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bstract

Effect of solvents, buffer solutions of different pH and �-cyclodextrin (�-CD) on the absorption and fluorescence spectra of 2-aminobenzoic
cid (2ABA) have been investigated. The inclusion complex of 2ABA with �-CD is discussed by semiempirical quantum calculations (AM1),
bsorption, emission, FT-IR, 1H NMR and scanning electron microscope (SEM). The Stokes shifts in 2ABA is correlated with different polarity
cales suggest that 2ABA molecule is more polar in the S1 state. The increase in the excited state dipole moment values and �-CD studies confirm
hat the presence of intramolecular charge transfer (ICT) in 2ABA. Acidity constants for different prototropic equilibria of 2ABA in the S0 and S1
tates are calculated. �-CD studies shows that (i) at pH ∼ 1, 2ABA forms 1:1 inclusion complex with �-CD, whereas at pH ∼ 7, it forms mixture of
:1 and 1:2 inclusion complex and (ii) at pH ∼ 1, appearance of dual luminescence in higher �-CD solutions indicates carboxyl and amino groups
resent in the hydrophobic part of the �-CD. A mechanism is proposed to explain the inclusion process.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well established that electronic charge redistribution does
ake place at each atom (specially on the acid and basic centres)
f the molecule when it is photoexcited [1]. Due to this the acidic
nd basic properties of these basic centres or groups are quite
ifferent in the S0 and S1 states [2]. Although it is an elemen-
ary, but a very important process, generally described as excited
tate intramolecular proton transfer (ESIPT) [3–5] is observed in
olecules containing both the proton donor (NH2, OH) groups

nd the proton acceptor [–N , carbonyl (C O)] groups provided
he two groups are connected by the intramolecular hydrogen
onding (IHB) in the ground state. This is because, the former
ecomes stronger acid and the latter becomes stronger base on
xcitation. Lot of studies [6] have been made to understand the
hotophysics and dynamics of this process because the systems

f this type have been widely used as effective light photodetec-
ors [6] and materials in continuous lasers [7] as well as lot of
mplications in biology [8].
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The position of proton transfer is associated with the change
n the charge densities at the respective atom and this is linked to
he acid–base properties of the two ionizable groups. Depend-
ng upon the positions of these two ionizable groups, the proton
ransfer may be or may not be solvent-dependent. The detailed
tudies [9,10] carried out on salicylates and several derivatives
f salicylic acid have established that, the proton covalently
onded to hydroxyl oxygen in the S0 state migrates to the hydro-
en bonded carbonyl oxygen to form the phototautomer. Similar
ind of phenomenon has also been observed in number of other

ompounds [11,12] where the basic centre is –N or
nd the acidic centre is either hydroxyl proton or amino pro-
on [12]. Cowgill [13] has studied the spectral behaviour of
minophenols at various pH values to explain the changes in
he fluorescence spectrum of 3-aminotyrosin with changing pH.
ridges and Williams [14] have carried out similar studies on
arious anisidines to correlate the fluorescence spectra observed
rom the hydroxyindoles. The spectral shifts observed in the

bsorption and fluorescence spectra of these compounds with
hanging pH are consistent with the changes observed in the
imilar compounds [15]. Dogra and coworker [15] has studied
he absorption and fluorescence spectra of the aminophenols and
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minonaphthols in great detail. The acid–base character of these
olecules is quite different from the ground and lowest excited

inglet states and this is attributed to the relative contributions
f the acidity and basicity of these molecules (the neutral and
witter ions).

There have been several studies [16–20] on the electronic
pectra of aminobenzoic acids. Doub and Vanderbelt recorded
he absorption spectra at pH ∼ 3–7 and 10.0. Kopylova et al.
17] have reported the absorption spectra in aqueous solutions.
n 1963, the effect of hydrogen bonding between aminoben-
oic acids and the solvent molecules on the spectral shifts has
een discussed by Mataga [18]. Tramer [19] has studied the
bsorption and fluorescence spectra of N-methylanthranilic acid
nd N,N-dimethylanthranilic acid in various solvents. In his
ork, the problem of the tautomeric equilibria molecule �

witter ion in the S1 and T1 states was discussed. In 1986,
ain et al., studied [20] the absorption and emission spec-
ra of aminobenzoic acids in methyl cyclohexane, acetonitrile,

ethanol solvents and at different pH (1N HCl and 1N NaOH).
he results have been discussed by the CNDO/S calculation
ethod. Further many workers demonstrated the TICT emis-

ion of 4-aminobenzoic acid derivatives [21]. The present study
eports our extensive measurements on the absorption, emis-
ion, FT-IR, 1H NMR, semiempirical calculations and scanning
lectron microscope of 2ABA in different solvents, pH and
-CD. We present here a somewhat different approach to the
arlier work of 2ABA (for example, ICT, Stokes shift corre-
ate with different solvent parameters, calculate ground and
xcited state dipole moments, prototropic reactions in aqueous
edium compared with �-CD medium, etc.). In this regard,

he present investigation has been carried out to study the sol-
atochromic effects of 2ABA. In the last few years, our main
mphasis has been to study the effect of solvents of different
olarity, acid–base concentrations and �-cyclodextrin on the
pectral characteristics of different fluorophores so that they can
e used as probe molecules [22–25]. Recently syringaldehyde
23], syringic acid [24], vanillic acid [24], meta and para-
minobenzoic acids [25] has been studied and this molecules
hows intramolecular charge transfer emissions in the excited
tate. This stimulated us to carry out to the study of the effect
f solvents, pH and �-cyclodextrin on spectral characteristics of
ABA.

. Experimental

.1. Instruments

Absorption spectral measurements were carried out with
Hitachi Model U-2001 UV-visible spectrophotometer, and

uorescence measurements were made using a Jasco FP-550
pectrofluorimeter. The pH values in the range 2.0–12.0 were
easured on Elico pH meter model LI-10T. FT-IR spectra
ere obtained with Avatar-330 FT-IR spectroscopy using KBr

elleting. The range of spectra was from 500 to 4000 cm−1.
icroscopic morphological structure measurements were per-

ormed with JEOL JSM 5610 LV scanning electron microscope
SEM). Bruker Advance DRX 400 MHz super conducting NMR
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H
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pectrophotometer was used to study 1H NMR spectra (IISc,
angalore).

.2. Reagents and materials

2ABA and �-CD were obtained from E-Merck and recrys-
allized from aqueous ethanol. The purity of the compound was
hecked by similar fluorescence spectra when excited with dif-
erent wavelengths. All solvents used were of the highest grade
spectrograde) commercially available. Triply distilled water
sed for the preparation of aqueous solutions. Solutions in the pH
ange 2.0–12.0 were prepared by adding the appropriate amount
f NaOH and H3PO4. A modified Hammett’s acidity scale (H0)
26] for the solutions below pH ∼ 2 (using a H2SO4–H2O mix-
ure) and Yagil’s basicity scale (H−) [27] for solutions above
H ∼ 12 (using a NaOH–H2O mixture) were employed. The
olutions were prepared just before taking measurements. The
oncentration of the 2ABA solutions were of the order 2 × 10−4

o 2 × 10−5 mol dm−3. The concentration of �-CD solution was
aried from 0 to 1 × 10−2 mol dm−3.

.3. Preparation of solid inclusion complex of 2ABA with
-CD

Accurately weighted 0.6 g �-CD was placed into 50 ml coni-
al flask and 30 ml distilled water was added and then oscillated
his solution enough. After that, 0.2 g 2ABA was put into a
50 ml beaker and 20 ml distilled water was added and put
ver electromagnetic stirrer to stir until it was dissolved. Then
lowly poured �-CD solution into 2ABA solution. The above
ixed solution was continuously stirred for 48 h at 50 ◦C. The

eaction mixture was put into refrigerator for 48 h. At this time
e observed that reddish brown powder precipitated. The pre-

ipitate was filtered by G4 sand filter funnel and washed with
istilled water. After dried in oven at 60 ◦C for 12 h, reddish
rown powder product was obtained. This is inclusion complex
f 2ABA with �-CD.

. Results and discussion

.1. Effect of solvents on the absorption and fluorescence
pectra

The absorption and fluorescence spectra of 2ABA have been
tudied in solvents of various polarities and hydrogen bonding
atures. The relevant data are listed in Table 1. When compared
o benzoic acid (275 and 234 nm), aniline (281 and 235 nm),
-aminobenzoic acid (283 nm) [25] and 3-aminobenzoic acid
319 nm) [25], the absorption and fluorescence maxima of
ABA (333 and 247 nm) is largely red shifted in cyclohex-
ne. This is because intramolecular hydrogen bonding (IHB)
resent in 2ABA. The red shift increases according to following
equence: benzoic acid < aniline < 4ABA < 3ABA < 2ABA. The

bove sequence indicates the position of the substituent in the
henyl ring is the key factor for the absorption and emission
ehaviour, because of the different electronic densities of the
OMO on each atom. Thus in ABA, substitution ortho position
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Table 1
Absorption, fluorescence spectral data (nm) and Stokes shift (cm−1) of 2ABA
in different solvents

S. no. Solvents λabs log ε λflu Stokes shift

1 Cyclohexane 333.0 4.16 380 3715
247.0 4.26

2 Diethyl ether 338.0 3.92 390 3944
250.5 4.07

3 1,4-Dioxane 338.0 3.92 390 3944
250.5 4.07

4 Ethyl acetate 336.5 3.97 396 4465
251.0 4.13

5 Dichloromethane 336.0 3.91 400 4761
247.5 4.04

6 Acetonitrile 336.0 3.91 400 4761
247.5 4.04

7 t-Butyl alcohol 336.5 3.95 410 4717
247.5 4.12

8 2-Propanol 336.5 3.95 410 4717
247.5 4.12

9 2-Butanol 336.5 4.04 410 4717
247.5 4.22

10 1-Butanol 336.5 4.04 410 4717
247.5 4.22

11 Methanol 332.5 4.02 410 5075
247.5 4.26
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2 Water 328.8 4.34 420 6645
238.5 4.13

ould forms IHB, whereas meta position would stabilize the
harge transfer (CT) character. Examination of these results
eveals that the position and/or the molar extinction coefficient
f this band are highly influenced by the nature of the polar
ubstituent in the phenyl ring.

The absorption spectrum of 2ABA in all solvents is charac-
erized by two bands; a longer wavelength band (LW) with a

aximum around 336 nm and a shorter wavelength band (SW)
t 247 nm. The SW band is ascribed to �–�* transition of the
enzenoid system of the 2ABA, whereas the LW band can be
ttributed to � → �* transition within the heterocyclic moi-
ty (i.e., intramolecular hydrogen bonded ring) of the 2ABA
olecule. The location of this band at LW, relative to the former

ne can be ascribed to the higher delocalization of �-electrons of
HB ring. Both the UV bands (�–�*) suffer a small solvent shifts
n changing the polar substituent attached to the phenyl moi-
ty, a behaviour which is characteristic of the type of electronic
ransition corresponding to these bands. On the other hand, the
ompound display a broad visible band in emission (within the
ange 380–420 nm). This band can be assigned to (�–�*) tran-
ition involving the whole electronic system of the compounds
ith a considerable charge transfer (CT) character. Such a CT

riginates mainly from the amino group to the carbonyl group
hich is characterized by a high electron accepting character

.e., this band is due to intramolecular charge transfer (ICT)
haracter.

d
i
6
m

ig. 1. Fluorescence spectra of 2ABA in selected solvents at 303 K. (1) Cyclo-
exane; (2) dioxane; (3) ethyl acetate; (4) acetonitrile; (5) 2-propanol; (6) t-butyl
lcohol; (7) methanol; (8) water.

The absorption spectrum of 2ABA in water at pH ∼ 7 is
argely blue shifted (310 nm) than other solvents. Acidic pH ∼ 1,
oes not dramatically affect the appearance of the spectrum
xcept for a red shift. This effect of the pH on the absorption
pectrum indicates that the carboxyl group is ionized in pH ∼ 7,
ecause deprotonation of carboxyl group is blue shifted. The IR
bsorption spectrum of 2ABA has been recorded in KBr pel-
et is shown the stretching frequency around 3475–2530 cm−1

onfirms the presence of zwitter ion in this molecule.
The fluorescence spectra are displayed in Fig. 1. In all sol-

ents 2ABA gives only one broad structureless fluorescence
pectra. The emission maxima of 2ABA (380 nm) is also largely
ed shifted than benzoic acid (302 nm), aniline (320 nm) and
ABA (325 nm) (all values in nonpolar solvent). Generally, in
he first excited singlet state the polarity of the NH2 or OH bond
s increased due to the increased charge transfer interaction from
he NH2 or OH group to the aromatic ring and thus a red shift
s observed in water than cyclohexane. Since IHB is play an
mportant role in 2ABA, the emission maxima in cyclohexane
s largely red shifted than meta and para isomers. Larger red
hift in the emission band maximum reflects the greater delo-
alization of the � cloud of the carboxyl group and lone pair of
he amino group with the aromatic moiety. Another remarkable
spect of the fluorescence emission of 2ABA is the effect of the
olvent polarity. Contrary to the absorption spectra, the emission
pectra of 2ABA (410 nm in methanol) are blue shifted relative
o those of 3ABA (440 nm in methanol) in hydrogen bonding
olvents. This is probably the meta directing carbonyl group in
ABA increase the ICT character in the S1 state.

In the presence of solvents more polar than cyclohexane,
he intensity of the emission spectrum gradually increases from
yclohexane to methanol. The emission in water is strongly pH-

ependent, with the Stokes shift reaching its maximum value
n acidic aqueous solutions (methanol 5075 cm−1, acidic pH
645 cm−1). In an acidic medium, the carboxyl group becomes
ore conjugated with the aromatic �-system, in a situation in
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Scheme 1. 2ABA and 3AB

hich there is marked charge separation with in the molecule.
n the excited state, amino proton and carbonyl group are more
cidic and basic, respectively, than in the ground state. Thus, the
asic carbonyl atom can accept a proton from the acidic amino
roup through delocalization of the aromatic ring. The broad and
lue shifted emission at pH ∼ 7 is common in molecules having
n electron withdrawing group, such as –COOH attached to an
romatic nucleus. However, the nature of such an emission is
ot always easy to ascertain, since it can be the result of a vari-
ty of causes, including dimer formation in the ground state (or
ther kinds of aggregates), excimer emission, changes in the con-
ormation upon excitation or charge transfer processes [28,29].
urther in 3ABA molecule we observed ICT emission in the S1
tate indicates ICT may also be present in 2ABA molecule [25].

In the case of 2ABA, the fact that the broad band is also
ppear at alkaline pH could rule out the possibility of 2ABA
orming dimers in the ground state (linked by H-bonding) which
ive rise to excimer emission upon excitation [29]. These dimer
annot form if the carboxylate group is ionized. Further, the pres-
nce of amino group in the ortho position which strongly forms
he six-membered intramolecular H-bonded ring. Moreover, low
oncentrations currently used, as much as 2 × 10−5 M, rule out
his possibility. Even at concentrations as low as 2 × 10−6 to
× 10−7 M, the broad emission can be detected. Hence, the most

ikely reason is, 2ABA is a multimolecular process, the emission
f a state with a high intramolecular charge transfer (ICT) char-
cter stabilized by the polar and nonpolar solvents. In such a state
he donor group is the amino/aromatic moiety of the molecule
nd the acceptor group is the –COOH. Like absorption spectrum,
he fluorescence spectrum in each solvent is broader, that is hav-
ng broader full width at half the maximum height (FWHM). The
WHM of the fluorescence spectrum increases in polar solvents.
his suggests that ICT present in 2ABA molecule and this ICT

ncreases in the protic solvents. This conclusion is based on the
ollowing reasons. (i) Two bulkier electron donating and elec-
ron withdrawing groups present at ortho position, (ii) the large
ncrease in the dipole moment in S1 state, (iii) in absorption,
arger red shifted maxima observed in DMSO (λabs: 346 and
48 nm; λemi: 450 nm) which is most hydrogen bond interfering

olvent, (iv) effect of trifluoroacetic acid (TFA) to cyclohexane
s more pronounced on the absorption and fluorescence spec-
rum, i.e., with the addition of TFA up to 0.2 M in cyclohexane
argely is red shifted (λabs: ∼347 and 247 nm; λem: ∼408 nm)

w
e
a
e

nd angles (AM1 method).

han cyclohexane (λabs: ∼338 and 247 nm; λem: ∼380 nm). The
WHM of fluorescence spectrum does not change much in this
ange of TFA used (v) at higher �-CD concentrations (pH ∼ 1)
dual emission is appeared and (vi) the geometry of 2ABA is
ptimized using the AM1 method, it shows bond angle is devi-
ted from 120◦ is confirmed ‘twisting’ of the amino and COOH
roups (Scheme 1).

In this molecule, the energy of locally excited state (LE) and
harge transfer are equally affected, hence it gives only one
mission maxima at longer wavelength. The large red shifted
mission maxima in all solvents would indicate a dipolar inter-
ction between the solute and solvent molecules. In nonpolar
olvent, the zwitter ionic form is less soluble, hence it gives
eakly fluorescent (i.e.) the carboxylate anion already contain-

ng a negative charge will not readily accept a second negative
harge necessary for the resonance interaction, and consequently
he emission is weak in cyclohexane [29].

.2. Solvatochromism

Few empirical and theoretical solvent polarity scales are in
se to explore solvatochromic effects [30]. Empirically or the-
retically derived solvent parameters like Lippert f(D, n) [31],
ilot–Kawski (BK) [32] and Reichardt’s–Dimroth ET(30) [33]
alues as accurate parameters of solvent polarity have been used
y several authors to correlate molecular spectroscopic proper-
ies [30]. Among these parameters f(D, n) and BK parameters
akes into account of solvent polarity alone, whereas ET(30)
ncorporate both solvent polarity and hydrogen bonding effects.
rom the correlation of Stokes shift with any one of these param-
ters an idea of about the type of interaction between the solute
nd solvent can be obtained. The solvatochromic shifts reveal
hat the hydrogen bonding interactions are present along with
ipole interactions. In order to confirm this, we used ET(30),
K and f(D, n) solvent parameters and the values are compared
ith Stokes shift of 2ABA molecule.
Fig. 2 shows the plots of �ν̄ss versus the ET(30), BK and

(D, n) parameters. The increase in Stokes shift from cyclo-
exane to water in 2ABA is found to be more in accordance

ith ET(30) than with BK and f(D, n) values. As mentioned

arlier, ET(30) parameter incorporates both hydrogen bonding
nd solvent polarity effects whereas the BK and f(D, n) param-
ters represents only solvent polarity effects. Since hydrogen
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Fig. 2. Plot of Stokes shifts (cm−1) of 2ABA vs. ET(30), BK and f(D, n) solvent
parameters. (1) Cyclohexane; (2) diethyl ether; (3) dioxane; (4) ethylacetate;
(
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5) CH2Cl2; (6) CH3CN; (7) t-butyl alcohol; (8) 2-propanol; (9) 2-butanol; (10)
-butanol; (11) methanol; (12) water.

onding interactions are predominant in the solvatochromic
hifts of 2ABA, the Stokes shift versus ET(30) gives good corre-
ation (ν = 0.9177) than BK (ν = 0.7630) and f(D, n) (ν = 0.7512)
arameters. The large deviations in H2O can be explained as fol-
ows. It is well established that the NH2 group becomes more
cidic in the S1 state and they can donate a proton easily to the
olvent and carbonyl group becomes more basic in the S1 state.
n contrast, in the S0 state, the NH2 group acts as a proton accep-
or. Further zwitter ion is present only in the S0 state, whereas
n the S1 state ICT emission is present along with IHB in this
olecule.
To substantiate this, ground state dipole moments (µg) for

ABA molecule have been calculated using AM1 programme.
any equations are available to determine the excited state
ipole moment (µe) from absorption and fluorescence data. We
hall use the Lippert equation [31] to calculate the excited state
ipole moment (µg = 5.638 D, µe = 10.97 D). The larger dipole

p
m
i

able 2
arious prototropic maxima (absorption and fluorescence) and pKa (pK∗

a ) values of 2

pecies Without �-CD

λabs pKa λflu

ication 277.5 >−4.89 420 (wf)
239.0

onocation 272.4 1.8 420
238.0

eutral 328.5 3.5 410 (wf)
220.0

witter ion 324.4–315.0 3.5–4.8 –
220.0–242.0

onoanion 310.5 5.0 395
240.5

ianion 314.0 >16.0 470–480

f: weakly fluorescence.
ig. 3. Absorption spectra of different prototropic species of 2ABA at 303 K:
oncentration 2 × 10−4 M. (1) Dication; (2) monocation; (3) neutral; (4–7) zwit-
er ion; (8) monoanion; (9) dianion.

oment value is further supported by ICT present in 2ABA
olecule. The value of Onsager cavity radius a obtained for

ABA is 3.22 Å. The value of a have been obtained by taking
he 50% of the maximum length of the molecule. It may be men-
ioned here, we also calculate a from the following equation:

= 3

√
3M

4πdN
(1)

here M is the molecular weight, N the Avogadro number d the
ensity (1.560). The a value obtained by Eq. (1) is (3.24 Å) quite
lose to the data obtained from the AM1 calculations.

.3. Effect of pH on absorption spectra

The absorption spectra of various prototropic species of
ABA was recorded at different acid concentrations and the
rototropic species (dication, monocation, zwitter ion, neutral,
onoanion and dianion in 2ABA. At H0 −5 value, the max-

ma (277.5 and 239 nm) present in the dication of 2ABA formed

ABA in without and with �-CD medium

With �-CD

pK∗
a λabs pKa λflu pK∗

a

>−2.28 – – – –

3.4 272.4 0.8 420 2.0
229.0

4.0 330.0 2.0 410 5.0
229.0

– – – – –

5.5 305.0 6.0 390 7.0
247.0

>14.5 – – – –
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y protonation of the carboxyl group consistent with the results
bserved by others for the similar protonation [34,35]. More-
ver, when the protonation occurred at the hydroxyl or amino
roups, these would have been a blue shift in the absorption and
mission spectra as noticed in many compounds [12,22]. Hence,
he red shift confirms the formation of the dication on protona-
ion of the carbonyl group. The blue shift observed (272.4 and
38 nm) in both the absorption bands, with decrease of hydro-
en ion concentration (pH ∼ 1.8) suggest the presence of the
onocation, formed by protonating the amino group. The pKa

alue of 2ABA is less than aniline (pKa ∼ 4.0) indicates, 2ABA
olecule is more acidic than aniline.
A large red shift is observed in the band maxima 328.4 and

42 nm shows that the neutral species is formed in the range
rom pH ≈ 2–3.5. In this pH range (pH ≈ 2–3.5) the absorption
axima resemble the spectra observed in non-aqueous solvents

nd thus can be assigned to be neutral species. The larger red
hift 272.4–328.4 nm (difference 56 nm) observed in the absorp-
ion maxima, could be due to the formation of neutral species
nd thereby the formation of a closed ring with the IHB between
he amino and carboxyl group. The absorption spectra exhibit

regular blue shift 328.5–315 nm with an increase in the pH
.5–4.8 indicates that zwitter ion is formed. With an increase
n pH from 5, the absorption maxima is again blue shifted
310.5 and 240.5 nm). It is well known fact that deprotonation
f carboxyl group gives a blue shifted absorption and emission
axima [24,35]. Above H− 15, a slight red shift, compared to
onoanion (314 nm) is observed, suggesting that the dianion of

ABA is formed by deprotonating the amino group. The spec-
ral shift observed in the last step is similar to what is normally
bserved in the deprotonation of an amino group [22]. The pKa
alue of the deprotonation of the amino group in 2ABA is con-
istent with the above explanation. The pKa values for various
quilibria are determined spectrophotometrically and are given
n Table 2.

.4. Effect of pH on fluorescence spectra

The fluorescence spectra of various prototropic forms of
ABA are shown in Fig. 4. The fluorescence data are given in
able 2 for various hydrogen ion concentrations clearly indicate

hat the prototropic species of 2ABA formed in the ground state
re different from the first excited singlet state. When the acid-
ty is increased from 2 to H0 −1.0 the fluorescence of 420 nm
s quenched due to the formation of dication in carboxyl group.
imilar results have also been observed in the case of 3- and 4-
minobenzoic acids [25]. At smaller hydrogen ion concentration
up to pH 3.8) the intensity of fluorescence increases at the same
avelength is due to the monocation of 2ABA, i.e., protonation

akes place at the amino group. The blue shift observed in the
uorescence band maximum (410 nm) at pH 4.2 indicates the
resence of neutral species. In this pH range, the emission max-
ma resemble the spectra observed in nonaqueous solvents and

hus can be assigned to be neutral species. Usually, the emission
and of a corresponding cation in amino group is blue shifted
n comparison with the emission band of the normal molecule.
ence, the unusual red shift is observed in 2ABA monocation

a
i
i
a

ig. 4. Fluorescence spectra of different prototropic species of 2ABA at 303 K:
oncentration 2 × 10−4 M. (1) Dication; (2) monocation; (3) neutral; (4–6)
onoanion; (7) dianion.

s due to ‘twisting’ of the NH3
+ and COOH groups. This is

ecause two bulkier groups present at ortho position [36]. With
n increase in pH from 4.5 to 10, 2ABA gives a new blue shifted
pectra with the maxima 395 nm suggesting the formation of
onoanion in 2ABA. As mentioned earlier, the above result is

onsistent with the earlier findings that a blue shift is observed
n a spectrum when deprotonation takes place at the carboxyl
roup [35]. Further, increase in pH from 13, a large red shift
bserved in the emission maxima (470 nm) could be due to the
ormation of the NH− ions (dianion) [22]. In 2ABA, the pK∗

a
alue of neutral-monoanion equilibrium is greater than that in
he ground state pKa value. The tendency for carbonyl and car-
oxyl aromatic compounds to become more basic in the excited
inglet state relative to the ground state is well established [37].
he small differences observed in other equilibria using absorp-

ion and fluorescence pKa (pK∗
a ) data could be due to (i) the

se of band maxima rather than using 0–0 transitions and the
ifferent solvent relaxation for the conjugate species involved
n the equilibria in different electronic states and (ii) increase
n the acidity and basicity of the amino and carboxyl groups in
1 state is such that the order of the prototropic reactions in the
0 state are changed upon excitation. Similar observations are
oted in case of molecules containing both the electron-donating
nd electron-attracting functional groups [37].

.5. Studies of 2ABA with β-CD

Table 3, Figs. 5 and 6 depict the absorption and emission
axima of 2ABA (2 × 10−5 mol dm−3) in pH ∼ 1.0 (monoca-

ion) and pH ∼ 7.0 (monoanion) solutions containing different
oncentrations of �-CD. At pH ∼ 7, 2ABA exists as a car-
oxylic anion, hence we also recorded spectrum at pH ∼ 1. The

bsorption spectra of the two forms (monocation and monoan-
on) are drastically different. The absorption peaks of 2ABA
n pH ∼ 1 appears at 272 nm and in pH ∼ 7, absorption peaks
ppears around 330 nm. In both cases, no clear isosbestic point
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Table 3
Absorption and fluorescence maxima (nm) of 2ABA at different concentration
of �-CD

Concentration
of �-CD (M)

pH ∼ 1.0 pH ∼ 7.0

λabs log ε λflu λabs log ε λflu

0 272.6 3.36 420 317.0 3.83 396
228.8 4.22 229.0 4.13

0.002 272.5 3.50 420 326.5 3.85 400
226.0 4.20 230.0 4.13
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0

.012 272.0 3.74 414 330.5 3.96 414
231.5 4.20 340 246.5 4.13

s observed in the absorption spectra. In the presence of �-
D, there is no significant change is observed in the absorption
axima at pH ∼ 1, whereas the absorption spectra of 2ABA in

H ∼ 7 is seen to undergo a marginal red shift. It has also been
bserved that in both solutions, absorption intensities increases
ith increasing concentration of �-CD. At pH ∼ 1, 2ABA exists

n its cationic form and the absorption spectra does not show any
hange in absorption maxima even in the presence of the highest

oncentration of �-CD used (1.2 × 10−2 mol dm−3) indicating
hat, NH3

+ group present in the hydrophobic part of the �-CD,
hereas a regular red shift is observed in pH ∼ 7 indicates, amino
roup present in the hydrophilic part of the �-CD cavity. Fur-

ig. 5. Absorption spectra of 2ABA in different �-CD concentrations
mol dm−3): (1) 0; (2) 0.002; (3) 0.004; (4) 0.006; (5) 0.008; (6) 0.010; (7)
.012 (insert figure absorbance vs. �-CD concentration).
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ig. 6. Fluorescence spectra of 2ABA in different �-CD concentrations
mol dm−3): (1) 0; (2) 0.002; (3) 0.004; (4) 0.006; (5) 0.008; (6) 0.010; (7)
.012; (insert figure If vs. �-CD concentration).

her at pH ∼ 7, the absorption and emission maxima are close
o methanol/water substantiate this implication. This may be
H2 group interact with �-CD–OH groups, hence a regular red

hift is observed in pH ∼ 7. The association constant for the �-
D:2ABA complex formation has been determined by analysing

he changes in the intensity of absorption and fluorescence max-
ma with the �-CD concentration.

As mentioned earlier, in both solutions, no clear isosbestic
oint is observed in the absorption spectra and thus one can rule
ut the possibility of the formation of a well-defined 1:1 com-
lex. But based on the results of para-aminobenzoic acid [25],
eta-aminobenzoic acid [25], p-(N,N-dimethylamino) [21] and
-(N,N-diethylamino)benzoic acid [21], it cannot eliminate
ompletely the possibility that the 1:1 inclusion complex. How-
ver, the absorption and emission spectra of pH ∼ 1 and ∼7
olutions are different from each other indicates at least two

inds of inclusion complexes exists in this system.

To determine the stoichiometry of the inclusion complex, a
ob’s method [38] for the absorption/fluorescence were applied
eeping the sum of initial concentration of 2ABA and �-CD
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ig. 7. Job’s plot using (a) absorption and (b) fluorescence intensity at pH ∼ 1
nd ∼7. The total concentration was 2 × 10−5 mol l−1. Molar fraction is given
y [�-CD]/([�-CD] + [2ABA]).

onstant and the molar ratio of �-CD changing from 0 to 1. The
bsorption/fluorescence intensity of 2ABA in the absence of (I0)
nd presence of �-CD (I) were determined respectively. A plot
f (A − A0)/A0 and (I − I0)/I0 versus the molar fraction of �-CD
as provided in Fig. 7. It shows that at pH ∼ 7, the (A − A0)/A0

nd (I − I0)/I0 values versus molar fraction gives the straight
ine, indicating a 1:2 stoichiometry of the 2ABA with �-CD in
he inclusion complex.

In general for a 1:2 stoichiometry of the 2ABA-�-CD inclu-
ion complex, one can describe the equilibrium as follows:

-CD + 2ABA
K�2ABA − [�-CD]2 (2)

he corresponding formation constant (K) can be expressed as
he following according to the law of mass action:

= [2ABA − (�-CD)2]

[2ABA][�-CD]2 (3)

here [2ABA − (�-CD)2], [2ABA] and [�-CD] are the con-
entration of the respective species. The initial concentration of

ABA and �-CD are respectively represented by the following
quations:

2ABA]0 = 1 + K[�-CD]2[2ABA] (4)

t
t
E
a
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�-CD]0 = 1 + 2K[�-CD][2ABA][�-CD] (5)

To indicate the degree of association between �-CD and
ABA, it would be useful to introduce the degree of reaction,
, is defined as the ratio between the free 2ABA concentra-

ion [2ABA], to the total concentration of the 2ABA, [2ABA]0.
aking into account that (i) the variations in absorption and flu-
rescence maxima is proportional to the 2ABA concentration
nd (ii) the �-CD is in a large excess with respect to 2ABA and
t high �-CD concentration essentially all 2ABA molecules are
omplexed, α is shown to be depend on the initial concentration
f �-CD, [�-CD]0 as follows:

α

1 − α
= 1

K[�-CD]2
0

(6)

The measured absorbance/fluorescence intensity values (I)
re directly related to α,

= [2ABA]

[2ABA]0
= I∞ − I

I∞ − I0
(7)

here I is the observed absorbance/fluorescence intensity of
ABA, actually measured at a defined 2ABA concentration, I0
s the absorbance/fluorescence intensity of 2ABA in absence of
-CD and I∞ is the absorbance/fluorescence intensity when the
ABA is completely complexed by �-CD.

It is apparent from Eq. (6) that the response parameter (α)
as a certainly functional relationship with the concentration
f �-CD and the inclusion constant (K). Eq. (6) provides the
asis for the determination of K value. The experimental data
ere fitted to Eq. (6) by adjusting K value (Table 4). The fitted

esults for the inclusion complex of �-CD with 2ABA is shown
n Fig. 8. Four curves are calculated (two absorption curves,
wo fluorescence curves) with Eq. (6) with the different stoi-
hiometric ratio. For a 1:1 and guest:host inclusion complex,
lotting 1/(A − A0) versus 1/[�-CD] and 1/(I − I0) versus 1/[�-
D]2 are given in Fig. 9. 1:1 inclusion complex gives straight

ine at pH ∼ 1, whereas 1:2 should be linear plot at pH ∼ 7, sug-
esting that the stoichiometry of the inclusion complex is 1:1 in
H ∼ 1 and 1:2 in pH ∼ 7. Table 4 lists the values of the forma-
ion constants for complexes of 2ABA with deduced from the
urve fitting data and Benesi–Hildebrand equation.

Further the formation of 1:1 and 1:2 guest:host inclusion
omplex, the inclusion constant can be obtained by using the
odified Benesi–Hildebrand equation [39] for the 1:1 complex

Eq. (8)) and the 1:2 complex (Eq. (9)) between 2ABA and �-CD
s shown below:

1

I − I0
= 1

I∞ − I0
+ 1

K(I∞ − I0)[�-CD]
(8)

1

I − I0
= 1

I∞ − I0
+ 1

K(I∞ − I0)[�-CD]2 (9)

here K is the formation constant, I0 the initial absorp-
ion/fluorescence intensity of free 2ABA, I∞ the absorp-

ion/fluorescence intensity of �-CD inclusion complex and I is
he observed absorption or fluorescence intensity. According to
q. (8), a plot of 1/(I − I0) versus 1/[�-CD] (both absorption
nd fluorescence) reveals a linear relation at pH ∼ 1, as shown
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Table 4
Formation constant and �G values of 2ABA with �-CD

Inclusion complex Curve fitting method Benesi–Hildebrand method

pH ∼ 1 pH ∼ 7 pH ∼ 1 pH ∼ 7

λabs λflu λabs λflu λabs λflu λabs λflu

Formation constant
K (1:1) (M−1) 191 420 215 343 152 378 210 313
K (1:2) (×104 M−2) – – 39 65 – – 42 70

� −1
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c

G (kJ mol )
1:1
1:2

n Figs. 9a and 10a, whereas at pH ∼ 7 a plot of 1/(I − I0) versus
/[�-CD]2 gives a straight line as shown in Figs. 9b and 10b. For-
ation constants �-CD:2ABA for the formation of ground state

nd excited state inclusion complexes were obtained from the
-CD concentration dependence of absorption/emission spec-

ra assuming that the system can be described as a mixture of
ndependently absorbing and reacting species. For pH ∼ 1, the

enesi–Hildebrand plot fit a 1:1 model. In the case of pH ∼ 7, the

esults are incompatible with a simple 1:1 association model and
he formation of 1:2 guest:host complexes must be considered,
ecause the red shift of the spectrum and the increase of absorp-

ig. 8. The response parameter (α) as a function of log[�-CD] at pH ∼ 1 and
7. The curve fitting for experimental data were calculated from Eq. (6).

i
i

e

F
v

−12.67 −14.95 −10.77 −13.76
– – −32.62 −34.76

ivity generally observed for the 1:2 complexes [40]. The results
re in good agreement with the �-CD complexation effects
eported recently on 3ABA/4ABA [25] and 2-naphthol [40]. A
omparison of these results suggests the following assignments:
i) linear relation observed in pH ∼ 1 (Figs. 9 and 10) indicates
:1 inclusion complex is formed in this pH and (ii) a concave
urve observed in the Benesi–Hildebrand plot (Figs. 9 and 10)
ndicates, a mixture of 1:1 and 1:2 inclusion complex is formed

n pH ∼ 7.

In 1:2 inclusion complex, the aromatic moiety is partly
mbedded in the one �-CD cavity and the amino group form

ig. 9. Benesi–Hildebrand plot of (a) 1/(A − A0) vs. 1/[�-CD] and (b) 1/(A − A0)
s. 1/[�-CD]2 for 2ABA.
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Fig. 10. Benesi–Hildebrand plot for the complexation of 2ABA with �-CD. Plot
of (a) 1/(I − I0) vs. 1/[�-CD] and (b) 1/(I − I0) vs. 1/[�-CD]2).
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Scheme 2. Bond distance (Å) of 2A
Photobiology A: Chemistry 182 (2006) 137–150

ydrogen bonding with other �-CD–OH groups. The formation
f the 1:1 and 1:2 guest:host complexes is clearly demonstrated
n Scheme 2. Such a 1:2 inclusion complex structure gains fur-
her stabilization energy by hydrogen bonding between hydroxy
roups of the primary and secondary rims of the two different �-
D molecules, water should be excluded from such a structure,
lthough the small solvent molecule could penetrate the central
avity to interact with the amino group. However, most likely
his group should bind to the oxygens of the glucosidic bridges
s such as interaction is observed for Scheme 2. At high �-
D concentration, 2ABA is bound to two �-CD molecules, this
ould explain the different interactions of absorption/emission
pectra observed for pH ∼ 1 and ∼7 solutions. The large red
hift observed for the 1:2 complex indicates that, in this case,
ABA forms strong hydrogen bonds, most likely to an oxygen
f the glucosidic link of the �-CD, but renders hydrogen bonds,
here the substrate is the proton acceptor unlikely. This analysis

eflects the formation of 1:1 inclusion complex in pH ∼ 1 and
ixture of 1:1 and 1:2 inclusion complexes with 2ABA:�-CD

n pH ∼ 7 solution. The formation constants obtained from the
bsorbance and fluorescence intensity are considerably different
rom each other again supported the formation for two different
omplexes between 2ABA and �-CD at pH ∼ 1 and ∼7 solutions
Figs. 5 and 6).

In 1:1 complex, the formation constants for protonated 2ABA
pH ∼ 1) is considerably greater than those of its anionic form
pH ∼ 7). The formation constants are very sensitive to change

f pH values, which further supported the selective inclusion
ssociated with the species form of 2ABA. Of the two species,
e should note that the �-CD can readily include the proto-
ated species than the anionic species, because the former is

BA and �-CD (AM1 method).
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monocation-neutral equilibrium of 2ABA in �-CD is lower than
T. Stalin, N. Rajendiran / Journal of Photochemist

ore hydrophobic than the latter. By assuming this orientation
or the 2ABA molecule in the �-CD cavity is easy, because the
yclodextrin cavity favours the hydrophobic form of the ben-
oic acid derivatives [21]. The higher formation constants in
H ∼ 1 implies that the NH3

+ group is more easily embedded
n the �-CD cavity than the COOH group of 2ABA. This sug-
ests, NH3

+ group present in the interior of the �-CD cavity,
hereas COOH group present within the upper part of the �-CD

avity. It is well known that substituents of aromatic rings capa-
le of H-bonding can bind the OH groups of the �-CD edges.
he energy involved in such H-bond interactions are responsi-
le for the higher binding constants found, when compared to
hose of the unsubstituted molecule. This pattern in the binding
as been detected in the complexes between benzene deriva-
ives and �-CD. Thus, benzene [29] has a formation constant
f 107 M−1, whereas that for benzoic acid [29] ranges between
26 and 600 M−1. This seems to be the case for 2ABA [pH ∼ 1
K ∼ 152 M−1), pH ∼ 7 (K ∼ 72 M−1)].

The fluorescence characteristics of 2ABA in aqueous solu-
ions at pH ∼ 1 are seen to undergo drastic changes in the
resence of �-CD (Fig. 6). The fluorescence spectra undergo
gradual blue shift in pH ∼ 1, but it is red shifted in pH ∼ 7
ith increasing the �-CD concentrations. In the presence of
× 10−3 M �-CD and above, the fluorescence maxima of 2ABA

λem = 420 nm) is slightly blue shifted by 6 nm in pH ∼ 1, as
ompared to that pH ∼ 7 (in this case the difference in red
hift is 18 nm). The emission intensity of 2ABA in pH ∼ 7
s initially decreases with increasing the �-CD concentration,
hereas above 4 × 10−3 M �-CD concentration, the emission

ntensity increases along with �-CD concentration. However,
n pH ∼ 1 the fluorescence intensity is regularly increased from
ero to 1.2 × 10−2 M �-CD concentration. The spectral red shifts
f 2ABA emission at pH ∼ 7 in �-CD suggest that, amino group
s located within the polar cavity of the �-CD, whereas blue shift
mission at pH ∼ 1 shows COOH group is located in non-polar
art. This conclusion is based on the following reasons: the large
im of �-CD contains 12 secondary hydroxy groups and thus
rovides an environment qualitatively similar to polyhydroxyl
lcohols. The red shift observed (at pH ∼ 7) in the absorption and
mission spectrum of 2ABA in �-CD is consistent with protic
olvents. The blue shift observed at pH ∼ 1, in �-CD medium is
learly establish that carboxyl group is entrapped in the non-
olar part of the �-CD. Since the dipole–dipole interactions
etween the �-CD and the carboxyl group is lowered in the less
olar environment (hydrophobic part) a blue shift is observed in
H ∼ 1 solutions. Further a dual luminescence maxima appeared
t higher �-CD concentration supported this implication. Fig. 10
hows the Benesi–Hildebrand plot of observed changes in the
uorescence intensity with increasing concentration of �-CD. It

s seen from insert Fig. 6, that the emission intensity of 2ABA (in
H ∼ 1) initially increases with increasing �-CD concentration
nd then saturates to a limiting value at 1 × 10−2 M, indicating
he incorporation of almost all the 2ABA molecules in the �-CD

avity.

Above 6 × 10−3 M �-CD concentrations (in pH ∼ 1), the dual
uorescence typical of ICT can be seen easily. Typically, both

he locally excited state (LE shorter wavelength, 340 nm) and

i
p
r
c
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he ICT band (longer wavelength, 414 nm) are enhanced, and
he ICT band is shifted to the blue while the LE band is not
hifted. Due to the high polarity of the ICT state, this result
hould mean that the 2ABA molecule has penetrated into the
onpolar �-CD cavity and a 2ABA:�-CD inclusion complex
as been formed. The results shown in Fig. 6 (pH ∼ 1) indicate
hat the ICT behaviour of the 2ABA is dramatically affected by
he formation of the inclusion complex; i.e., the polarity and vis-
osity variations may play a more important role in the change in
he ICT behaviour of 2ABA at pH ∼ 1. The ICT band of 2ABA
s only slightly shifted to the blue with increasing �-CD con-
entration. This provides strong evidence for the protrusion of
he COOH group into the hydrophobic phase. This is reason-
ble, because in 2ABA, dual luminescence is not observed in
he absence of �-CD medium.

This is further supported by using semiempirical quantum
alculations. PC-model program is used to find the initial geome-
ry of the inclusion complex. This program helped us to draw the
tructure of the inclusion complex. The ground state geometry
f 2ABA and �-CD are optimized using AM1 method (MOPAC
/PC). As suggested and found by others [41] this method pro-
ides acceptable approximations to give results, which are quite
lose to the experimental finding. The internal diameter of the
-CD is approximately 6.5 Å and its height is 7.8 Å. Consid-
ring the shape and dimensions of �-CD (Scheme 2), 2ABA
an completely encapsulated with the �-CD cavity. Because the
istance between H5–H8 is 5.96 Å and H4–O2 is 6.27 Å and
1–H4 is 6.04 Å; these values are less than the inside �-CD cav-

ty value (6.5 Å). Since the length of 2ABA is lower than that
f upper/lower rim of �-CD, the amino and carboxylic groups
ttached benzene ring may be present inside the �-CD cavity.
hese finding reveals that 2ABA molecule encapsulated in the
-CD cavity.

The free energy change can be calculated from the formation
onstant K by equation

G = −RT ln K (10)

he thermodynamic parameter �G for the association of the
uest molecule to �-CD is given in Table 3. As can be seen
rom Table 3, �G is negative which suggests that the inclusion
rocess proceeded simultaneously at 303 K.

The effect of �-CD on the prototropic equilibrium between
onocation, neutral and monoanion, the pH-dependent changes

n the absorption and fluorescence spectra of the 2ABA molecule
n aqueous solution containing �-CD have been recorded and
re shown in Table 2. The absorption and emission maxima of
ABA have been studied in 1 × 10−2 M �-CD aqueous solutions
n the pH range pH ∼ 0.1–10. No noticeable change is observed
n the absorption and emission band maxima of the monoca-
ion, whereas blue shift is observed in monoanion of 2ABA
n �-CD than aqueous medium. The pKa (pK∗

a ) values for the
n aqueous medium, where as neutral-monoanion equilibrium
Ka (pK∗

a ) values is greater than in aqueous medium. These
esults indicate, 2ABA molecule encapsulated in the �-CD
avity.
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Fig. 11. FT-IR spectra of 2ABA in KB

.6. Infrared spectral studies

Compared FT-IR spectra of 2ABA, �-CD and inclusion com-
lex of 2ABA:�-CD and its shown in Fig. 11. On comparison to
ABA, the NH3

+ stretching vibrations are in the region (3073,
240, 3373 and 3474 cm−1) and symmetrical/asymmetrical
H3

+ vibrations (2530, 2644 and 2705 cm−1) are largely
ffected in the inclusion complex 3372 and 2927 cm−1, respec-
ively. Like salicylic acid (1665 cm−1), IHB reduces frequency
f the carbonyl stretching absorption to a greater degree
673 cm−1 in 2ABA. In 2ABA the carboxylate ion group
COO−) absorb strongly near 1419, 1619 and 1673 cm−1 are
lue shifted in the complex (1417, 1618 and 1670 cm−1),

espectively. The N–H bending vibration 1588 cm−1 and C–N
tretching absorption 1247 cm−1 are also blue shifted 1588,
244 cm−1, respectively. Further, the absorption intensity of the
nclusion complex is also significantly weaker (10–50%) than

t
o
�
c

2ABA and (b) 2ABA-�-CD complex.

ABA molecule. The above finding indicates 2ABA molecule
s included to the �-CD cavity.

.7. Proton magnetic resonance spectral studies

Proton nuclear magnetic resonance (1H NMR) spectroscopy
as proved to be a useful tool in the study of �-CD inclu-
ion complexes [42,43]. 1H NMR spectroscopy provides an
ffective means of assessing the dynamic interaction site of
-CD with that of the guest molecules. The basis of informa-

ion gained from NMR spectroscopy is located in the shifts,
oss of resolution and broadening of signals observed for the
ost and guest protons [42]. Although, only limited informa-

ion can be obtained from the 1H NMR data, the observation
f slight upfield shifts of the guest protons in the presence of
-CD is consistent with the inclusion of each guest into the
avity.
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Table 5
1H NMR chemical shifts data of 2ABA, inclusion complex and the correspond-
ing complexation shifts in D2O containing 8% volume DMSO-d6 at 20 ◦C

Proton 2ABA Inclusion complex �δ

NH2 7.94 7.82 0.12
H-3 6.67 6.65 0.02
H-4 7.31 7.24 0.07
H
H

�
E
s
c

3
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f
d
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The resonance assignment of the protons of �-CD are well
stablished [42]. �-CD consistent of six types of protons and the
hemical shift of �-CD protons reported by different authors
41,42]. The H-3 and H-5 protons are located in the interior
f the �-CD cavity and it is therefore likely that the interac-
ion of the host with the �-CD inside the cavity will affect the
hemical shifts of the H-3 and H-5 protons. In order to obtain
vidence in support of the structure of the �-CD inclusion com-
lex with 2ABA, we measured 1H NMR spectra of these 2ABA
olecules with and without �-CD. Owing to the poor solubil-

ty of the guest toward D2O, we are forced to employ at least
% volume of DMSO-d6 as a cosolvent, which made the use of
buffered solution difficult. We define the change in chemical

hift (�δ ppm) as the difference a chemical shifts between pro-
on signals of the guest or �-CD in the presence and absence of
-CD or the guest. Unfortunately, the addition of 8% volume
f DMSO-d6 to a D2O solution of �-CD caused relatively large
pfield shifts of the H-3 (�δ = +0.05) and H-5 (�δ = +0.08) sig-
als, allowing us to expect that the presence of this cosolvent
owers the equilibrium constant for the complexation with �-CD
nd hence, the guest is merely able to induce the small chemical
hift of each proton signals for the host. The addition of 2ABA

o the solution of �-CD results in a upfield shift for the 2ABA
rotons (Table 5). A small upfield shift of (0.12 ppm) in 2ABA
as observed for the amino protons. The upfield chemical shift
bserved for amino protons suggest amino group interact with

s
c
M
o

Fig. 12. Scanning electron microscope photographs (Pt coated) of (
-5 6.70 6.62 0.08
-6 7.92 7.88 0.04

-CD–OH groups. Similar results observed earlier by Wang and
aton [43] an observation from which they concluded the inclu-
ion of p-nitroaniline in the cavity and exclude the possibility of
omplexation to the exterior of the �-CD ring.

.8. Microscopic morphological observation

First we observed powdered form of 2ABA and �-CD by
canning electron microscope, then we also observed powdered
rom of inclusion complex (Fig. 12). Pictures clearly eluci-
ated the difference of powder of each other. �-CD shows

heeted/bladed structure, 2ABA shows flaky structure and the
omplex present in flaky and irregular aggregately structure.
odification of crystals and powder can be assumed as a proof

f the formation of new inclusion complex.

a) �-CD, (b) �-CD, (c) 2ABA and (d) 2ABA-�-CD complex.
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. Conclusion

The following conclusions can be arrived from the above
tudies: (i) the observation of a large red shifted absorption
nd emission maxima even in nonpolar solvents indicates ICT
resent along with IHB, (ii) zwitter ion exists only in the ground
tate, (iii) due to steric effect, the monocation (NH3

+) and car-
oxyl groups are twisted in the S1 state, (iv) 2ABA forms 1:1
omplex at pH ∼ 1 solution and mixture of 1:1 and 1:2 complex
t pH ∼ 7 with �-CD, (v) dual luminescence appeared at pH ∼ 1
ndicates, both NH3

+ and COOH groups present in the interior
f the �-CD cavity, (vi) FT-IR, 1H NMR, SEM results suggest
ABA formed a stable inclusion complex with �-CD and (vii)
he above studies demonstrate that in 2ABA, ICT interactions
lays a significant role along with IHB.
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