Available online at www.sciencedirect.com
Journal of

scusnce(cl)nlnec'ro Photochemlstry

5 and

, Photobiology
E— A:Chemistry

LSEVIER Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 279-28¢

www.elsevier.com/locate/jphotochem

Effect of additives on the photophysics of 2-acetyl benzimidazole and
2-benzoyl benzimidazole encapsulated in cyclodextrin cavity

Papia Chowdhury, Tirtha Pratim Adhikary, Sankar Chakravorti

Department of Spectroscopy, Indian Association for the Cultivation of Science, Jadavpur, Kolkata 700032, India

Received 2 February 2005; received in revised form 21 March 2005; accepted 31 March 2005

Abstract

Interesting excited state proton transfer photophysics of 2-acetyl benzimidazole (2ABI) and 2-benzoyl benzimidazole (2BBI) encapsulated
in cyclodextrin (CD) & andB) cavity and its modulation on addition of acid/base and inorganic salt have been delineated in this paper based
on steady state and time-resolved photoemission spectroscopy. In the ground state both 2-acetyl benzimidazole and 2-benzoyl benzimidazole
form complexation witt3-CD, but not witha-CD. Large intensification of anion band and relatively small enhancement of neutral emission
of 2BBI in B-CD points to the complex formation in the excited state with a preferential orientatioN-eH group in bulk water. Increased
lifetime and enhancement of band intensity of 2BBBHCD compared to that of 2ABI indicate a definite inclusion of 2BBI inside the cavity.

Base induced protons at the rims of the cavity liberated in the process of formation of anions quench the anionic species ¢-BBI in
solution. Cavity size of cyclodextrin influences the modulation of photodynamics of the guest. Addition of acid leads to the formation of a
cationic species. Inorganic salt hinders the deprotonation and lowers the barrier for anion formation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction stable structures whereas, micelles are transitory and are in
dynamic equilibrium with the monomer surfactant molecules
The effects of substituents on the spectral characteristicsfrom which they are formefd 1,12] Upon complexation with
of N-heterocyclic molecules in the ground and excited states CD, the photophysical properties such as fluorescence quan-
have been a topic of intensive experimental investigations tum yield gets greatly affected due to reduced polarity and
for a long time[1,2]. These types of molecules make inclu- also dueto the restricted geometry provided by CDs. Inrecent
sion complexef3—8] with different cyclic molecules suchas times the CDs have received a lot of attentjinl0]as they
cyclodextrins (CDs). CDs are cyclic molecules made up of can provide a good model for enzyme.
elementary glucopyaranose possessing a hydrophobic cav- Since the fluorescence spectral characteristics of certain
ity and hydrophilic exterior of different sizes and they are of molecules are very sensitive to their surroundifidd, envi-
greatimportance in supramolecular chemistry. Complexation ronments in structured micro heterogeneous systems can
with the guest molecule occurs within the hydrophobic cav- play a major role in the alteration of these properties, and
ity and the glucose hydroxyl groups at both the entrances of molecules can be used as probes to study the properties of
the cyclodextrin cavity further stabilize the complex forma- micro heterogeneous systefi8,14]
tion via hydrogen bondinf®]. The hydrophobic forces come In an earlier repor{15] we characterized the excited
into play to stabilize the guests in the cavity. In many ways, state intramolecular proton-transfer (ESIPT) photophysics
CDs are better systems than micelles, because they formof 2-acetyl benzimidazole (2ABI) and 2-benzoyl benzim-
idazole (2BBI) in different environments. For both the
* Corresponding author. Tel.: +91 33 24734971; fax: +91 33 24732805. Moleculesinthe ground state, the intramolecularly hydrogen-
E-mail addressspsc@iacs.res.in (S. Chakravorti). bonded closed-conformer (I5¢heme 1is the stable form
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N X N o ing effects more systematically in the ground and excited
\>_< \>_< state process of 2ABI and 2BBlI by observing the steady-state
N \o andtime-resolved fluorescence spectral properties in aqueous

N X . . . ;
\H/’ H cyclodextrin solutions. CD is an ideal system to control the
relative microenvironment of each functional group to distin-
0 (1 guish the hydrogen bonding and polarity dependence of the
CLOSED CONFORMER OPEN CONFORMER

electron-donating group from the hydrogen bonding effect
x=ctor of the heterocyclic groups. Many workers have employed the
CD system to control the ESIF[L7-23]and different ICT
process of various CT moleculg—34]
N X N X Though many works have been done on the cyclodex-
®\>_\<® ©:®\>—\< trin effects on ESIPT proce$385-37] but little [35] on the
N, /) N 0 effects of different additives on proton transfer characteris-
“H

tics study could be found. Variation of pH of the solution may
be conducive to increment or decrement of anionic/cationic

(b ANION species and the addition of inorganic salt in solution can mod-
ZWITTERION ANIOT ; o . L )
ify electric field of the environment and also ionic excited
OH state species. This paper reports the interesting investigation
N X . e
\> of the effect of cyclodextrin cavitiesx(andp) and also the
\( addition of acid/base and inorganic salt on the ESIPT (inter
N\ 0 or intra) photophysics of 2ABI and 2BBI.
H’
V) 2. Experimental details
MONOCATION - EXp
Scheme 1. Different conformeric forms of the molecules 2ABI and 2BBI. 2-Acetyl-benzimidazole or 2-(1-hydroxyethyl)-1-H

benzimidazole[38] was oxidized with pyridinium chloro

chromate (PCC) and purified by column chromatography
in non-polar solvents. This intramolecular hydrogen bond (on silica gel 60-120; 5% ethyl acetate in petrolium ether).
dissociates in polar and hydroxylic solvents due to solute- It was crystallized from benzen89]. The color of 2ABI
solvent interaction. The formation of zwitterionic species crystal is white, M.P. 189C. 2-Benzoyl benzimidazole or
(I (Scheme 1} of the closed conformer, as a result of 2-(a-hydroxybenzyl) benzimidazoleS€heme } was pre-
ESIPT, is evidenced by Stokes-shifted fluorescence spectrgpared by heating for 2 ln-phenylene diamine with mandelic
in nonpolar solvents. In nonpolar solvent only one fluores- acid (1:1.2), in ethanol: concentrated H@kphosphoric
cence band could be observed due to intramolecular protonacid (4:1:1). The mixture was basified with §&03; and
transfer. With increasing solvent polarity this Stokes-shifted crystallized from ether, M.P. 8%8C. The said benzimidazole
zwitterionic band intensity decreases and in aqueous mediunmwas oxidized with pyridinium chlorochromate (PC[2p].
this band intensity almost disappears with the appearanceln dry dichloro methane, activated molecular sieve§\)(4
of a new anionic band. In zwitterionic structure the positive benzimidazole, and PCC (5 equiv.) was stirred at room tem-
and negative charges are located very close to each otheperature for 4 h, monitored by TLC (dichloromethane). The
due to intramolecular interaction. The existence of zwitteri- mixture was diluted with ether and filtered through celite.
onic species depends on the coulomb attraction between thelhe celite was washed with ether and dichloromethane. The
charges. With the increase in polarity of solvent this interac- filtrate was evaporated at reduced pressure. The solid was
tion also increases and consequently the zwitterions becomecrystallized from methanol-water mixture. 2BBI is pale
unstable in more polar solvent. So the zwitterionic species Yellow crystal of M.P. 210C. Other details of the synthesis
(1) arises due to intramolecular proton transfer and another are as reported befof&5].
anionic species (IV) arises due to intermolecular protontrans-  a-Cyclodextrin and-cyclodextrin (Aldrich) were used
fer upon excitation of (I) $cheme 1 The effect of addition as received. Triethylamine (TEA) (E. Merck, spectroscopic
of acid, base and salt in various environments at different grade) were used as supplied but only after checking the
temperature§l5,16] has also been reported. Monocationic purity fluorimetrically in the wavelength range of interest. For
form exists in lower concentration of acid and for higher acid aqueous solution, we used deionized Millipore wateS&,
concentration formation of dication occurs due to protona- (E. Merck, spectroscopic grade) was used as received.
tion in the two sites (pyridinium type nitrogen and pyrrole The absorption spectra were taken with a Shimadzu
type nitrogen) for both the molecules. Also we observed the UV—-vis absorption spectrophotometer model UV-2401PC.
existence of open conformers at low temperafi@. In The fluorescence spectra were obtained with a Hitachi F-
this study, we have attempted to explain the hydrogen bond-4500 fluorescence spectrophotometer. For emission mea-



P. Chowdhury et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 279-286

surements, the sample concentration was maintained at

~10~°Min each case in order to avoid aggregation. Quantum

yields were determined by using secondary standard method

(¢f =0.23) with recrystalizeg-naphthol in MCH (methyl-

cyclohexane), details of the process are described elsewhere

[36,37] For lifetime measurement the sample was excited (at
405 nm; 0.d~0.15) with pico-second diode (IBH Nanoled-
07). The emission was detected by a magic angle polarization
using two polarisers coupled with Hamamatsu MCP photo
multiplier (2809U). The time correlated single photon count-
ing (TCSPC) set up consists of an Ortec 935 QUAD CFD
and a Tennelec TC 863 TAC. The data were collected with
a PCA3 card (Oxford) as a multichannel analyzer. The typ-
ical FWHM of the system response is about 80 ps. Typical
slit width ~30 nm, monochromator type Jobin-Yvon (MCH
910), number of channels 4096 (6 ps per channel), window
width ~24.5ns and number of counts3000 were used in
taking decay profiles. The lifetime data were analysed con-
sidering them as multi-exponential decay. Mean lifetime data
have been put in the table taking the amplitude of the com-
ponents into account.

3. Results
3.1. Absorption spectra

In aqueous solution 2BBI shows absorption maximum
around 321 nm but with addition @-cyclodextrin it shows
a decrease in absorbance along with a negligible red
shift (~4nm), Fig. L The presence of an isosbestic point
(~300 nm) indicates the formation of single type of equilib-
rium in the mixed system. Addition af-cyclodextrin does
not show much effect as witp-CD. Same type of results
were obtained in 2ABI i-CD andB-CD solutions. In pres-
ence of cyclodextrins addition of different additives shows
some interesting results in both the molecules. For 2BBI in
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Fig. 1. Electronic absorption spectra of 2BBI in differ@a€D concentra-

tion. [2BBI]=20 mM. (a) pure water, (b—d) 5.2, 7.3, and 12.7 mMBeED
concentration.
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Fig. 2. Fluorescence emission spectra of 2BBI in diffef@@D concen-
tration. Excitation wavelength =300 nm [2BBI] =20 mM. (a) pure water, (b
and c) 5.2 and 12.7 mM @-CD concentration.

B-CD medium addition of base (TEA) shows decrease in
absorbance with a red shift but addition of acid,§@y)
shows a blue shift. The absorption spectra of 2ABI show
same kind of results on addition of acid/base in cyclodextrin
solution.

3.1.1. Emission and excitation spectra

2BBI shows distinct dual fluorescence in all polar solvents
[15,16] The higher energy emission~860 nm) has been
assigned to be arising out of the neutral form of the molecule.
The other emission band in the lower energy sidBE0 nm)
arises from the anionic state, which is due to intermolecu-
lar proton transfer between solute and solvent in the excited
state. This anionic state is the most polar state of 2BBl and the
band position is very much solvent sensitive. In pure water the
anionic band intensity is more prominent than the neutral one
as depicted irrig. 2 Whena-CD is added to 2BBI in aque-
ous solution, this peak intensity increases slightly, whereas,
for addition of 3-CD, it increases significantly (almost dou-
ble the peak intensity observed for only aqueous solution of
2BBI) (Fig. 2). Addition of B-CD in 2BBI solution shows a
small increase in peak at360 nm (neutral emission) in addi-
tion to anion-peak, but with addition afCD no such change
in normal band intensity could be observed. With 2ABI a dif-
ferent type of result is obtained in presence¢ED orp3-CD.
Not much change in band position or intensity is observed in
2ABI on addition ofa-CD. It is observed that, as tigeCD
concentration is increased in the aqueous solution of 2BBI,
the intensity of both the bands increaség( 2). Different
excitation spectra corresponding to aqueous solution of 2BBI
with fixed concentration o&-CD or 3-CD, by monitoring at
different emission wavelength, have been recordreg. (3.
The fluorescence excitation spectrunxtD or-CD mon-
itored at 500 nm clearly reflects the absorption spectrum. It
shows that the excitation band position remains unaltered
with varying emission wavelength, which clearly points out
that only one type of complex contributes to the absorption
spectrum.
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Fig. 3. Fluorescence excitation spectra of 2BBI in both CDs (monitoring
wavelength 500 nm.) and absorption spectrum of 2BBI in aqu@eG®
solution.

3.1.2. Effects of additives in emission spectra

In restricted geometry oB-CD with progressive addi-
tion of acid (varying pH), the band intensity and position
of the two emission bands show interesting changes @).
The lower energy anion-band-600 nm) intensity is found
to decrease with a negligible blue shift after addingsiay
to it; while the intensity of higher energy bane 360 nm)
increases with a small red shift. It is important to note that
addition of acid to the aqueoysCD solution of 2BBI, an
isoemissive point is observed at448 nm. In sufficiently
higher concentration of $80Oy (pH~ 1.5), a high intense
new band appears at380 nm with comparatively higher
quantum yield along with a low intensity band-a500 nm.
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Fig. 5. Plot of 1fp — | vs. (H,SOy)~? for finding K (association constant)
of Benesi—Hildebrand equation (Ed.)).

of 1:1 complex between 2BBI iB-CD and acid contrary to
the excited state pictufd5]. In the event of formation of
the 1:1 complex in the excited state, the Benesi—Hildebrand
relation must be satisfied,

1 1 n 1
I—1Io Ki(l1—1o)[H2SOy]  I1—1Io’
wherelg and 11 denote fluorescence intensity of the probe
molecule inB-CD solution and in the complex, respectively,

| is the fluorescence intensity at a gives3©, concentration
andKj is the association constant. If only the 1:1 inclusion

1)

In the acid induced emission, the spectral changes of thecomplex exist in the system in the excited state, the plot

molecule accompanied by the appearance of isoemissive

point and the formation of 380 nm band for 2BBI confirm
the exclusive formation of the corresponding cation. The

1
versu
{10 - 1} s{

1
H2304}

changes in the emission as a function of acid concentrationshould yield a straight linf16,34] Fig. 5shows the plot for

([H2SOy], pH 6.5-1.5), where [HSOy] refer to the initial
concentration of SOy, can be related to Eql) which is
frequently utilized as the Benesi—Hildebrand expresgiah

the complexation of 2BBI with acid, which confirms the 1:1
complexation between anionic and protonated form in the
excited state. From the intercept and slope values of the plot

The appearance of isoemissive point indicates the formationk is evaluated to be-570 M1,
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Fig. 4. Fluorescence emission spectra of 2BBgi€D by increasing acid-
concentration (varying pH from 6.5 to 1.5) [2BBI] =20 mM.

We got almost similar results in the case of 2ABI also,
the only difference being the position of the lower energy
band at~470 nm. Also the intensity of the higher energy
band is very poor and sometimes we could not observe this
band in the spectrum of 2ABI either ie-CD or 3-CD on
addition of acid or base. The computed equilibrium constant
is found to be~649 M~ for the inclusion complex of 2ABI
andp-CD.

Now if we continue to add base in the aque@€D
solution of 2BBI, the lower energy~500 nm) band starts
to decrease in intensity. The higher energd870 nm) band
remains nearly the same with a small red shift. If we change
the restricted environment of the molecule by some other
type of cyclodextringe-CD, in the aqueous solution of 2BBlI,
the results seem to be almost same, but, the band intensities
are much more stronger in case®CD compared to that
in a-CD. Adding acid or base here also increases the higher
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Fig. 6. Fluorescence emission spectra of 2BBI with addition of base and l';:-‘l ad
salt. Excitation wavelength =300nm. i
4
energy band with a small red shift and the lower energy bands 01

starts to disappear. -4
With a view to study the effect of modulated electric field

in cyclodextrin cavity on the proton _tr_anSfer photophysics Fig. 7. Typical decay profile of 2BB{excitation at 405nm and emission

and also to get an idea about the position of molecules 2ABI monitored at 500 nm (curve-i and i) and 425 nm (curvetii) aqueous and

and 2BBI inside different cavity, inorganic salt was added CD solutions. Curve (i) is single exponentiaf(= 1.196), Curve (ii) is dou-

in cyclodextrin solution. The anion band intensity decreases Ple exponential>=1.103), Curve (ii) is triple exponentiakf = 1.003).

with increase of KNQ concentration along with total disap-

pearance of neutral band intensity of 2BBIRFCD (Fig. 6). Table 1
We have observed similar type of phenomena in the case ofvalues ofk: andk,, for 2ABI and 2BBI computed frongy andry
2ABI also. sample Additives ¢n i (ps) ki (1oPs) ku (10°S 7))
2BBI Water 0.05 340 522 2832
3.2. Time-resolved emission Ags.2BBI  B-CD 0.08 520 1528 1781
Ags.2BBI  «-CD 0.055 380 u47 2487
I . 2BBI+B-CD Acid 0.09 120 1248 1278
The Ilfetlm_es of freshly prepared solutions of 2ABI and 2BBI+p-CD Base 0055 <10 5200 =200
2BBlattwo dn‘fergr_]t concentrations afCD and3-CD were  oag Water 031 3420 ®10 2017
measured by exciting the solutions at 375 nm and monitoring Ags. 2ABI ~ B-CD 0.35 3310 1046 1978
at470 nm. The lifetime of 2BBI in hydroxylic solventwateris  Ags. 2ABI  «-CD 0.36 3305 1086 1939
found to be 340 ps. Adding-CD (concentration=20mM)to ~ 2ABI+B-CD  Acid 024 20 8189 5116
2ABI+B-CD Base 0.30 720 476 Q791

this solution this lifetime increases to 380 ps. Upon addition
of B-CD (concentration =20 mM) in the aqueous solution of
2BBI this lifetime further increases to 520 ps, shown in the deprotonation process, so the lifetime decreases. The values
representative plof&(g. 7). This lifetime datum confirmsthat  of the radiative i) and non-radiativelq) decay rate con-
B-CD is more tightly bound with 2BBI than wite-CD, i.e., stants were calculated using the following equations

the complexation with the CD cavity in more favorable in o 1

B-CD. In the case of 2ABI we got the lifetime in aqueous k = —; knr= {} — ky

solution to be~3.5ns. Very little change in lifetime was i i

observed with addition @-CD ora-CD (~3.3 ns) [able ). The values obtained are given in thable 1 These data
This result concludes that almost no complexation occurs show that the values &, decrease with increasing the con-
with CDs and 2ABI in hydroxylic solvents. Now a different  centration ofx-CD or 3-CD.

type of behavior of lifetime occurs with the addition of dif-

ferent additives like acid or base in the CD medium for both

the molecules. In the case of 2BBI in tAeCD medium with 4. Discussion

the addition of acid (HSO;) the lifetime decreases to 120 ps

(Fig. 7). Same type of decrease in lifetime (nanosecond to  We reported the formation of excited state intramolecu-
picosecond)~20 ps could be observed in 2ABI with addi- lar proton transfer (E&PT) species (Ill) $cheme ) and

tion of acid. From the above mentioned lifetime data we may formation of anion (IV) Echeme 1 in the excited state
conclude that in the acidic medium for both the molecules of 2ABI and 2BBI having preexisting hydrogen bonding
the anion formation is severely hindered. Acid opposes the between acidic part (NH group) and basic part (€ group)
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in B-CD solution marks progressive quenching of anion band
along with a little increase in neutral bartdd. 6). Itis known
that cyclodextrins contain secondary hydroxyl groups on their
larger rim and these may form anion by deprotonation in basic
medium[34,42,43] On addition of base the protons liberated
in the process of anion formation at the rim might land up in
the molecule 2BBI and thereby quenching the anion forma-
tion of 2BBI (Scheme 2 This is also reflected in negligible
lifetime (below detection limit of the instrument) of anion
emission and a depletion of lower energy band due to addi-
tion of baseTable 1 The addition of acid if8-CD solution of
2BBI helps the formation of cation. The lifetime of this band
also increases in the restricted cavifjalble 1. For 2BBI
T the lifetime inB-CD cage is around 520 ps. For 2ABI, due
B-CD O to greater conjugation, theCOX (X=CHs group) remains
- —

TEA (BASE)

J
K

in the plane of benzimidazole group and it is less likely to
enter inside the cavity of CDs and so emission intensity pos-
sibly does not increase rather it is little less compared to that
of water. For larger cage ia-CD the molecule 2BBI enter
Scheme 2. Inclusion of 2BBI (both neutral and anionic form) in@ie@D into the cage of hos-CD at least partly, gcheme Pand
and base induced exclusion of anionic form from H€D. internal molecular rotation in the trapped guest is restricted
inside the cage and as a result its lifetime becomes longer
than ina-CD or in water solution. So as expected the overall
in ground stat§15,16] In the presence of CD the stoichiom- lifetime of the complex (2BBICD) increases with the size
etry of the formed inclusion complex depends on the nature of caging entity, i.e., 520 ps and 380 ps fCD anda-CD
and size of the cage. We know that in aqueous solutions complexes, respectively. In pure solvents such as water, the
cyclodextrins (CD) form a well-defined hydrophobic cavity lifetime is 35 ps. So the results clearly indicate that the size,
and encapsulate molecules of suitable sizes and the resultinghat is space domain of the nanocavity of the hastqr p-
supramolecules often exhibit properties drastically different CDs) governs the photodynamics and emission spectroscopy
from those of the free guest molecules in aqueous solutions.of the nanostructure of 2BBI from the picosecond to nanosec-
Due to large rim diameter ¢-CD (8.5,&) thana-CD (5.7,&) ond regime. For 2BBI the rate of the intermolecular proton
the encapsulation of the molecule insRHED cavity is more transfer reaction from water to CD is found to increase upon
favorable tharm-CD so we get the larger change in emission CD addition. To explain this observation we may propose a
intensity with addition of3-CD. The effects o&-CD or B- geometrical structureScheme 2 for the confined system.
CD on 2ABI are small compared to 2BBI. We know there For this particular geometry where the phenyl ring of the
are two types of conjugations formed between benzimida- molecule is found near the hydroxyl rim pfCD, the rate of
zole group and the substituentsgHz, —CgHg) in 2ABI and proton transfer is directly affected by the microenvironment
2BBI. The conjugation of-CH3 group with benzimidazole  due to the cage to the extent it is enhanced by the factor of
ring is more than the conjugation of phenyl ring with benzim- two. Fora-CD the molecule possibly cannot go inside the
idazole[15]. Due to the presence of this greater conjugation cavity so much due to smaller cavity, the rate of proton trans-
the -CH; group and the keto moiety will rotate slowly in  fer reaction is not affected by complexation and it is nearly
2ABI [15,16]and in 2BBI the phenyl ring can rotate around similar to the uncomplexed 2BBI. For 2ABI as the substituted
the C-C single bond freely and can form open conformer (II) —CHz group remains in the plane of benzimidazole group it
(Scheme }, consequently it will no longer be in the plane of cannot rotate inside the cavity of CDs. Though 2ABI does not
benzimidazole ring. So the tendency of the molecule to go enter into the CD cavity and can not form 1:1 complex but
inside the cavity is more in 2BBI (at least partly) than 2ABI. due to some sort of association, the intensity of the anionic

From this type of experimental data we may say h&D emission band increases in case of 2ABI inside the cavity of
binds more tightly with 2BBI tha-CD. CDs.
Inside B-CD cage the intensity of anionic emission Due to addition of inorganic salt, a decrease in anion emis-

increases to double the initial valdgg. 2 This may be due  sion with total disappearance of neutral band intensity of
to encapsulation bg-CD cavity and a possible lowering of  2BBI and 2ABI may be explained in terms of modified elec-
barrier between neutral and anionic form. The orientation tricfield. Actually the formation of N@~ in aqueous solution
of encapsulation of 2BBI insidg-CD may be such that the  of B-CD has lot of influence on the structure of water in the
proton in the>=N—H group may still be available for inter-  form of increased aqueous solubility of both the guest and
molecular hydrogen bonding in the bulk water and hence the CDs or may form ternary complex leading to more stabiliza-
increase in anion ban&¢heme P. Addition of base in 2BBI tion of inclusion compleX44]. In B-CD due to addition of
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