-For monocations, dications and monoan-
orescence excitation spectra using different excitati@g) ( ions, respectively. Standard single point calculations were
and emission)e) wavelengths respectively. All the solvents  performed on each species by taking the same geometries
used were either of spectroscopic or HPLC grade from E. in Sg and S states to get the Franck—Condon absorption
Merck and were used as received. Spurious emission wasand fluorescence transition energies respectively. Transition
checked for each solvent by excitation at the same wave-energies AE;) for each species were also calculated us-
length as used for each solution of 2-A3PyBI in different ing CNDO/S-CI method35] as described in our recent pa-
solvents and containing different acid-base concentrations.per [28]. Total energy ) was obtained by the expression
Triply distilled water was used for the preparation aqueous (Ej =E; + AE;). First two transitions are compiled in the res-
solutions. pective tables.
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Dipolar solvation energies for different ionic species of Spand S states. Relevant data are compiled in the respective
2-A3PyBI were calculated using the following expression tables.
based on Onsager’s thedB6]

AEgoly = _(,U«Z/as) f(D)

wheref(D) = (D — 1)/(2D + 1), D is dielectric constant of the

solvent,u is dipole moment of the fluorophore in the respec- 4.1. Absorption spectrum

tive state anda Onsager’s cavity radius. Value o&" for

non-spherical molecule, like 2-A3PyBI, was calculated by  Absorption spectrum of 2-A3PyBI was recorded in the
taking 40% of the maximum length, as suggested by Lippert acid-base concentration range ldf=—10 to H=16 and
[37]anditis 0.44 nm. Total energy including solvation energy relevant data have been recordedTable 4 Absorption
for each species in water is also compiled in the respective band maX|mum)( w0 at 327nm andHo=—10 is slightly

4. Results

tables. red shifted to 330 nm with slight increase in absorbance at
The electronic structure calculations were carried out on Ho=—4, suggesting slight planarity and presence of free
each ionic species using Gaussian 98 prodizéh The ge- lone pair of electrons on —NHnitrogen atomA?nbax (330,

ometry optimization was performed on each ionic species 285 nm) of the species is invariant in the rangélpE —4 to

of 2-A3PyBI in § state using DFT39,40] B3LYP with 6- pH 0.9. Both thesamax are red shifted to 346 and 298 nm
31G** basis sef38,41] Time dependent T[}2,43]1B3LYP at pH 4.24, with increase in absorption and isosbestic points
with 6-31G** basis set was also used to calculate the excited (Aisog) at 302 and 328 nm. This suggests the presence of equi-
state energies at the calculated stationary point geometry inlibrium between these species. With increase of pH to 8.5,
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Table 1
Calculated characteristics of the probable monocations of 2-A3PyBI in the ground and excited states
Characteristics Isomers/rotamers
MC1 MC2 MC3 MC2-T
AM1
E (So, eV) —2507.1110 —2507.3921 —2507.7545 —2507.3618
E (So, eV) (in water) —2507.2751 —2507.8742 —2507.7770 —2507.4022
E (S, eV) —2504.2575 —2504.0442 —2505.3987 —2504.8104
E (S1, eV) (in water) —2504.2821 —2504.0544 —2504.5504 —2504.9074
g (D) 6.65 11.40 2.46 3.32
e (S1) (D) 2.57 1.65 6.39 5.15
Sop (Ng-Cg-C10-C11)(deg) 16.7 37.1 41.0 322
S1¢ (Ng-Co-Ci0-C11)(deg) 15.3 33.8 64.7 16.4
CNDO/S-CI
Transition energies (nm)
S-S 357.3 425.3 349.3 425.9
S-S 310.7 355.7 291.4 308.0
DFT B3LYP
Energy (Hartrees) —682.7346 —682.8508 —682.8482 —682.7452
pg(D) 3.42 8.95 1.95 4.68
Transition energies (hm)
S-S 334.6 427.4 332.9 391.9
S-S 321.2 399.7 304.6 332.2
230 of both the band systems are blue shifted to 336 and 250 nm, respectively, withisos at 288 nm. All ther22, re-

288 nm with decrease of absorbance. Similar to above men-main constant up to 13.5, and only L2, is red shifted to

tioned observations,isos are also observed at 295, 305 and
332 nm. Absorption spectrum of 2-A3PyBl is invariant in the
pH range of 8-10. Long wavelength (LW%%X is invariant

339 nm, with slight increase in absorbance. Unlike the earlier
behavior no cleakisps point are observed even uplih. 16,
except that change in absorbance is the minimum at 320 nm.

to increase in pH but absorbance increases up to pH 12.9 pKj values for the various equilibria were determined using
whereas the middle wavelength (MW) and short wavelength absorption data and mentioned at the top of the arrows in

(Sw) Aﬁ?ax are red shifted from 288 to 298 nm and 248 to

Table 2
Calculated characteristics of the probable dications of 2-A3PyBI in the
ground and excited states

Scheme 5

Table 3
Calculated characteristics of the probable monoanions of 2-A3PyBl in the
ground and excited states

Characteristics Isomers/Rotamers Characteristics Isomers/rotamers
DC1 DC2 DC3 MA1 MA2 MA1-T
AM1 AM1
E (S, eV) —25110571 —-25100984 —-25118523 E (Sp, eV) —24877211 —-24869925 24874339
E (So, eV) (in water) —25111979 -251Q09770 —-25121574 E (S0, eV) (in water) —24877521 —24873636 —24875188
E (S1, eV) —25082788 —25090814 —25089426 E (S1, eV) —24848034 —24847409 —24849693
E (S1, eV) (in water) —25083580 —25091599 -—-25089841 E (S, eV) (in water) —24848098 —24848598 —24849700
ug (D) 6.17 1547 910 1g(D) 2.86 993 477
we (S1)(D) 4.65 463 337 e (S1) (D) 1.30 561 043
So¢ (Ng-Co-C10-Ci11)(deg) 883 0.0 887 Sow(Ng-Cg-Ci0-Ci11)(deg) Q0 360 0.0
S1¢9(Ng-Co-C10-C11)(deg) 881 01 887 S1¢9(Ng-Cgo-C10-C11)(deg) Q0 352 05
CNDO/S-CI CNDO/S-CI
Transition energies (nm) Transition energies (nm)
S-S 3364 5234 3366 S-S 3595 4311 4177
S-S 3202 4354 3226 S-S 3216 3277 3202
DFT B3LYP DFT B3LYP
Energy (Hartrees) —6829663 —6830047 —6830039 Energy (Hartrees) —6818024 6817550 —6817884
ug (D) 6.17 863 863 ug (D) 1.49 1001 332
Transition energies (hm) Transition energies (hm)
S-S 307.6 3910 3076 S-S 3412 4670 4086
S-S 2908 3689 2908 S-S 3209 3643 3149
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Absorption band maximaxﬁ%x, nm), fluorescence band maxinvefngx, nm), fluorescence quantum yiel@:) and excited state lifetimes,(ns) of different

ionic species of 2-A3PyBI

Species/solvents A A o (®5) 2y N 7
Water (N) pH = 8.5 248, 288, 336 404, 534 (0.0958)(0.0698) 0.52 (26) 2.64 (74)
2.52(13.2) 1.33(86.5)
Water monocation pH = 4.24 298, 346 434,502 (0.0415)(0.1188) 0.78 (85.5) 4.6 (14.5)
4.4 (5.5) 1.21(94.2)
Water dication | =—4 285, 330 422 (0.4199) 2.50
Water trication K =—10 287, 327 423 (0.3610) - - -
Water monoanion pH=12.6 250, 298, 336 409, 515 (0.0229)(0.1024) 2.84(18.6) 4.31(81.4)
4.46 (48.3) 2.34 (51.7)
Water dianiorH_ =15.9 285, 339 501 (0.3312) - - -
Cyclohexane + TA=0M 284, 294, 350363 (sh) 379, 392, 55677
Cyclohexane + TFA=10° M 288, 345, 358 405, 435, 508
Cyclohexane + TFA=0.1M 288, 330 425
Acetonitrile +0M H,SOy 285, 293, 345, 357 _39417,542578
Acetonitrile + 105 M H,SOy 298, 352 428, 505
Acetonitrile + 1 M H,SOy 285, 330 425
Methand+0M H,SOy 286, 294, 346360 402, 539
Methanol + 104 M H,SOy 300, 355 432,51%35
Methand+ 1M H,SOy 285, 332 428, 506641

4.2. Fluorescence spectrum

range of pH 12.6 to H15.9, dual emission is changed in to

a single fluorescence band at 501 nm with large increase of

Fluorescence spectral characteristics of different ionic fluorescence intensity and its saturation is not complete even
species of 2-A3PyBI in the ipH/H range of —10 to 16 are  atH_ =15.9. This is depicted by the presence of weak emis-
compiled inTable 4 At pH 8.5, neutral species of 2-A3PyBIl  sion at 409 nm and highest base strength used, as shown in
possesses a dual fluorescence with fluorescence band max-ig. 2
imum (Aﬁnax) at 404 and 534 nm. Ratio d¢f (534)1; (404) On the other hand, emission characteristics of 2-A3PyBI
is 0.73 and remains unchanged in the pH range of 7.8-9.8.are more complex than the absorption spectrum with increase
With increase of basic strength, dual emission is retained. SWin acid strength. In the pH range 8.5-4.24, similar to neutral
Afax band is red shifted to 409 nm with decrease of fluores- species, dual emission is observed with the difference that
cence intensity and LW, is blue shifted to 515nm with ~ SW 404 nm emission band is red shifted to 434 nm and LW
increase of fluorescence intensity with ratio(615)4; (409) 534 nm one is blue shifted to 502 nm. Rati@¢502)A; (434)
increases to 0.47. Isoemissive points are observed at 467 anthcreases to 2.81 from 0.6 for neutral species. Isoemissive

540 nm in pH range of 8.0-12.6 as depictedrig. 1 In the

points are observed at 414 and 541 nm as showfign3.

H NH, H
e"! & 2.16
A\ —_
2.3
N
\
H

5.6 ||54
NH, . .
\
7 N7
\

Scheme 5.
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Intensity (arb. units)

T T T T T
350 400 450 500 550
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Fig. 1. Fluorescence spectrum of 2-A3PyBI in the pH range of 8.1-12.9.
1, 85; 2, 9.3; 3, 10.5; 4, 11.3; 5, 11.9; 6, 1284:=290nm. [2-
A3PyBI]=1.03x 1073 M.

Fig. 4 depicts the emission spectra of 2-A3-PyBI in the pH
range of 4.24 to 0.9. Dual emission is still observed but 502
and 434 nm bands shift to 522 and 422 nm respectively. De-
crease in the fluorescence intensity of SW emission is more
than that in LW emission such thiat(522)As (422) increases

to 1.22. With further increase of acid strength, dual emis-
sion converts to single emission wif} ., at 423 nm, with
increase in fluorescence intensiyid. 5). This behavior is
different from that observed in the absorption spectrum as
no changes are observediff,, and absorbance during this
range of acid concentration. Fluorescence intensity keeps o
decreasing with out any changelify,, With acid concentra-
tion up toHg=-10.

Intensity (arb. units)

T T

T
550

T T T T
350 400 450 500

Wave length (nm)

Fig. 2. Fluorescence spectrum of 2-A3PyBI at different basic concentration.
(1) pH 12; (2) pH 13; (3) pH 14.0; (41— 15.0; (5)H_ 15.9.1exc=290 nm.
[2-A3PyBI]=0.5x 105 M.

n

201

14.0

10.54

Intensity (arb. units)
~
o
1

w
n
L

(1-6)

0.0
350

T T T T

T
600

T T T T
400 450 500 550

Wave length (nm)

Fig. 3. Fluorescence spectrum of 2-A3PyBl in the pH range of 4-8.5. (1) pH
4.0;(2) pH5.0; (3) pH 5.7; (4) pH 6.1; (5) pH 7.1; (6) pH 8\%xc =340 nm.
[2-A3PyBI]=0.5x 105 M.

Effect of Lex in the range of 300-360 nm was studied at
Ho=-10, —4 and 0.0; pH 4.2, 7.8, 9.8 and 12.6 aHd
16. Fluorescence band maxima of dual emission and their
fluorescence quantum yields are invariant, suggesting that
emission is occurring from their most relaxed states.

4.3. Fluorescence excitation spectrum

In order to assign the nature of emitting species in the
Ho/pH/M_ range of —10 to 16, fluorescence excitation spec-
tra were recorded &g —10,—3 and 0, pH 4.2, 8.5 and 12.0
andH_ 16 and in the emission wavelengthef,) range of
400-570 nm. AHp —10 and -3 ant#li_ 16, the fluorescence
excitation spectra recorded at all the emission wavelengths

Intensity (arb. units)

(1-6) (1-6)

T
450

Wave length (nm)

T T T T
350 400 500 550 600 650

Fig. 4. Fluorescence spectrum of 2-A3PyBI in the pH range of 0.89 to 4.24.
(1) pH 0.89; (2) pH 2.23; (3) pH 2.4; (4) pH 2.76; (5) pH 3.17; (6) pH 4.24.
Lexc=328nm. [2-A3PyBI]=1.6% 105 M.
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Intensity (arb. units)
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Fig. 5. Fluorescence spectrum of 2-A3PyBI at different acid concentrations. Fig. 6. Fluorescence excitation spectrum of 2-A3PyBI at some selected pH.
(1) Ho —3.8; (2)Ho —2.90; (3)Hp —1.84; (4)H50 —0.90; (5) pH 0.04; (6) pH (2) pH 4.1, (—):hem =400 NM; (**-*), Aem=560 nm. (b) pH 12, - x-x)
0.89.)exc =328 nm. [2-A3PYBI] = 1.6 107> M. Aem=390 NM Aem= 360 NM, -e-e). [2-A3PyBI] = 1.03x 105 M.

resemble with each other, as well as, with the absorption
spectra at these acid-base concentrations. This clearly sugene emission band is observed at 425 and 428 nm in acetoni-
gests the presence of only one speciegiar®l § statesand  trile and methanol respectively. Presence of tautomer emis-
these are emitting from the most relaxeds&te. At all other sion at~ 506 nm in methanol containing 1 M230Qy, sug-
acid-base concentrations mentioned above, fluorescence exgests that (similar to that in aqueous medium) DC has not
citation spectra recorded B¢m< 450 nm are blue shifted in  been completely formed. Behavior of fluorescence excitation
comparison to that recorded a¢m>450nm. This clearly  spectrum at each acid concentration in the respective sol-
suggests the presence of two speciesgistate, resembling  vent is similar to their absorption spectrum in these solvents
with the behavior that is generally observed for many neu- and similar to that observed in aqueous medi#igs. 7-9

tral molecules showing ESIPT behavif#9,44-46] Non- depict the fluorescence spectra of 2-A3PyBI at different
resemblance of the absorption spectra at these acid-base coracid concentration in cyclohexane, acetonitrile and methanol,
centrations with the fluorescence excitation spectra is due torespectively.

the fact that the absorption spectrum is composite absorption
spectra of two species present in the systEig. 6 depicts

the fluorescence excitation spectra of the ionic speciesatpH |,
12.0 and 4.2 atem 400 and 560 nm.

4.4, Acid—base equilibrium in non-aqueous solvents

o
o
]

Absorption, fluorescence excitation and fluorescence
spectra of 2-A3PyBl were also studied in cyclohex-
ane +trifluoroacetic acid (TFA, up to 0.1 M), acetonitrile
and methanol containing2$0, up to 1 M concentration. In
broad sense the absorption spectra of all the species so formecg o0.4-
at different acid concentration are similar to that observed
in aqueous medium. In cyclohexane containing TFA up to
10-4M concentration, SW small Stokes shifted emission is
the main band (405, 429 nm) with a small shoulder at 508 nm.
With increase of TFA concentration, a new band appears at
425nm at 102 M. With increase in polarity of solvents, i.e.,
in acetonitrile + 10°M H»SOy, the fluorescence intensity
of 508 nm band is greate_r than tha_lt Observeq in cyclohex- Fig. 7. Fluorescence spectrum of 2-A3PyBlI in cyclohexane containing dif-
ane +103M TFA and this further increases in methanol ferent amount of TEA. (—), OMTFA:%-x-x), 105 M TFA; (e-e-s), 0.1 M
+1074M H»SOy. At HoSOy concentration >10% M, only TFA, [2-A3PyBI]=0.5x 1075 M. Aexc=350 nm.

ensity (arb. units)

0.0 T T T T T T T T T T T
350 400 450 500 550 600 650

Wave length (nm)
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346-350 and 360-363 nm of the LW absorption spectrum
457 belongs to a-2 and a-1, respectively in non-polar and polar-
aprotic solvents. Rotamer a-3 (solvated open, not shown) will
be presentin water a2, 336 nm. SW normal Stokes shifted
emission (404 nm) is due to rotamer a-2 and a-3 in the above-
mentioned solvents and LW large Stokes shifted (534 nm)
fluorescence is due to tautomer, formed by ESIPT from a-1
in S; state.

bed
=
1

e

5.2. Monocations

Intensity (arb. units)
o
1

Three possible MCs can be obtained by protonating ei-
ther of the basic centers (MC1, MC2 and MCG&;heme P
and one tautomer of MC (MC2-TScheme P formed by
a0 400 450 50 530 60 | 6% ESIPT in MC2. MC1 and MC2-T can be neglected in S
state, as these species are unstable with respect to MC3 by
62.1 and 37.9kJmol, respectively under isolated condi-
Fig. 8. Fluorescence spectrum of 2-A3PyBlI in acetonitrile containing differ- tions and 57.8 and 45.6 kJ mdl, respectively with respect
ent amount of HSOy. (—), 0 M HaSOy; (x-x-x), 1075 M H2SOy; (e-e-e), to MC2 when dipolar solvation energies are included. Further
0.1M HpSOy. [2-A3PYBI] = 0.5x 107° M. Aexc =330 nm. activation barrier for intramolecular proton transfer in MC2
to yield MC2-T is 65.7 kJ moll in S state. Similar con-
clusions are also arrived at from the results of DFT B3LYP
with 6-31G** basis set calculations except numbers. Under
isolated conditions and using AM1 method, MC3 is stable
than MC2 by 35 kJmoal!, whereas when dipolar solvation
energy is included, MC2 becomes more stable than MC3 by
A 9.4kJImot L. This is becauspg of MC2 (11.40 D) is larger
than that of MC3 (2.5 D). On the other hand, DFT B3LYP
theory with 6-31G** basis set predicts that MC2 is more sta-
ble than MC3 by 6.8 kJmof. Charge density data predict
2 that pyridine=N— atom in both the rotamers a-1 (5.2111)
and a-2 (5.1969) are more basic in comparison tc=R}
moiety in these neutral rotamers (5.1563 in a-1 and 5.1320
in a-2). Further potential energy mapping progidm] sug-
gests that BEN- atom is more reactive (110 kJ mdlin a-1
' and 114.6 kImoi® in a-2) than that of pyridineN— atom
(79.6 kImot? in a-1 and 100.3 kJ mol in a-2) under iso-
lated conditions. Absorption spectral data also cannot predict
Fig. 9. Fluorescence spectrum of 2-A3PyBI in methanol containing different the formation of specific MC because protonation of pyridine
amount of BSOy. (—), 0 M HaSOy, (x-x-%), 1075 M H2SOy; (e-e-0), 1 M =N-in 2-AP[48] and BI=N-in 2-APBI[20] leads to a red
H>S0Oy. [2-A3PYBI]1=0.5x 107> M. Aexc=330nm. shift of the neutral spectrum by 10nm and 13 nm, respec-
tively, whereas in 2-A3PyBI, red shift ik is also 10 nm.
5. Discussion All these data predict that MC3 is more stable than MC2 in
non-polar solvents and MC2 is more stable, in polar solvents
2-A3PyBI possesses three basic centers (pyridine,=N and may further be stabilized if hydrogen bonding energies
Bl =N—and-NH; group) and two acidic centers (*and  of the protic solvents are added. These results can be sub-
—NH> moieties). Thus this molecule can form in total six stantiated from the following experimental data.
ionic/neutral species. Since there can be more than one pos- |t is well established that ESIPT process can be observed
sible ionic species, their formation and assignment will be in MC having structure MC2 and absent in MC having struc-
discussed separately, followed by different prototropic equi- ture MC3 or open MC2 solvated structure. Failure of ESIPT

0.0
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Intensity (arb. units)

T

T T T T T T T T T
350 400 450 500 550 600

Wave length (nm)

libria. in MC3 is confirmed from the results of prototropic reactions
of 2-APBI[20], i.e., only one small Stoked shifted normal flu-
5.1. Neutral species orescence is observed in MC of 2-APBI. In non-polar (cyclo-

hexane) solvent, dual fluorescence is observed without TFA
It has been establish¢26] that 2-A3PyBI can be present  and <I>fT > cb}“ [26]. As the concentration of TFA increases,
as a-1 and a-2 rotamers irp State Gcheme L )»ﬁPaX at fluorescence band develops-a#35 nm at the expense of 392
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and 550 nm bands. A small shoulder is present at 508 nm. Atrejected because the protonation constant of the MC of 2-
TFA concentration >10* M, a new small blue shifted band AP is —7.8[48]. In other words, very high acid concentration
appears at 425 nm, having maximum intensity at 0.1 M TFA is required to form DC2. Similarly the protonation constant
corresponding to DC (see later). This supports the above re-of the MC of 2-APBI leading to similar structure as DC2 is
sults that less polar MC3 will be favorable in non-polar sol- 0.4[20]. Whereas in the present cas&gpralue is 2.2 (see
vents (cyclohexane). Shoulder-ab08 nm only suggests the later). Above assignment of DC3 can be further supported by
presence of small amounts of MC2 and this may be due to a single fluorescence barfg. 5), similar fluorescence exci-
the polar nature of cyclohexane medium in presence of smalltation spectra monitored at differexyn, resemblance of the
amount of TFA Fig. 7). As the polarity of solvents increases, absorption spectra with fluorescence excitation and fluores-
e.g., acetonitrile, the intensity of the shoulder&05 nm in- cence decay profile following single exponentiaF(2.5 ns).
creasesKig. 8) and behavior of the emission spectrum of Similar observations in different non-aqueous solvents sup-
2-A3PyBI in methanol as a function 030, concentration port the above assignment. Blue shifts observed in the spec-
(Fig. 9 is similar to that observed in aqueous medium. This tral characteristics are due to loss of planarity of aminopy-
is further supported by AM1 calculations in State and tak-  ridine ring and Bl moiety, supported by dihedral angle of
ing into account the configuration interactions that MC3 is 88.9° (Table 3. Presence of LW emission band at 506 nm at
the most stable followed by MC2-T suggesting that ESIPT 1M H>S0Oy in methanol suggests that like aqueous medium
is an exothermic process in MC2 and thus a feasible processcomplete conversion of MC1 to DC3 is not complete at 1 M
Potential energy mapping data also supports that reactivity HoSOy.
to protonation of BEEN— increases from 114.6 kJ mdi to There can be only one trication (TC), formed by proto-
147.0 kI mot! on excitation to $state. SmalletlbfT of MC2- nating all the three basic centers and its presence can be de-
T than®} of MC3 is due to smaller proportion of MC2 in  tected only aHo < —7.8, as mentioned above. This is because
the solution. Transition energies predicted by all the methods the protonation constant for the MC of 2-AP is —148].
for MC3 agree nicely with experimental results. Since Ar-NH" ion becomes stronger acid in State[50],
Thus in the end it may concluded that, both MC2 and MC3 no fluorescence was detected eve@t-10 in 2-AP. Similar
will be present in the system in the pH range of 4.24-8.5 behavior is also observed in 2-A3PyBI. Thus confirms its for-
and their proportion will depend upon the solvent polarity. mation in $ state and absence in State. Similar behavior
Absorption and fluorescence excitation spectra of MC2 and is observed in the protonation of aromatic amines, i.e. pro-
MC3 are similar but MC3 gives rise to SW normal emis- ton induced fluorescence quenching is observed before the
sion and MC2 gives rise to tautomer emission obtained by protonation of —NH group of aromatic amines in;Sstate
ESIPT. Lifetime measurements also suggest that SW normal[50].
emission is due to two MCs. Shorter lifetimes (0.78 ns) and
longer lifetime (4.5 ns) can be assigned to the blue side and5.4. Monoanions
red side of the SW emission band respectively because the
amplitude of the latter species decreases with increasgpf Two possible MA's and one MA tautomer (MAL, MA2,
Different lifetimes for the SW and LW emissions suggest that MA1-T, Scheme %can be obtained by deprotonating >N-H
equilibrium is not established imState between MC2 and  and —NH protons and tautomer formed by ESIPT in MAL.
MC3. Only one [, values observed for MC-N equilibrium  Results ofTable 3suggest that using AM1 calculations pres-
suggest that both the MC2 and MC3 will be formed simul- ence of MA2 and MA1-T can be neglected because these are
taneously and confirmed by the presence of isosbestic andunstable as compared to MA1 by 70.3 and 27.7 kJthah-
isoemssive points. Similar behavior is also observed iff2-(2 der isolated conditions and by 37.5 and 22.5 kJmhethen

mehtoxyphenyl)-3-H-imidazo[4,5-b]pyridird9]. dipolar solvation energies are included. In other words only
one monoanion (MA1) is present in the system. This can be
5.3. Dications supplemented by the following observations. (i) Under iso-

lated conditions, DFT (B3LYP) calculations also predict that

Scheme 3depicts three possible DCs (DC1, DC2 and MA2 and MA1-T are unstable by 125.5 and 36.8 kJ ol
DC3). AM1 calculations support the presence of only one respectively. (i) Agreement between the transition energies
DC3, because DC1 and DC2 are unstable by 76.7 andpredicted by CNDO/S-CI and TD (DFT) and experimental
169.2 kJ mot? respectively as compared to DC3 ip Sate observations is best for MATéble 3. (iii) pKa value for the
under isolated conditions and by 92.6 and 113.9kJtol  deprotonation of >N—H moiety of benzimidazole in 2-APBI
when dipolar solvation energy is included. In case of DFT is 12.9[20] and that of —NH group in 2-aminopyridine (2-
B3LYP calculations, structure of DC2 always reverts back AP)[48]is >14. (iv) Activation barrier for the proton transfer
to DC3 whenever optimized and DC1 is 100.8 kJ malin- in MA1 to yield MA1-T is 80.8kJ motlin S state. Thus
stable in comparison to DC3. High instability of DC2 and formation of MA1-T is not viable at room temperature in
DC1 is due to the presence of positive charges adjacently.Sy state. (v) Fluorescence band maximum of MA formed by
Blue shifts observed in the absorption and fluorescence specthe deprotonation of —Njigroup of 2-AP is blue shifted by
tra suggest the protonation of —Nigroup, but this can be 12 nm whereas that of the 2-APBI was red shifted by 88 nm.
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This suggests that normal small Stokes shifted emission wasthe main band of DA is due to MA-3 remaining in the solution
observed from the MA of 2-AP, whereas large Stokes shifted even atH_ = 15.9. This is because of incomplete deprotona-
emission was observed from the tautomer formed by ESIPT tion of MA. This is supported by the fact that the fluorescence
in the MA of 2-APBI. Whereas in case of 2-A3PyBI, both excitation spectrum of the solution Ht. = 15.9 monitored
normal and tautomer emission is noticed. at SW emission resemble with that of MA-2. Presence of
Having established that MA1 is the only monoanion only one kind of DA is further supported by the single fluo-
presentinthe systematpH 12.9, other spectral characteristicsescence band, similar fluorescence excitation spectra mon-
can be explained as follows. Not much change observed in theitored at different.em of the LW emission and resemblance
LW A%bax in the MA of 2-A3PyBI as compared to the neutral with absorption spectrum, fluorescence decay profile follow-
species could be due to the presence of stronger interactionsng a single exponential decay at differént, and presence
between the amino pyridine ring and benzimidazolyl group in of isoemissive point at450 nm. Invariance oﬂnax and &¢
both neutraland MA. Similar behavioris also nearly observed of DA at differentiex (290—360 nm) also confirm the pres-
in 2-HPBI[44] and 2-APBI[20]. Dual fluorescence observed ence of single DA species. In general deprotonation of amino
in case of MA suggests the presence of two speciegsiteie. group of aromatic amines leads to non-fluorescent [9@
Fluorescence excitation spectra recorded at SW (in the rangewith few exceptiong51]. But wherever the MA is fluores-
of 390-430 nm) and LW (560 nm) emission bands are slightly cent, it is large red shifted. Thus red shift observed in the
different, i.e., in former casgSy,, is at 340 nm and in latter ~ absorption and fluorescence spectra of DA in comparison to
case itis at 335 nm. Since ESIPT process can only occur inthe MA is consistent with the deprotonation of amino pro-
the closed form, possessing IHB (MA1) i State, large  ton. Small blue shift in DA emission in comparison to the
Stokes shifted LW emission band is assigned to the tautomertautomer emission (MA-T) is because of the structural dif-
(MA1-T) formed from MA1 by ESIPT, possessirgy,, at ference between the two ionic species.
335 nm. On the other hand small Stokes shifted SW normal
emission is due to the solvated open MA structure (MA-3), 5.6. Prototropic equilibria
having theAsX, at 340 nm. An absence of rise time in tau-
tomer emission (MA1-T) (not possible in our nano-second  pKj values for the MC-N equilibria in 2-AP (protonation
spectrofluorimeter) indicates that ESIPT in the monoanionic of pyridine=N-) [48] and 2-APBI[20] (protonation of benz-
speciesis also an ultra fast process as observed in case of neumidazole=N-) are 6.86 and 3.42, respectively. In 2-A3PyBI,
tral species. Larger value dffT (q>fT/d>}“ = 4.47)in MA as lone pair on the amino group is delocalized not only on the
compared to neutral speciang(/gb;\‘ = 0.73) suggests that  pyridyl ring but also on the Bl moiety. Further the IHB be-
increase in the electron withdrawing nature of the proton ac- tween the amino group and BIN- atom will be stronger
cepting group increases the rate of proton transfer. This isin 2-A3PyBI as mentioned above than that in 2-APBI and
supported by the fact that MA1-T in;State, after taking  thus makes the protonation of BN—atom more difficult in
in to account the configuration interactions and optimizing the former molecule. Thus{y values for the protonation of
the geometry, is more stable than MA1 by 16 kJ rdainder pyridine=N-and BI=N- will be less than those observed in
isolated conditions and 15.5 kJ mdlwhen dipolar solvation the separate individual molecules. Our results are consistent
energy is included. The activation barrier for the transforma- with the above explanation i.e., 5.6 for protonation of pyri-
tion of MA1 to MA1-T in S; state reduces to 65 kJ mdl dine=N- and 2.2 for the BEN- atom. X, value for the
from 80 kJ mot! in Sy state. Although the activation barrier ~ protonation of -NH group of the MC of 2-AP is-7.8[48].
is still quite large in $ state, but decrease in the activation Inthe present case, even though the absorption spectrum has
barrier suggests that ESIPT process is more favorable in S started blue shifting atlo = —10, indicating that protonation
state. Similar behavior has also been observed in the MA's of =NHy group, but its formation is not complete ig State.
of 2-APBI [21] and 2-AMPBI[25] species. Biexponential  Itis also supported by the decrease in the fluorescence inten-
decay observed at both the emission wavelengths (409 andsity of the DC band (423 nm) without the appearance of any
515 nm) suggests the interference of one in to another. Shorteother new emission, agreeing with the fact that sNkbn
lifetime (2.6 ns) can be assigned to tautomer emission andbecomes stronger acid in State and thus requires stronger
longer lifetime (4.5 ns) to the open structure MA. This is be- acidic medium thaiftlo = —10[50]. pK, value for the depro-
cause the proportion of shorter lifetime species increases withtonation of >N—H group of Bl in 2-APBI is 12 20] whereas
increase ohem. Further two different lifetimes suggest that  that of -NH group in 2-AP is > 14. Thus smalleKg value
the equilibrium between MA1 and MA-open structure is not (11.1) observed for the deprotonation of >N-H group of Bl

established in the Sstate. in 2-A3PyBI is due to the presence of electron withdraw-
ing pyridine moiety. Lastly since the formation of DA is not
5.5. Dianion complete aH_ =15.9, its K, value will be greater than 14.8.

pKa values of the respective prototropic equilibria in S
There can be only one DA, formed by further deprotona- state (fK5*) were determined by exciting at the respective
tion of the amino group protorscheme k Small amount of isosbestic points and fluorimetric titration curves. In all cases
fluorescence intensity observed at the SW sid€l(0 nm) of the values obtained are the ground state values, suggesting
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that prototropic equilibriums are not established insgte.

This is because of the shorter lifetimes of the respective con-
jugate acid—base pairs than the reciprocal rate constants oft4! J-F

the protonation—deprotonation reactions.

6. Conclusions

Following conclusions can be made based on the above

study. (i) Only one kind of DC and DA can be formed by
protonating and deprotonating 2-A3PyBlI. (ii) Trication starts
forming in § state but is unstable i State. (iii) Theoretical
and experimental results confirm the formation of two kinds
of MC in S and § states. MC2, formed by protonating pyri-
dine=N- atom is more stable in polar solvents, leading to

the large Stokes shifted emission due to tautomer, formed by

ESIPT. MC3, formed by protonating BiN— atom is stable

in non-polar environments and gives rise to only small Stokes

shifted normal emission. Equilibrium is not establishedin S
state, confirmed by two different lifetimes. (iv) MA is formed
by deprotonating >N—H moiety of B, leading to closed struc-

ture and large Stokes shifted emission belonging to tautomer
anion, formed by ESIPT. SW small Stokes shifted emission [28]

can be assigned to open solvated structure. (v) This stud
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