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Abstract

Interesting pH-dependent excited-state proton transfer reactions in the forms of ionic species and open conformer of 2-acetyl benzimidazol
(2ABI) and 2-benzoyl benzimidazole (2BBI) in hydrocarbon, aqueous and alcoholic solutions at room temperature and 77 K have been reportec
Increase of acidity and basicity of solution, respectively, results in increment and decrement of emission of ionic species with shrinking and
intensification of zwitterionic species. A cationic species, protonated at the benzimidazole moiety could be observed under acidic conditions
in all solvents considered. Mono- and di-cation species in the excited-state were found to form in 2ABI with progressive addition of acid
in methanol solution as shown by formation of a new band initially and its sharp intensification thereafter. Complete extinction of anion
band along with formation of a blue-shifted band in 2BBI evince that protonation rate seems to be larger in 2BBI than in 2ABI in acidic
aqueous solution. Phosphorescence for both the molecules at 77 K originates from the open conformers. It is interesting to note that les
conjugation of phenyl ring with benzimidazole ring in 2BBI facilitates the benzoyl group rotation to form the open conformer compared
to 2ABI.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in these type of process@-9] and these works also focus
on the utility of excited-state acid—base chemistry, i.e., how
The pioneering work of &rster[1] and Weller[2] on a change in acidity/basicity of a molecule in the excited-state

the study of acid—base chemistry of electronically-excited can result in a new chemistry with examples of excited-state
states has blossomed into an interesting mature field withacid—base phenomef4.
several works on the subject appearing from 1§,@]. It In an earlier communicatiofi 0], we discussed the struc-
is a well known fact that the molecules having acidic and tures and dynamical processes in the ground and excited
basic groups in close proximity with suitable geometry may states of 2-acetyl benzimidazole (2ABI) and 2-benzoy! ben-
undergo excited-state intramolecular proton transfer (ESIPT) zimidazole (2BBI) in some nonpolar, polar, alcoholic and
processes from the acidic part to the basic part as a result ofhydroxylic solvents at room temperature. Briefly, the inves-
the change in acidity and basicity acquired by these groups intigation revealed that proton transfer reactions of the above-
the excited statel—9]. Some pieces of research were done mentioned compounds undergo highly localized changes
marked by the dependence on the kind of substitution
* Corresponding author. Tel.: +91 33 24734971; fax: +91 33 24732805. ON the benzimidazole ring. For both the molecules in the
E-mail addressspsc@iacs.res.in (S. Chakravorti). ground state, the intramolecularly hydrogen-bonded closed
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conformer (I) is the stable form in nonpolar solvents. solvents[17,18] 2ABI and 2BBI are the striking examples
This intramolecular hydrogen bond dissociates in polar and of such molecules showing different behavior in hydroxylic
hydroxylic solvents due to solute—solvent interaction. The solvents from that in the other solverii®]. To understand
formation of zwitterionic species (Ill) of the closed con- this different behavior of ESIPT in different environments,
former, as a result of ESIPT, is evidenced by Stokes-shifted we will attempt in the present paper to get information on
fluorescence spectra in nonpolar solvents. In nonpolar sol-the photochemistry of 2ABI and 2BBI in basic and acidic
vent only one fluorescence band occurs due to intramolecu-solutions. It would be interesting to investigate the type of
lar proton transfer. With increasing the solvent polarity this cation formed in the ground and excited states upon protona-
Stokes-shifted zwitterionic band intensity decreases and intion since the molecules contain two basic nitrogen sites, the
aqueous medium this band intensity almost disappears withpyridinium type nitrogen atom and the pyrrole type nitrogen
the appearance of a new anionic band. In zwitterionic struc- atom. The present work will also highlight the low tempera-
ture the positive and negative charges are located very close tdure (77 K) study in order to identify the species responsible
each other due to intramolecular interaction. The existence offor low temperature emission for the two compounds and the
zwitterionic species depends on the coulomb attraction be-substitution effect (ketomethyl and ketophenyl) in benzimi-
tween the charges. As the polarity of the solvent increasesdazole in the formation of such species.

this interaction also increases, as a result the zwitterion be-
comes more unstable in more polar solvent. So the zwitteri-
onic species (lll) arise due to intramolecular proton transfer
and another anionic species (1V) arise due to intermolecular
proton transfer upon excitation of [[17]. The fluorescence
quantum yields of both the compounds are dependent on the
excitation wavelength but the fluorescence band positions arg, .
independent of it.

2. Experimental details

The samples 2ABI and 2BBI were synthesized as reported
fore[10].

N N
) \ CH, ©i \> <
N N o
H © H
2-Acetyl-benzimidazole 2-Benzoyl benzimidazole

Methyl cyclohexane (MCH) (Fluka) was purified by ni-
Solvent effects on proton transfer raise many interest- tration and sulfonation, dried over anhydrous sodium sulfate
ing questiong11,12] concerning static and dynamic pro- and distilled at 101C. Ethanol (EtOH), methanol (MeOH)
cesses. Both the intermolecular and intramolecular protonand acetonitrile (ACN) (E. Merck, spectroscopic grade) were
transfers of aromatic molecules, which are hydrogen-bondedused as supplied but only after checking the purity fluorimet-
in the ground state, undergo significant changes depend-ically in the wavelength range of interest. Sodium ethox-
ing markedly on the kind of substitution on the aromatic ide (NaEtH) was prepared in our laboratory with ethanol and
ring [13]. It has been noted that there are some differ- sodium pellets. For aqueous solution, we used deionized Mil-
ences in both the absorption and emission spectra of 2ABI lipore water.3-cyclodextrin 3-CD) from Aldrich Chemical
and 2BBI depending upon the nature of the solvents in Company and BISO, (E. Merck, spectroscopic grade) were
spite of the similarity in the molecular structure. There are used as received.
many ESIPT processes involving the transfer of a proton  The absorption spectra were taken with a Shimadzu
from a hydrogen atom donor group (e-gOH, =NH, —NH, UV-vis absorption spectrophotometer model UV-2401PC.

etc) to an acceptor group=K—, .C=0 etc) [14-16] but The fluorescence and phosphorescence spectra were obtained
there is a significant change in the ESIPT process of het-with a Hitachi F-4500 fluorescence spectrophotometer. For
erocyclic molecules like 2-(2oyridyl)-benzimidazolg14], emission measurements, the sample concentration was main-
7-azaindole[15] and 2-(2-hydroxyphenyl)-benzimidazole tained at~10~° M in each case in order to avoid aggregation.
[16]. The fluorescence lifetime measurement was done by time-

Even though ESIPT processes have extensively been in-correlated single photon counting coupled to a micro-channel
vestigated but most of the studies focus on proton transfer inplate photomultiplier (model 28090, Hamamatsu, Edinburgh
non-aqueous non-alcoholic solvents. Photophysics and phodnstrument). The phosphorescence lifetimg.$y measure-
tochemistry of ESIPT in aqueous and alcoholic solvents are ment was done by Hitachi F-4500 fluorescence spectropho-
in general more interesting and complicated than in the othertometer with chopper arrangement.
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(b) Wavelength(nm) in the absorption band could be due to the formation of mono-

cation (V) [20,21] On further increasing the hydrogen ion
Fig. 1. (a) Eliectronic :i\bsorption spe_ctra of ZBBI in various solvents concentration, no Change occurs in the position and shape of
(ZBBI =5x 10~2> mol dm~3), (b) electronic absorption spectra of 2BBI and the band. So we could not find any formation of dication in
in the presence and absence of base (NaEtH) and agii@) in EtOH. ) .

the ground state. The same type of effect was observed in
the case of 2ABI where only band intensity decreases with
increasing acid concentration. When the base concentration
is increased in the EtOH solution of 2ABI and 2BBI, the
3.1. Absorption lower-energy absorption band of both the molecules shifts

considerably towards red. This red-shifted band system is

2BBI shows three band systems: one at 270 nm, anotherdue to the anion formation (IV). Thekp's have been cal-
around 320-330nm, and a shoulder at 370 iffig.(1(a)) culated using Brster cycleg19—21] with the wavelength at
similar to 2ABI [10], The spectral change and presence of Maximum absorptionmax of 2ABI, 2BBI, their anion and
lower-energy shoulder in hydrocarbon solvents are due totheir cation. In the case of 2ABI, the values d{zare 2.09
ketophenyl (benzoyl) substitution as well as intramolecular (from neutral to anion) and 1.04 (from neutral to cation) and
hydrogen bonding between acid and base groups of the benlhose values for 2BBl are 3.27 and 1.13. These Changes inthe
zimidazole moleculg10,13,17—-19] Also it is important to pKa values in the ground state for the two molecules indicate
note here that the red-shifted shoulder in hydrocarbon sol-the existence of two types of species. In aqueous solution
vent and structureless tail possibly account for the ground for both the molecules with addition @-CD, any change
state closed conformeric form (I5¢heme 1 In alcoholic in the band position and intensity of the absorption spectra
and aqueous solution, the lower-energy shoulder vanishes foivere negligible. So this confirms non-formation of inclusion
both the molecules due to solute—solvent interaction and thecomplex withB-CD in the ground state.
spectrum consists of only two bands system.

The absorption spectrum of 2BBI in EtOH solution overa 3.2. Emission at room temperature
wide range of acidity is shown iRig. 1(b). With the increase
of acid (HbSOy) concentration, the lower-energy absorption In hydrocarbon solvent, the fluorescence spectrum of
band of 2BBI is shifted slightly towards higher wave num- 2ABI shows one distinct band peaking around 340 nm with
bers. So the acid dependent blue-shifted structeige (b)) a bathochromic shift (red shift) with solvent polarity. In

3. Results and discussion
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Scheme 2. Excited-state reaction scheme in hydrocabon solvent. ~- 2ABlin MeOH .
_— a to g (increasing acid
concentration (range of pH = 6.5 to 2))
2BBI, this band is red-shifted to 350 nfh0]. In alcoholic =
and hydroxylic solvents, 2ABI shows two distinct fluores- E
cence bands, one higher-energy band-@84nm and an- & 240
other large Stokes-shifted lower-energy band-d#5 nm. £
Similarly in 2BBI, the two bands occur at 350 and 500nm §
[10]. The higher-energy band (340 nm for 2ABI and 350 nm £ L
for 2BBI) is considered to originate from ESIPT form of the -2
molecules (Ill) Schemes 1 and 2nd the lower-energy band £
at~445 nmis due to formation of anion (1V), which is due to -
the intermolecular proton transfer between solute and solven o Yy
in the excited-statf10]. The positions of fluorescence bands 350 400 250 500
are independent of excitation wavelengtRgy( 2(a)). (b) Wavelength(nm)

The effect of acid (HSOy) on 2ABI in polar protic and
hydroxylic solvents shows some interesting results. The Spec-Fig. 2. (a) Fluorescence emission spectra of 2ABI in EtOH (excitation wave-
tral behavior of 2ABI in MeOH with addition of proton donor ~ N9th @exg): 260nm, 270 nm, 280 nm, 290 nm, 300nm and 310nm), (b)
id ShOWSm 2b)) a high intense emission peak at variation in fluorescence emission spectrum of 2ABI in MeOH by increas-
as ac - g 9 o . p ing the concentration of acid ¢$Oy).
~375 nm with a simultaneous decrease in intensity of lower-

energy apionic emissio.n peak. _AS the_ acid concentrationis in- 395 nm with comparatively higher intensity in acidic medium
_creasedln MeOH solutl_on,thg|_nten5|tyoflower-energy band (Fig. 3(b)). The 2BBI spectrum at high acid concentration
is blue-shifted and the intensities at both of 334 and 455 nm shows that appearance of 395nm band is due to a proto-

decrease with appearance of a new band at 375 nm. The IOeatﬁated form. Complete suppression of anion band of 2BBI
intensity at 375 nm remains fixed up to the acid concentration in acidic medium and formation of a largely blue-shifted
0.001N Fig. 2b)). Increasing the acid concentration beyond
this, an abrupt increase in the emission intensity of 375nm
peak takes place with total disappearance of 455nm peak.
These results indicate the first formation of monocation (V

of Schemes 1 and) 3vith initial addition of acid and subse- N\H/O hv N %
quent addition of acid leads to formation of dication (VI of AN
Schemes 1 and)®f molecule due to protonation in both the av) M
sites. +H hv

In aqueous solution, 2ABI shows two fluorescence bands,
one at 345nm and another at 470 nm. With increasing acid N o
concentration, the intensity of lower-energy anion band de- ©i@>‘( s
creases with a blue shiftand a new band arises around 385 nm H/ \a@

At the maximum acid concentration, the higher-energy band

at 345 nm is totally obliterated~{g. 3(a)). On the other hand vn*

in the case of 2BBI, addition of ¥60, in water changes

the fluorescence spectrum a lot. Only one band appears at Scheme 3. Excited-state reaction scheme in acidic solution.



110

® Normalized Emission Intensity (arb.unit)

Normalized Emission Intensity (arb.unit)

(=
<

Normalized Emission Intensity(arb.unit)

P. Chowdhury et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 106-113

""" 2ABl in WATER

increasing acidconcentration
(range of pH = 6.5 to 2)

T
500
Wavelength(nm)

2BBI in Water
—4— increasing acid concentration
(range of pH =7 to 2)

T T T T
350 400 450 500
Wavelength(nm)

2ABI in Water

a7 — = — adding Acid
Ic’ s et 2BBI in Water
3 ; D -+ adding Acid

T T
500 600

Wavelength(nm)

band Fig. 3(b)) vis-a-vis the formation of shorter wavelength
band in 2ABI along with a trace of anion band (with a blue
shift) in acidic medium Eig. 3(@)) point to higher rate of
protonation in 2BBI than 2ABI. All the experimental data in
the absorption and emission spectra for both the molecules
show that pyridinium type nitrogen atom in 2ABI and 2BBI

is generally less basic, and it becomes more acidic in its first
electronically-excited states due to charge density decrement
at this nitrogen atom, whereas the charge density increases
in pyrrole type nitrogen and thereby rendering it more basic
in its first electronically-excited singlet state.

Comparing the emission spectrum of benzimidazole
[22,23] with that of 2ABI, the peak at-475nm of 2ABI
may be assigned to the fluorescence from the phenolate an-
ion, the 334 nm peak may be assigned to that from zwitterion
and the one at385 nm may be assigned to that from cationic
2ABI (Schemes 2 and)3Analysis of the alteration in peak
intensity for both of the species as a function of acid/base
variation indicates that the change in intensity solely occurs
consequent upon the change in the excited state. We could
not observe any spectral change in nonpolar solvents with ad-
dition of acid or base. This confirms that the intramolecular
hydrogen bond is much stronger in 2ABI in the excited-state
as the additives do not affect the molecular configuration in
nonpolar medium.

The change inthe fluorescence emission spectrum of 2ABI
as a function of aqueous-CD concentration is shown in
Fig. 4(a). It is observed that, as thfgeCD concentration is
increased in the aqueous solution, the intensity of higher-
wavelength (475nm) anion band decreases along with an
increase in the intensity of 334 nm zwitterion band. An iso-
emissive point is also observed at 393 nm between the higher
and lower-energy peaks. In both the bands, all the peak po-
sitions remain unchangedriy. 4(a)). To explain this phe-
nomenon, we may propose that in aqueous medium the
molecule faces a less polar environment ingdd€D cav-
ity which causes the intermolecular proton transfer reaction
between solute and solvent to decrease and consequently a
change in intensity occuffd7]. Considering the molecular
size of encapsulated 2ABI, the proton in theN—H group
may not be available for intermolecular hydrogen bonding in
the bulk water. The appearance ofiso-emissive pointindicates
the formation of a 1:1 host—guest type inclusion complex be-
tweenB-CD and 2ABI molecule contrary to the ground state
picture. In the event of formation of the 1:1 complex in the ex-
cited state, the Benesi—Hildebrand relation must be satisfied
[24],

1 1 1

T—Io  Ki(li— I)[BCD] « T1i—1Io @

Fig. 3. (a) Fluorescence emission spectra of 2ABI in the presence and ab-Wherelg a.nd I1 denote ﬂuore_scence intensity of the_pmbe
sence of acid (pSQy) in aqueous solution, (b) fluorescence emission spectra Molecule in bulk water and in the complex, respectivély,

of 2BBlI in the presence and absence of acid$8y) in aqueous solution

is the fluorescence intensity at a giverCD concentration

and (c) fluorescence emission spectra of 2ABI and 2BBI in presence and and K; is the association constant. If onIy the 1:1 inclu-
absence of acid (:80y) in aqueous solution.

sion complex exist in the system in the excited state, the
plot {1/(1 —lp)} versus{1/(3-CD)} should yield a straight
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Fig. 4. (a) Fluorescence emission spectra of 2ABl with various concentration
of B-CD in aqueous solution: (a) withogtCD (pure water), (b—e) 2.3 mM,
4mM, 8mM and 10 mM3-CD. Inset shows the spectral change of 2ABl in
lower wavelength region with various concentration8e€D in aqueous
solution. (b){1/(I — lo)} vs.{1/(B-CD)} plot and the solid line corresponds

to the fit to Eq. (1).

Fig. 5. (a) Emission spectra of 2ABI and 2BBI in MCH glass at 77 K, (b)
emission spectra of 2ABI in MCH glass obtained at variation excitation
wavelengthsXexc): 300 nm, 310 nm, 320 nm and 330 nm.

rescence band appears at 350-550 nm region. Since 2ABI
) ) ) shows an emission peak &840 nm in MCH at room tem-

line [24,25] Fig. 4(b) shows the plot for the complexation  neratyre so there must be an overlap of the fluorescence and
of 2ABI with 3-CD, which confirms the 1:1 complexation  nhosphorescence bands at low temperature on longer wave-
between host and guest molecules in the excited-state ami:ngth side. In 2BBI two phosphorescence bands occur at

prevention of intermolecular hydrogen bond{ig]. ~460 and~490 nm Fig. 5a)). As the two peaks are too close
to each other these could be due to some vibronic effect. In
3.3. Emissionat 77K polar solvent like EtOH, 2ABI shows superimposed Stokes-

shifted fluorescence and phosphorescence but these bands

The emission spectra of 2ABI and 2BBI in hydrocarbon are distinguished from each othdfig. 6a)) at~392 and
solvents consist of superimposed Stokes-shifted fluorescence~472 nm, respectively. In 2BBI at low temperature, only one
and phosphorescence spectra. At 77 K the fluorescence anghosphorescence band occurs in 450-500 nm region and the
phosphorescence intensities are found to increase in all thephosphorescence intensity is stronger than the fluorescence
solvents in comparison to those at room temperature. 2ABI one. In the presence of a strong base, like sodium ethoxide,
shows a single band in 360—-430 nm region, whereas 2BBI the intensity of longer wavelength phosphorescence band at
shows two bands one at 360-430 nm region and another at~490 nm decreases-ig. 6(b)) a lot than the fluorescence
460-520 nm region in MCH at 77 K={g. 5(a)). Contrary to intensity.
the room temperature emission, an increasejaresults in The appearance of fluorescence in MCH indicates that the
an increase in emission intensity at low temperature keepingfluorescing speciesis not anionic in natufegy( 5a)). The flu-
the peak position unchangdeig. 5(b)). In 2ABI a phospho-  orescence intensity is decreased while the phosphorescence
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4000 ————— 2BBI. As was suggested by Nagaoka and co-worggg27]
—0— veriap oi uorescence . . .
i P,':Dsphmscence in 2B the phosphorescence is likely to appear from the intermolecu-
2BBl in EtOH larly hydrogen-bonded open conformer8chemes 1 and)2
3200 | phosphorescence of 2ABI Phosphorescence

] due to rotation 0>C=0 group Scheme 2 The conjugation
of the phenyl ring with the benzimidazole ring in 2BBI is
o less than the conjugation of theCHz with the benzimida-
zole ring in 2ABI, so there would be a propensity of rota-
, : tion of ketophenyl moiety with respect to the benzomidazole
1600 L plane in the case of 2BBI. Contrary to this, due to greater
i conguijation in the case of 2ABI the ketomethyl group will be
hindered to rotate with respect to the benzimidazole plane so
it is obvious that the chance of formation of open conformer
in 2BBI is more than 2ABI. So it is interesting to note that
e B g e rotation of the keto group is involved in the conversion of
350 400 450 500 fluorescence to phosphorescence. The fluorescence bands in
Wavelength(nm) 2BBI are considered to originate from the species, which is
responsible for the room temperature fluorescence.
2BBl in EtOH EtOH is a strong hydrogen bonding solvent to rupture the
Neutral intramolecular hydrogen bond of the closed conformer of the
----- adding base . . .
excited-state and the formation of open conformer and anion
[10] would follow it. We observe that with addition of base
the phosphorescence intensity decreases, so we may conclude
that in EtOH the large dielectric relaxation time does not
allow the molecule to reorient and this induces the formation
of deprotonated anion. So the conversion of anion as a result
of proton dissociation is not possible and the presence of
emissionis due to the open conformer (IBthemes 1 and 2
The foregoing observation indicates that strength of in-
. tramolecular hydrogen bonds depends mainly upon the sub-
§ v res 30 300 stitution on the>C=0 group. This intramolecular hydrogen
(b) Wavelength(nm) bond may be ruptured by the strong interaction with solvent.
Once this bond is ruptured, the formyl group can rotate easily
Fig. 6. (a) Emission spectra of 2ABI and 2BBI in EtOH glass at 77K, (b) to form the open conformer and the phosphorescence may be
emission spectra of 2BBI in the presence and absence of base in EtOH glasgpserved. Experimental evidence explains the phenomenon
atrrk. of 2BBI by suggesting that the phosphorescence should be
obtained from the open conformé7], which may be formed
due to rotation of carbonyl groufs¢hemes 1 and)2This
Yotation is slower in 2ABI than in 2BBI, so the intensity of
phosphorescence emissionin 2BBl is more than that of 2ABI.
In polar solvents, the phosphorescence intensity increases be-
cause the formation of the open conformer is favourable after
irradiation[17]. In nonpolar solvents, the phosphorescence
is weak but in polar solvents the phosphorescence is strong.
This indicates that the intramolecular hydrogen bond of 2BBI
is stronger in nonpolar solvents.

2400
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Emission Intensity (arb.unit)
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intensity is increased in EtOH-{g. 6(@)). It seems that the
fluorescence is converted to the phosphorescence by lowerin
the temperature to 77 K only in the case of 2BBI. The conver-
sion of fluorescence into phosphorescence is relatively less
efficient in 2ABI compared to that in 2BBI. The presence of
the phosphorescencEi¢s. 5 and Hand the relatively long
lifetime (rp) at low temperature compared to that of room
temperaturet;) (Table J indicate the presence of active in-
tersystem crossing from the excited singlet state to the excited
triplet state during the proton transfer process of 2ABI and

Table 1 , 4. Conclusion
Lifetime data for 2ABI and 2BBI at various solvents at room temperature
and at 77K . .
p— — X o X In summary, the change irkKg values in the ground state
olven oom temperature ow temperafure indicates the existence of different species. For both the
fluorescence phosphorescence

lifetime (zf) [ns] lifetime (zp) [ms] molecules, red-shifted fluqrescence band§ were observgd in
hydrocarbon (small red shift) and hydroxylic (large red shift)
solvents. Besides the vibrational relaxation in the upper state,
sk =0 a1 1800 224 the excited Franck-Condon state is further stabilized to the
EtOH 3.4 33 350 175 P . ' o
equilibrium excited-state due to solvent relaxation. This is

2ABI 2BBI 2ABI 2BBI
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