
Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 196–206

Excited state intramolecular proton transfer in anionic and cationic
species of 2-(2′-amino-3-pyridyl)benzimidazole

S.K. Dogra∗

Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur 208016, India

Received 5 July 2004; received in revised form 2 December 2004; accepted 4 December 2004
Available online 18 January 2005

Abstract

Excited state intramolecular proton transfer (ESIPT) process has been studied in the monoanionic and monocationic species of 2-(2′-
amino-3-pyridyl)benzimidazole (2-A3PyBI) in aqueous and organic solvents. Dual fluorescence is observed from monocationic (aqueous and
alcoholic solvents, partly from non-polar and polar aprotic ones) and monoanionic species in aqueous media. Presence of different species has
been characterized with the help of absorption, fluorescence excitation and fluorescence spectroscopy, as well as, time resolved fluorimetry.
The electronic structure calculations were performed on each species using semi-empirical quantum mechanical AM1 method and density
f of electron
w process.
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unctional theory B3LYP with 6-31G** basis set using Gaussian 98 program to characterize the particular ionic species. Presence
ithdrawing pyridine N atom and negative charge on the benzimidazole moiety plays the vital role in increasing the rate of ESIPT
2004 Elsevier B.V. All rights reserved.
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. Introduction

Intramolecular hydrogen bonding (IHB) is known to have
onsiderable effect on the geometric, electronic, vibrational
nd radiationless transitional properties of the substituted aro-
atic molecules[1–3]. Besides its relevance in understand-

ng the conformation in bio-molecules[4,5], the above men-
ioned properties have many practical utilities worthy of con-
iderations, e.g., dye lasers[6,7], high energy radiation detec-
ors[8], development of UV photo-stabilizers[9], molecular
nergy storage devices[10], fluorescent probes[11,12], etc.

Basic requirements for ESIPT reactions to take place are:
i) IHB between the acidic centers (NH2, OH groups) and
he basic centers (>COOH,N moieties) in the ground (S0)
tate[13], (ii) increase in acidic and basic character of these
roups on excitation to first singlet excited (S1) state[14],
iii) ESIPT process in S1 state should be exothermic, i.e., en-
rgy of tautomer formed by ESIPT from enol form should

∗ Tel.: +91 5122597163; fax: +91 5122597436.
E-mail address:skdogra@iitk.ac.in.

be lower than that of enol form[15–18], (iv) S1 state of eno
form should be of (�, �*) in character, because the ac
vation barrier for the conversion of enol to tautomer is
smallest for S1 state of (�, �*) in nature and largest for (3n,
�*) triplet state[19]. Presence of first two criteria does
guarantee that ESIPT will occur and Gillespie et al.[13,16]
were the first to show the absence of large Stokes sh
tautomer emission in 1-aminoanthraquinone (1-AA) and
dihydroxyanthroquinone (1,4-DHA).

In our recent studies on ESIPT process in 2-′-
aminophenyl)benzimidazole (2-APBI)[20,21], (Scheme 1)
though we observed the presence of ESIPT reaction
the acidic NH2 group to benzimidazole (BI) N atom,
fluorescence quantum yield of the tautomer band (ΦT

f ) was
very small as compared to that of small Stokes shifted
mal emission (ΦN

f ). Ratio (ΦT
f /ΦN

f ) in cyclohexane is 0.4
and decreases to 0.0 with increase in the polarity and
tic nature of solvents. SmallΦT

f of tautomer could be due
smaller rate of ESIPT in S1 state as the pKa and pKa* values
of the deprotonation reaction ofNH2 group are >16 an
11–12, respectively. Smith et al.[22] and our group[23–25]
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.12.009
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Scheme 1.

have shown that the rate of ESIPT process from theNH2
group can be increased either by increasing the acidity of

NH2 group by replacing one of theNH2 proton by elec-
tron withdrawing group (COCH3, COC6H5) or increasing
the basicity of electron withdrawing group.

In continuation to our study on 2-APBI, we have syn-
thesized 2-(2′-amino-3-pyridyl) benzimidazole (2-A3PyBI,
Scheme 1) molecule which contain an electron withdrawing
pyridine N atom ortho to NH2 group. Photophysics of
this molecule has shown that ratio of (ΦT

f /ΦN
f ) in 2-A3PyBI

in cyclohexane increases and is much larger than that ob-
served in 2-APBI in cyclohexane[26]. Acidity of NH2
group can be increased by protonating pyridineN atom
or by increasing the basicity of BI moiety. Present study
involves the effect of acid-base concentration on the pho-
tophysics of 2-A3PyBI, as well as, on the ESIPT reaction.
Absorption, fluorescence excitation and fluorescence spec-
troscopy and time correlated single photon counting spec-
trofluorimetry has been used. Both semi-empirical (AM1)
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-
imental results.

2. Materials and methods
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Procedure used to prepare solutions and adjustment of
pH was the same as described in our recent papers[28,29].
Hammett’s acidity scale[30] was used for H2SO4–H2O
mixture for pH < 1 and Yagil’s basicity scale[31] was
used for NaOH–H2O mixtures for pH > 13. These Ham-
mett’s and Yagil’s functions represent the actual (or free)
amount of protons or hydroxyl ions available in the de-
sired solution to react with weak base or acid, respec-
tively. Acid concentration in cyclohexane was controlled
by trifluoroacetic acid (TFA), whereas in acetonitrile and
methanol, it was controlled by H2SO4. Details of instru-
ments used for recording absorption, fluorescence, fluores-
cence excitation spectra and excited state lifetimes are the
same as described in our recent papers[28,29]. Fluores-
cence quantum yield (Φf ) was measured from solutions
having absorbance less that 0.1 using quinine sulphate
in 1N H2SO4 as reference (Φf = 0.55) [32]. Concentra-
tion of 2-A3PyBI was kept at 1.03× 10-5 M to avoid self-
absorption.

3. Theoretical calculations

Schemes 2–4consider different monocations (MCs, MC-
1, MC-2, MC-3 and MC2-T), dications (DCs, DC-1, DC-2
and DC-3) and monoanions (MAs, MA-1, MA-2 and MA-
T f all
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2-A3PyBI was synthesized by refluxing equival
mount of 1,2-diaminobenzene and 2-aminonicotinic
both procured from Aldrich Chemical Company, UK)
olyphosphoric acid medium as described in literature[27].
-A3PyBI was purified by repeated crystallization fr
ethanol. Purity was checked by the desired spectros

echniques, as well as, getting similar fluorescence an
rescence excitation spectra using different excitationλex)
nd emission (λem) wavelengths respectively. All the solve
sed were either of spectroscopic or HPLC grade from
erck and were used as received. Spurious emission

hecked for each solvent by excitation at the same w
ength as used for each solution of 2-A3PyBI in differ
olvents and containing different acid-base concentrat
riply distilled water was used for the preparation aque
olutions.
), respectively for theoretical calculations. Geometry o
he species were fully optimized using AM1 method (QC
37, MOPAC 6/PC)[33] and using the coordinates obtain

rom PCMODEL[34] in S0 and S1 states after taking int
ccount the configuration interactions (CI = 5 in MOPA
00 configurations). Total energy (E), dipole moment (µ),
nd dihedral angle (ϕ, N8–C9–C10–C11) have been com
iled inTables 1–3for monocations, dications and mono

ons, respectively. Standard single point calculations w
erformed on each species by taking the same geom

n S0 and S1 states to get the Franck–Condon absorp
nd fluorescence transition energies respectively. Tran
nergies (�Eij ) for each species were also calculated

ng CNDO/S-CI method[35] as described in our recent p
er [28]. Total energy (Ej) was obtained by the express
Ej =Ei +�Eij ). First two transitions are compiled in the r
ective tables.
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Scheme 2.

Scheme 3.

Scheme 4.

Dipolar solvation energies for different ionic species of
2-A3PyBI were calculated using the following expression
based on Onsager’s theory[36]

�Esolv = −(µ2/a3) f (D)

wheref(D) = (D− 1)/(2D+ 1),D is dielectric constant of the
solvent,µ is dipole moment of the fluorophore in the respec-
tive state and ‘a’ Onsager’s cavity radius. Value of ‘a’ for
non-spherical molecule, like 2-A3PyBI, was calculated by
taking 40% of the maximum length, as suggested by Lippert
[37] and it is 0.44 nm. Total energy including solvation energy
for each species in water is also compiled in the respective
tables.

The electronic structure calculations were carried out on
each ionic species using Gaussian 98 program[38]. The ge-
ometry optimization was performed on each ionic species
of 2-A3PyBI in S0 state using DFT[39,40] B3LYP with 6-
31G** basis set[38,41]. Time dependent TD[42,43]B3LYP
with 6-31G** basis set was also used to calculate the excited
state energies at the calculated stationary point geometry in

S0 and S1 states. Relevant data are compiled in the respective
tables.

4. Results

4.1. Absorption spectrum

Absorption spectrum of 2-A3PyBI was recorded in the
acid-base concentration range ofH0 =−10 to H= 16 and
relevant data have been recorded inTable 4. Absorption
band maximum (λab

max) at 327 nm andH0 =−10 is slightly
red shifted to 330 nm with slight increase in absorbance at
H0 =−4, suggesting slight planarity and presence of free
lone pair of electrons on –NH2 nitrogen atom.λab

max (330,
285 nm) of the species is invariant in the range ofH0 =−4 to
pH 0.9. Both theseλab

max are red shifted to 346 and 298 nm
at pH 4.24, with increase in absorption and isosbestic points
(λisos) at 302 and 328 nm. This suggests the presence of equi-
librium 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 (S0, eV) −2507.1110 −2507.3921 −2507.7545 −2507.3618
E (S0, eV) (in water) −2507.2751 −2507.8742 −2507.7770 −2507.4022
E (S1, eV) −2504.2575 −2504.0442 −2505.3987 −2504.8104
E (S1, eV) (in water) −2504.2821 −2504.0544 −2504.5504 −2504.9074
µg (D) 6.65 11.40 2.46 3.32
µe (S1) (D) 2.57 1.65 6.39 5.15
S0ϕ (N8-C9-C10-C11)(deg) 16.7 37.1 41.0 32.2
S1ϕ (N8-C9-C10-C11)(deg) 15.3 33.8 64.7 16.4

CNDO/S-CI
Transition energies (nm)

S0–S1 357.3 425.3 349.3 425.9
S0–S2 310.7 355.7 291.4 308.0

DFT B3LYP
Energy (Hartrees) −682.7346 −682.8508 −682.8482 −682.7452
�g(D) 3.42 8.95 1.95 4.68

Transition energies (nm)
S0–S1 334.6 427.4 332.9 391.9
S0–S2 321.2 399.7 304.6 332.2

λab
max of both the band systems are blue shifted to 336 and

288 nm with decrease of absorbance. Similar to above men-
tioned observations,λisos are also observed at 295, 305 and
332 nm. Absorption spectrum of 2-A3PyBI is invariant in the
pH range of 8–10. Long wavelength (LW)λab

max is invariant
to increase in pH but absorbance increases up to pH 12.9,
whereas the middle wavelength (MW) and short wavelength
(SW) λab

max 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

Characteristics Isomers/Rotamers

DC1 DC2 DC3

AM1
E (S0, eV) −2511.0571 −2510.0984 −2511.8523
E (S0, eV) (in water) −2511.1979 −2510.9770 −2512.1574
E (S1, eV) −2508.2788 −2509.0814 −2508.9426
E (S1, eV) (in water) −2508.3580 −2509.1599 −2508.9841
µg (D) 6.17 15.47 9.10
µe (S1)(D) 4.65 4.63 3.37
S0ϕ (N8-C9-C10-C11)(deg) 88.3 0.0 88.7
S1ϕ(N8-C9-C10-C11)(deg) 88.1 0.1 88.7

CNDO/S-CI
Transition energies (nm)

S0–S1 336.4 523.4 336.6

D

T

250 nm, respectively, withλisos at 288 nm. All theλab
max re-

main constant up to 13.5, and only LWλab
max is red shifted to

339 nm, with slight increase in absorbance. Unlike the earlier
behavior no clearλisos point are observed even up toH− 16,
except that change in absorbance is the minimum at 320 nm.
pKa values for the various equilibria were determined using
absorption data and mentioned at the top of the arrows in
Scheme 5.

Table 3
Calculated characteristics of the probable monoanions of 2-A3PyBI in the
ground and excited states

Characteristics Isomers/rotamers

MA1 MA2 MA1-T

AM1
E (S0, eV) −2487.7211 −2486.9925 −2487.4339
E (S0, eV) (in water) −2487.7521 −2487.3636 −2487.5188
E (S1, eV) −2484.8034 −2484.7409 −2484.9693
E (S1, eV) (in water) −2484.8098 −2484.8598 −2484.9700
µg(D) 2.86 9.93 4.77
µe (S1) (D) 1.30 5.61 0.43
S0ϕ(N8-C9-C10-C11)(deg) 0.0 36.0 0.0
S1ϕ(N8-C9-C10-C11)(deg) 0.0 35.2 0.5

CNDO/S-CI
Transition energies (nm)

S0–S1 359.5 431.1 417.7

D

T

S0–S2 320.2 435.4 322.6

FT B3LYP
Energy (Hartrees) −682.9663 −683.0047 −683.0039
µg (D) 6.17 8.63 8.63

ransition energies (nm)
S0–S1 307.6 391.0 307.6
S0–S2 290.8 368.9 290.8
S0–S2 321.6 327.7 320.2

FT B3LYP
Energy (Hartrees) −681.8024 −681.7550 −681.7884
µg (D) 1.49 10.01 3.32

ransition energies (nm)
S0–S1 341.2 467.0 408.6
S0–S2 320.9 364.3 314.9



200 S.K. Dogra / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 196–206

Table 4
Absorption band maxima (λab

max, nm), fluorescence band maxima (λf
max, nm), fluorescence quantum yield (Φf ) and excited state lifetimes (τ, ns) of different

ionic species of 2-A3PyBI

Species/solvents λab
max λf

max (Φf ) τN
1 τN

2 τT
1

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 H0 =−4 285, 330 422 (0.4199) 2.50
Water trication H0 =−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 dianionH− = 15.9 285, 339 501 (0.3312) – – –
Cyclohexane + TFA = 0 M 284, 294, 350, 363 (sh) 379, 392, 550, 577
Cyclohexane + TFA = 10−3 M 288, 345, 358 405, 435, 508
Cyclohexane + TFA = 0.1 M 288, 330 425
Acetonitrile + 0 M H2SO4 285, 293, 345, 357 397, 417, 542, 578
Acetonitrile + 10−5 M H2SO4 298, 352 428, 505
Acetonitrile + 1 M H2SO4 285, 330 425
Methanol + 0 M H2SO4 286, 294, 346, 360 402, 539
Methanol + 10−4 M H2SO4 300, 355 432, 515, 535
Methanol + 1 M H2SO4 285, 332 428, 506, 541

4.2. Fluorescence spectrum

Fluorescence spectral characteristics of different ionic
species of 2-A3PyBI in the H0/pH/H range of –10 to 16 are
compiled inTable 4. At pH 8.5, neutral species of 2-A3PyBI
possesses a dual fluorescence with fluorescence band max-
imum (λf

max) at 404 and 534 nm. Ratio ofIf (534)/If (404)
is 0.73 and remains unchanged in the pH range of 7.8–9.8.
With increase of basic strength, dual emission is retained. SW
λf

max band is red shifted to 409 nm with decrease of fluores-
cence intensity and LWλf

max is blue shifted to 515 nm with
increase of fluorescence intensity with ratio (If (515)/If (409)
increases to 0.47. Isoemissive points are observed at 467 and
540 nm in pH range of 8.0–12.6 as depicted inFig. 1. In the

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 intensity and its saturation is not complete even
atH− = 15.9. This is depicted by the presence of weak emis-
sion at 409 nm and highest base strength used, as shown in
Fig. 2.

On the other hand, emission characteristics of 2-A3PyBI
are more complex than the absorption spectrum with increase
in acid strength. In the pH range 8.5–4.24, similar to neutral
species, dual emission is observed with the difference that
SW 404 nm emission band is red shifted to 434 nm and LW
534 nm one is blue shifted to 502 nm. RatioIf (502)/If (434)
increases to 2.81 from 0.6 for neutral species. Isoemissive
points are observed at 414 and 541 nm as shown inFig. 3.

heme
Sc
 5.
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Fig. 1. Fluorescence spectrum of 2-A3PyBI in the pH range of 8.1–12.9.
1, 8.5; 2, 9.3; 3, 10.5; 4, 11.3; 5, 11.9; 6, 12.9.λexc= 290 nm. [2-
A3PyBI] = 1.03× 10−5 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 thatIf (522)/If (422) increases
to 1.22. With further increase of acid strength, dual emis-
sion converts to single emission withλf

max at 423 nm, with
increase in fluorescence intensity (Fig. 5). This behavior is
different from that observed in the absorption spectrum as
no changes are observed inλab

max and absorbance during this
range of acid concentration. Fluorescence intensity keeps on
decreasing with out any change inλf

max with acid concentra-
tion up toH0 =−10.

F ation.
( .
[

Fig. 3. Fluorescence spectrum of 2-A3PyBI in the pH range of 4–8.5. (1) pH
4.0; (2) pH 5.0; (3) pH 5.7; (4) pH 6.1; (5) pH 7.1; (6) pH 8.5.λexc= 340 nm.
[2-A3PyBI] = 0.5× 10−5 M.

Effect of λex in the range of 300–360 nm was studied at
H0 =−10, −4 and 0.0; pH 4.2, 7.8, 9.8 and 12.6 andH−
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
H0/pH/H− range of –10 to 16, fluorescence excitation spec-
tra were recorded atH0 –10,−3 and 0, pH 4.2, 8.5 and 12.0
andH− 16 and in the emission wavelength (λem) range of
400–570 nm. AtH0 –10 and –3 andH− 16, the fluorescence
excitation spectra recorded at all the emission wavelengths

F 4.24.
( .24.
λ

ig. 2. Fluorescence spectrum of 2-A3PyBI at different basic concentr
1) pH 12; (2) pH 13; (3) pH 14.0; (4)H− 15.0; (5)H− 15.9.λexc= 290 nm
2-A3PyBI] = 0.5× 10−5 M.
ig. 4. Fluorescence spectrum of 2-A3PyBI in the pH range of 0.89 to
1) pH 0.89; (2) pH 2.23; (3) pH 2.4; (4) pH 2.76; (5) pH 3.17; (6) pH 4

exc= 328 nm. [2-A3PyBI] = 1.67× 10−5 M.
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Fig. 5. Fluorescence spectrum of 2-A3PyBI at different acid concentrations.
(1)H0 –3.8; (2)H0 –2.90; (3)H0 –1.84; (4)H0 –0.90; (5) pH 0.04; (6) pH
0.89.λexc= 328 nm. [2-A3PyBI] = 1.67× 10−5 M.

resemble with each other, as well as, with the absorption
spectra at these acid-base concentrations. This clearly sug-
gests the presence of only one species in S0 and S1 states and
these are emitting from the most relaxed S1 state. At all other
acid-base concentrations mentioned above, fluorescence ex-
citation spectra recorded atλem< 450 nm are blue shifted in
comparison to that recorded atλem> 450 nm. This clearly
suggests the presence of two species in S0 state, resembling
with the behavior that is generally observed for many neu-
tral molecules showing ESIPT behavior[29,44–46]. Non-
resemblance of the absorption spectra at these acid-base con-
centrations with the fluorescence excitation spectra is due to
the fact that the absorption spectrum is composite absorption
spectra of two species present in the system.Fig. 6 depicts
the fluorescence excitation spectra of the ionic species at pH
12.0 and 4.2 atλem 400 and 560 nm.

4.4. Acid–base equilibrium in non-aqueous solvents

Absorption, fluorescence excitation and fluorescence
spectra of 2-A3PyBI were also studied in cyclohex-
ane + trifluoroacetic acid (TFA, up to 0.1 M), acetonitrile
and methanol containing H2SO4 up to 1 M concentration. In
broad sense the absorption spectra of all the species so formed
at different acid concentration are similar to that observed
i p to
1 n is
t nm.
W rs at
4 e.,
i ity
o hex-
a nol
+

Fig. 6. Fluorescence excitation spectrum of 2-A3PyBI at some selected pH.
(a) pH 4.1, (—);λem= 400 nm; (*-*-*), λem= 560 nm. (b) pH 12, (×-×-×)
λem= 390 nm,λem= 360 nm, (•-•-•). [2-A3PyBI] = 1.03× 10−5 M.

one emission band is observed at 425 and 428 nm in acetoni-
trile and methanol respectively. Presence of tautomer emis-
sion at∼ 506 nm in methanol containing 1 M H2SO4, sug-
gests that (similar to that in aqueous medium) DC has not
been completely formed. Behavior of fluorescence excitation
spectrum at each acid concentration in the respective sol-
vent is similar to their absorption spectrum in these solvents
and similar to that observed in aqueous medium.Figs. 7–9
depict the fluorescence spectra of 2-A3PyBI at different
acid concentration in cyclohexane, acetonitrile and methanol,
respectively.

F g dif-
f
T

n aqueous medium. In cyclohexane containing TFA u
0−4 M concentration, SW small Stokes shifted emissio

he main band (405, 429 nm) with a small shoulder at 508
ith increase of TFA concentration, a new band appea

25 nm at 10−2 M. With increase in polarity of solvents, i.
n acetonitrile + 10−5 M H2SO4, the fluorescence intens
f 508 nm band is greater than that observed in cyclo
ne +10−3 M TFA and this further increases in metha
10−4 M H2SO4. At H2SO4 concentration >10−2 M, only
ig. 7. Fluorescence spectrum of 2-A3PyBI in cyclohexane containin
erent amount of TFA. (—), 0 M TFA; (×-×-×), 10−5 M TFA; (•-•-•), 0.1 M
FA, [2-A3PyBI] = 0.5× 10−5 M. λexc= 350 nm.



S.K. Dogra / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 196–206 203

Fig. 8. Fluorescence spectrum of 2-A3PyBI in acetonitrile containing differ-
ent amount of H2SO4. (—), 0 M H2SO4; (×-×-×), 10−5 M H2SO4; (•-•-•),
0.1 M H2SO4. [2-A3PyBI] = 0.5× 10−5 M. λexc= 330 nm.

Fig. 9. Fluorescence spectrum of 2-A3PyBI in methanol containing different
amount of H2SO4. (—), 0 M H2SO4, (×-×-×), 10−5 M H2SO4; (•-•-•), 1 M
H2SO4. [2-A3PyBI] = 0.5× 10−5 M. λexc= 330 nm.

5. Discussion

2-A3PyBI possesses three basic centers (pyridine =N,
BI =N and NH2 group) and two acidic centers (>NH and

NH2 moieties). Thus this molecule can form in total six
ionic/neutral species. Since there can be more than one pos-
sible ionic species, their formation and assignment will be
discussed separately, followed by different prototropic equi-
libria.

5.1. Neutral species

It has been established[26] that 2-A3PyBI can be present
as a-1 and a-2 rotamers in S0 state (Scheme 1). λab

max at

346–350 and 360–363 nm of the LW absorption spectrum
belongs to a-2 and a-1, respectively in non-polar and polar-
aprotic solvents. Rotamer a-3 (solvated open, not shown) will
be present in water atλab

max336 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 S1 state.

5.2. Monocations

Three possible MCs can be obtained by protonating ei-
ther of the basic centers (MC1, MC2 and MC3,Scheme 2)
and one tautomer of MC (MC2-T,Scheme 2) formed by
ESIPT in MC2. MC1 and MC2-T can be neglected in S0
state, as these species are unstable with respect to MC3 by
62.1 and 37.9 kJ mol−1, respectively under isolated condi-
tions and 57.8 and 45.6 kJ mol−1, respectively with respect
to MC2 when dipolar solvation energies are included. Further
activation barrier for intramolecular proton transfer in MC2
to yield MC2-T is 65.7 kJ mol−1 in S0 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 kJ mol−1, whereas when dipolar solvation
energy is included, MC2 becomes more stable than MC3 by
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.4 kJ mol−1. This is becauseµg of MC2 (11.40 D) is large
han that of MC3 (2.5 D). On the other hand, DFT B3L
heory with 6-31G** basis set predicts that MC2 is more
le than MC3 by 6.8 kJ mol−1. Charge density data pred

hat pyridine N– atom in both the rotamers a-1 (5.21
nd a-2 (5.1969) are more basic in comparison to BIN-
oiety in these neutral rotamers (5.1563 in a-1 and 5.

n a-2). Further potential energy mapping program[47] sug-
ests that BI N- atom is more reactive (110 kJ mol−1 in a-1
nd 114.6 kJ mol−1 in a-2) than that of pyridine N– atom
79.6 kJ mol−1 in a-1 and 100.3 kJ mol−1 in a-2) under iso
ated conditions. Absorption spectral data also cannot pr
he formation of specific MC because protonation of pyrid
N– in 2-AP[48] and BI N– in 2-APBI [20] leads to a re
hift of the neutral spectrum by 10 nm and 13 nm, res
ively, whereas in 2-A3PyBI, red shift inλab

max is also 10 nm
ll these data predict that MC3 is more stable than MC
on-polar solvents and MC2 is more stable, in polar solv
nd may further be stabilized if hydrogen bonding ener
f the protic solvents are added. These results can be
tantiated from the following experimental data.

It is well established that ESIPT process can be obse
n MC having structure MC2 and absent in MC having st
ure MC3 or open MC2 solvated structure. Failure of ES
n MC3 is confirmed from the results of prototropic reacti
f 2-APBI[20], i.e., only one small Stoked shifted normal fl
rescence is observed in MC of 2-APBI. In non-polar (cy
exane) solvent, dual fluorescence is observed without
ndΦT

f > ΦN
f [26]. As the concentration of TFA increas

uorescence band develops at∼ 435 nm at the expense of 3
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and 550 nm bands. A small shoulder is present at 508 nm. At
TFA concentration >10−4 M, a new small blue shifted band
appears at 425 nm, having maximum intensity at 0.1 M TFA
corresponding to DC (see later). This supports the above re-
sults that less polar MC3 will be favorable in non-polar sol-
vents (cyclohexane). Shoulder at∼508 nm only suggests the
presence of small amounts of MC2 and this may be due to
the polar nature of cyclohexane medium in presence of small
amount of TFA (Fig. 7). As the polarity of solvents increases,
e.g., acetonitrile, the intensity of the shoulder at∼505 nm in-
creases (Fig. 8) and behavior of the emission spectrum of
2-A3PyBI in methanol as a function of H2SO4 concentration
(Fig. 9) is similar to that observed in aqueous medium. This
is further supported by AM1 calculations in S1 state and tak-
ing into account the configuration interactions that MC3 is
the most stable followed by MC2-T suggesting that ESIPT
is an exothermic process in MC2 and thus a feasible process.
Potential energy mapping data also supports that reactivity
to protonation of BI N– increases from 114.6 kJ mol−1 to
147.0 kJ mol−1 on excitation to S1 state. SmallerΦT

f of MC2-
T thanΦN

f of MC3 is due to smaller proportion of MC2 in
the solution. Transition energies predicted by all the methods
for MC3 agree nicely with experimental results.

Thus in the end it may concluded that, both MC2 and MC3
will be present in the system in the pH range of 4.24–8.5
a rity.
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rejected because the protonation constant of the MC of 2-
AP is –7.8[48]. In other words, very high acid concentration
is required to form DC2. Similarly the protonation constant
of the MC of 2-APBI leading to similar structure as DC2 is
0.4 [20]. Whereas in the present case, pKa value is 2.2 (see
later). Above assignment of DC3 can be further supported by
a single fluorescence band (Fig. 5), similar fluorescence exci-
tation spectra monitored at differentλem, resemblance of the
absorption spectra with fluorescence excitation and fluores-
cence decay profile following single exponential (τ = 2.5 ns).
Similar observations in different non-aqueous solvents sup-
port the above assignment. Blue shifts observed in the spec-
tral characteristics are due to loss of planarity of aminopy-
ridine ring and BI moiety, supported by dihedral angle of
88.9◦ (Table 2). Presence of LW emission band at 506 nm at
1 M H2SO4 in methanol suggests that like aqueous medium
complete conversion of MC1 to DC3 is not complete at 1 M
H2SO4.

There can be only one trication (TC), formed by proto-
nating all the three basic centers and its presence can be de-
tected only atH0 <−7.8, as mentioned above. This is because
the protonation constant for the MC of 2-AP is –7.8[48].
Since Ar–NH3

+ ion becomes stronger acid in S1 state[50],
no fluorescence was detected even atH0 –10 in 2-AP. Similar
behavior is also observed in 2-A3PyBI. Thus confirms its for-
mation in S state and absence in Sstate. Similar behavior
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1 nm.
nd their proportion will depend upon the solvent pola
bsorption and fluorescence excitation spectra of MC2
C3 are similar but MC3 gives rise to SW normal em

ion and MC2 gives rise to tautomer emission obtaine
SIPT. Lifetime measurements also suggest that SW no
mission is due to two MCs. Shorter lifetimes (0.78 ns)

onger lifetime (4.5 ns) can be assigned to the blue side
ed side of the SW emission band respectively becaus
mplitude of the latter species decreases with increase oλem.
ifferent lifetimes for the SW and LW emissions suggest
quilibrium is not established in S1 state between MC2 an
C3. Only one pKa values observed for MC-N equilibriu

uggest that both the MC2 and MC3 will be formed sim
aneously and confirmed by the presence of isosbesti
soemssive points. Similar behavior is also observed in 2′-

ehtoxyphenyl)-3-H-imidazo[4,5-b]pyridine[49].

.3. Dications

Scheme 3depicts three possible DCs (DC1, DC2 a
C3). AM1 calculations support the presence of only
C3, because DC1 and DC2 are unstable by 76.7
69.2 kJ mol−1 respectively as compared to DC3 in S0 state
nder isolated conditions and by 92.6 and 113.9 kJ m−1

hen dipolar solvation energy is included. In case of D
3LYP calculations, structure of DC2 always reverts b

o DC3 whenever optimized and DC1 is 100.8 kJ mol−1 un-
table in comparison to DC3. High instability of DC2 a
C1 is due to the presence of positive charges adjac
lue shifts observed in the absorption and fluorescence

ra suggest the protonation of –NH2 group, but this can b
0 1
s observed in the protonation of aromatic amines, i.e.
on induced fluorescence quenching is observed befor
rotonation of –NH2 group of aromatic amines in S1 state

50].

.4. Monoanions

Two possible MA’s and one MA tautomer (MA1, MA
A1-T, Scheme 4) can be obtained by deprotonating >N
nd –NH2 protons and tautomer formed by ESIPT in MA
esults ofTable 3suggest that using AM1 calculations pr
nce of MA2 and MA1-T can be neglected because thes
nstable as compared to MA1 by 70.3 and 27.7 kJ mol−1 un-
er isolated conditions and by 37.5 and 22.5 kJ mol−1 when
ipolar solvation energies are included. In other words
ne monoanion (MA1) is present in the system. This ca
upplemented by the following observations. (i) Under
ated conditions, DFT (B3LYP) calculations also predict

A2 and MA1-T are unstable by 125.5 and 36.8 kJ mo−1,
espectively. (ii) Agreement between the transition ene
redicted by CNDO/S-CI and TD (DFT) and experime
bservations is best for MA1 (Table 3). (iii) pKa value for the
eprotonation of >N–H moiety of benzimidazole in 2-AP

s 12.9[20] and that of –NH2 group in 2-aminopyridine (2
P) [48] is >14. (iv) Activation barrier for the proton trans

n MA1 to yield MA1-T is 80.8 kJ mol−1in S0 state. Thu
ormation of MA1-T is not viable at room temperature
0 state. (v) Fluorescence band maximum of MA formed

he deprotonation of –NH2 group of 2-AP is blue shifted b
2 nm whereas that of the 2-APBI was red shifted by 88
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This suggests that normal small Stokes shifted emission was
observed from the MA of 2-AP, whereas large Stokes shifted
emission was observed from the tautomer formed by ESIPT
in the MA of 2-APBI. Whereas in case of 2-A3PyBI, both
normal and tautomer emission is noticed.

Having established that MA1 is the only monoanion
present in the system at pH 12.9, other spectral characteristics
can be explained as follows. Not much change observed in the
LW λab

max in the MA of 2-A3PyBI as compared to the neutral
species could be due to the presence of stronger interactions
between the amino pyridine ring and benzimidazolyl group in
both neutral and MA. Similar behavior is also nearly observed
in 2-HPBI[44] and 2-APBI[20]. Dual fluorescence observed
in case of MA suggests the presence of two species in S1 state.
Fluorescence excitation spectra recorded at SW (in the range
of 390–430 nm) and LW (560 nm) emission bands are slightly
different, i.e., in former caseλex

max is at 340 nm and in latter
case it is at 335 nm. Since ESIPT process can only occur in
the closed form, possessing IHB (MA1) in S0 state, large
Stokes shifted LW emission band is assigned to the tautomer
(MA1-T) formed from MA1 by ESIPT, possessingλex

max at
335 nm. On the other hand small Stokes shifted SW normal
emission is due to the solvated open MA structure (MA-3),
having theλex

max at 340 nm. An absence of rise time in tau-
tomer emission (MA1-T) (not possible in our nano-second
spectrofluorimeter) indicates that ESIPT in the monoanionic
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t
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the main band of DA is due to MA-3 remaining in the solution
even atH− = 15.9. This is because of incomplete deprotona-
tion of MA. This is supported by the fact that the fluorescence
excitation spectrum of the solution atH− = 15.9 monitored
at SW emission resemble with that of MA-2. Presence of
only one kind of DA is further supported by the single fluo-
rescence band, similar fluorescence excitation spectra mon-
itored at differentλem of the LW emission and resemblance
with absorption spectrum, fluorescence decay profile follow-
ing a single exponential decay at differentλem and presence
of isoemissive point at∼450 nm. Invariance ofλf

max andΦf
of DA at differentλex (290–360 nm) also confirm the pres-
ence of single DA species. In general deprotonation of amino
group of aromatic amines leads to non-fluorescent MA[50]
with few exceptions[51]. But wherever the MA is fluores-
cent, it is large red shifted. Thus red shift observed in the
absorption and fluorescence spectra of DA in comparison to
the MA is consistent with the deprotonation of amino pro-
ton. Small blue shift in DA emission in comparison to the
tautomer emission (MA-T) is because of the structural dif-
ference between the two ionic species.

5.6. Prototropic equilibria

pKa values for the MC-N equilibria in 2-AP (protonation
of pyridine N–) [48] and 2-APBI[20] (protonation of benz-
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pecies is also an ultra fast process as observed in case
ral species. Larger value ofΦT

f (ΦT
f /ΦN

f = 4.47) in MA as
ompared to neutral species (ΦT

f /ΦN
f = 0.73) suggests th

ncrease in the electron withdrawing nature of the proton
epting group increases the rate of proton transfer. Th
upported by the fact that MA1-T in S1 state, after takin

n to account the configuration interactions and optimiz
he geometry, is more stable than MA1 by 16 kJ mol−1 under
solated conditions and 15.5 kJ mol−1 when dipolar solvatio
nergy is included. The activation barrier for the transfor

ion of MA1 to MA1-T in S1 state reduces to 65 kJ mol−1

rom 80 kJ mol−1 in S0 state. Although the activation barr
s still quite large in S1 state, but decrease in the activat
arrier suggests that ESIPT process is more favorable1
tate. Similar behavior has also been observed in the
f 2-APBI [21] and 2-AMPBI [25] species. Biexponenti
ecay observed at both the emission wavelengths (40
15 nm) suggests the interference of one in to another. Sh

ifetime (2.6 ns) can be assigned to tautomer emission
onger lifetime (4.5 ns) to the open structure MA. This is
ause the proportion of shorter lifetime species increases
ncrease of�em. Further two different lifetimes suggest th
he equilibrium between MA1 and MA-open structure is
stablished in the S1 state.

.5. Dianion

There can be only one DA, formed by further deproto
ion of the amino group proton (Scheme 5). Small amount o
uorescence intensity observed at the SW side (∼410 nm) of
-midazole N–) are 6.86 and 3.42, respectively. In 2-A3Py
one pair on the amino group is delocalized not only on
yridyl ring but also on the BI moiety. Further the IHB b
ween the amino group and BIN– atom will be stronge
n 2-A3PyBI as mentioned above than that in 2-APBI
hus makes the protonation of BIN– atom more difficult in
he former molecule. Thus pKa values for the protonation
yridine N– and BI N– will be less than those observed
he separate individual molecules. Our results are cons
ith the above explanation i.e., 5.6 for protonation of p
ine N– and 2.2 for the BI N– atom. pKa value for the
rotonation of –NH2 group of the MC of 2-AP is−7.8[48].

n the present case, even though the absorption spectru
tarted blue shifting atH0 = −10, indicating that protonatio
f –NH2 group, but its formation is not complete in S0 state

t is also supported by the decrease in the fluorescence
ity of the DC band (423 nm) without the appearance of
ther new emission, agreeing with the fact that –NH3

+ ion
ecomes stronger acid in S1 state and thus requires stron
cidic medium thanH0 = −10[50]. pKa value for the depro

onation of >N–H group of BI in 2-APBI is 12.9[20] whereas
hat of –NH2 group in 2-AP is > 14. Thus smaller pKa value
11.1) observed for the deprotonation of >N–H group o
n 2-A3PyBI is due to the presence of electron withdr
ng pyridine moiety. Lastly since the formation of DA is n
omplete atH− = 15.9, its pKa value will be greater than 14.

pKa values of the respective prototropic equilibria in1
tate (pKa*) were determined by exciting at the respec
sosbestic points and fluorimetric titration curves. In all ca
he values obtained are the ground state values, sugg
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that prototropic equilibriums are not established in S1 state.
This is because of the shorter lifetimes of the respective con-
jugate acid–base pairs than the reciprocal rate constants of
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-A3PyBI. (ii) Trication starts
forming in S0 state but is unstable in S1 state. (iii) Theoretical
and experimental results confirm the formation of two kinds
of MC in S0 and S1 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 established in S1
state, confirmed by two different lifetimes. (iv) MA is formed
by deprotonating >N–H moiety of BI, leading to closed struc-
ture and large Stokes shifted emission belonging to tautomer
anion, formed by ESIPT. SW small Stokes shifted emission
can be assigned to open solvated structure. (v) This study
also confirms that rate of ESIPT process can be increased
by increasing the acidity of –NHproton and basicity of the
p
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