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The effects ofx-, 8-, v-, and 2,6-di©O-methyl{-cyclodextrins (CDs) on the ground- and excited-state properties

of 2-(2-hydroxyphenyl)benzoxazole, 2:¢(Bydroxyphenyl)benzothiazole, and 2-{&droxyphenyl)benz-
imidazole in aqueous media are investigated. Steady-state fluorescence measurements are used to characterize
the interaction of CDs with these azoles. Absorbance measurements indicate increased solubility of the azoles
in agueous solutions of CDs. Measurements of acidity constafsdpd data from induced circular dichroism
indicate increased ground- and excited-state acidities of the phenolic protons of the molecules in the presence
of CDs and axial orientation of the molecules within the CD cavity, respectively. The data further suggest

a planar stucture for HBO and a twisted confirmation for both HBT and HBI. The association constants of
the inclusion complexes have also been estimated. These studies are further supplemented by comparative
spectroscopic studies of 2:{thethoxyphenyl)benzothiazole in aqueous solutions of CDs. On the basis of

the spectral data acquired, it is believed that the HBA molecules exist as zwitterionic tautomers in the presence

of CDs.

Introduction H-
(0]
(Hydroxyphenyl)benzazoles (HBAs, Figure 1) are a class of HBO (X=0)

compounds that are known to exhibit complex photochemical N _

; . ! N\ HBI (X=NH)
and photophysical properties and have thus been studied
extensivel\—3 Specifically, these molecules undergo very fast X HBT (X=S)

(~10%2s™1) excited-state intramolecular proton transfer (ESIPT)
reactions to form phototautomet. The photophysical behavior

of the HBAs is shown to be different in polar, protic solvents
as compared to that observed in aprotic, nonpolar media. For

example, the phototautomers of the molecules have been CH;0

demonstrated to be more efficiently produced in hydrocarbon N

solvents as compared to alcohols or water due to less (or absence \>; MBT
of) competition between intramolecular and intermolecular

hydrogen bonding with the solvent molecufes.As a result, _ S

in solvents of different polarity and pH, different emitting forms ~ Figure 1. Structures of 2-(hydroxyphenyl)benzazoles (HBO, HBT, and
(e.g., neutral, anion, cation, and tautomers) of the HBAs are HBI) and 2-(2-methoxyphenyl)benzothiazole (MBT).

observed , suggesting complex excited-state proton transfer. - . o .
(ESPT) equiIiblrgi{s%."‘v8 Tﬁe fornfation of different rotglmeric (i.e., ity.14% The ability of CDs to include molecules within their
cis and trans) keto as well as zwitterionic tautomers upon hydrophobic interior has led to observations of increased

s . . )
electronic excitation has also been proposed in the literétéfe. S?eligg'zfgi ma(;}gcinganJegnﬂ#](éﬁzi%ini%etolr;:]eenzlg g;(/i(t:om
In addition, recent studies have indicated a unique relaxation P 9 - -P Y,

proces&which involves torsional motion about the-6C'; bond the photophysical properties of the guest molecules are often

in these molecules. The (hydroxyphenyl)benzothiazole analog changed. This has been utilized to shed light on the structures

is believed to possess a lower rotational energy barrier and isOf molecules in sqlgtlon. Fpr example, the mfIqence .Of CDs
thus considered to rapidly undergo ESPT to produce cis and upon the photoactivity of anils has recently been investigkted.

trans phototautomers. Similarly, (hydroxyphenyl)benzimidazole The anilsN-5-chlorosalicylideneaniline ant-salicylidene-2-
(HBI) is believed to exhibit two different intramolecularly aminopyridine are shown to display photochroism upon interac-

hydrogen-bonded isomers in the ground electronic state that lead'O" with - andy-cyclodextrm. we have recently report(?d a
to distinctly different excited-state phenomena)@ dual fluorescence dfansstilbene in ternary aqueous solutions

i o ;
Recently, the influence of cyclodextrins upon the photo- of y-cyclodextrin® The ternary component, either cyclohexane

chemical processes of organic molecules has received muchﬁ&é?éiigﬁéési:;%v;’i’: tgfglr?gszﬂ):ﬁg\ﬁ ;{c;lg A%'Tﬁrrgﬁs'hn?htehe
attention in the literaturé&-13 Cyclodextrins (CDs) are cyclic y 9

oligosaccharides composed of 6, 7, or 8 glucopyranose units.formatlon of excimers, thus restricting the €tans photo-

: : isomerization of stilbene in solution. More recently, we have
and are named respectivelyas -, andy-cyclodextrins. The . . S
CDs are capable IOof inco%porgting ayW)i/de range of guest StUd'egothe photoghemlstry of 10-hydroxyb¢rh]q[1molme .
molecules depending upon their size, shape and hydrophobic-(HBQ) _and the |nf|uenc_e of CDs and mlcel_les_ upon its
electronic spectral properties. The tautomer emission intensity
* Author for correspondence. of HBQ is significantly enhanced through inclusion of the

€ Abstract published irAdvance ACS Abstractdjovember 15, 1996. molecule within the hydrophobje- andy-cyclodextrin cavities.
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Another interesting property of CDs is their ability to induce
chirality into an achiral molecule when included into its cavity.
This phenomenon is unique for molecules containing chro-

Roberts et al.

methyl3-cyclodextrins and were diluted to the mark with
deionized water.
To prepare samples for absorbance and induced circular

mophoric groups (e.g., aromatic compounds) because, upondichroism (ICD) studies, purified crystals of each of the various

complexation with CDs, circular dichroism is induced. The
induced circular dichroism (ICD) of many aromatic compounds
have been reportéd23 in the literature. This ICD signal is

specific for a particular guest molecule, and only those
molecules which are significantly included into the CD cavity
exhibit ICD spectra. Furthermore, the ICD spectrum of a
complexed molecule is often similar to its electronic absorption

(hydroxyphenyl)benzazoles were added to separate vials. A
buffered solution of monosodium/disodium phosphate (pH 7.0)
was prepared and filtered using 0.4Bn Nylon syringe
membrane filters (Nalgene) to eliminate particulates. Stock
solutions ofa-CDy, 5-CDy, y-CDy, and 2,6-di©-methyl3-CDp,
(B-CDyy) were prepared by dissolving appropriate amounts of
each cyclodextrin in the prepared phosphate buffer to maké 10

spectrum. Since an electronic spectrum of a molecule givesM solutions. Similarly, these cyclodextrin stock solutions were
an idea of its ground-state structure, the ICD spectrum can befiltered after preparation using 0.45m membrane syringe
used to depict a molecule’s orientation within the CD cavity. filters. Solutions of the (hydroxyphenyl)benzazoles were
This can be used further to indirectly provide information prepared (16? M) in ethanol (EtOH). A 500 mL aliquot of
concerning the geometry of the uncomplexed form of the each of these stock solutions was pipetted into separate vials,
molecule. and the EtOH was completely evaporated under a stream of
Molecules such as (hydroxyphenyl)benzazoles may, throughdry N2.  Appropriate volumes of cyclodextrin stock solutions
the formation of inclusion complexes with the CDs, be afforded Wwere added to the vials and diluted to 5.0 mL with phosphate
some protection from external quenchers in the bulk aqueousbuffer (pH 7.0). The solutions were equilibrated with the
phase. Encapsulation of these molecules may also minimize(hydroxyphenyl)benzazole crystals deposited on the inner wall
other competing deactivation routes (e.g., cis, trans isomeriza-of the vials for 24 h at room temperature. After equilibration,
tion, etc.) from the excited state. In this report, we examine the solutions were filtered using a 0.@2n pore size syringe
the influence ofa-, 8-, andy-cyclodextrin upon the spectro- filter (Nalgene) to remove the excess (hydroxyphenyl)benzazole
scopic (i.e., absorbance and fluorescence) properties of HBI, crystals.
HBO, and HBT. To compare the spectral characteristics and Determination of Binding Constants. The binding con-
hence structural orientation, we have also included spectroscopicstants and stoichiometric ratios of the inclusion complexes of
and induced circular dichroism studies of the HBAs and of' 2-(2 the HBAs with CDs were estimated from the Benesilde-
methoxyphenyl)benzothiazole (MBT) . The focus of this study brand (BH¥® plots using fluorescence as well as ICD data. The
is to investigate the possible existence of different rotamers of derivation of the BH relationships has been discussed else-

the HBAs in the ground (§ and excited (9 electronic states,
as well as the effects of the CDs on the ground- and excited-
state acidities of the molecules.

Experimental Section

Materials. HBO was obtained from Sigma Chemical (St.
Louis, MO). HBT, HBI, and 2-(2methoxyphenyl)benzothi-
azole (MBT) were synthesized and purified using procedures
reported in the literaturé?* The a-, 5-, and y-cyclodextrins
(a-CDy, B-CDy, andy-CDy) were obtained from Sigma and
American Maize Products Co. (Hammond, IN). The 2,8di-
methyl-cyclodextrin 3-CDy,) was obtained from Fluka Chemi-
cal (Ronkonkoma, NY). All other chemicals were obtained

wheré?26and therefore will not be detailed here. The following
equations were used for 1:1 and 2:1 CD:HBA association:

1 1 1
= + 1
F—F, F—Fo KJCD],F,— Fy @)
1 1 1 )

= +
F-F, F,—F, K,CD]AF,— Fy

where [CD} represents the analytical concentration of the
cyclodextrin,Fo andF; (andF,) are the fluorescence intensities

in the absence and presence of cyclodextrin, respectively, and
K represents the equilibrium constant. Similar to eqs 1 and 2,
the following equation was used to estimate apparent binding
constants using ICD dafé:

from Sigma and were used as received. Anhydrous cyclohexane

and ethanol were obtained from Aldrich (Milwaukee, WI). All

other solvents were of HPLC and/or spectroquality grade
(Mallinckrodt/EM Science) and were used without further
purification.

Method. Preparation of Samples in Cyclodextrins for
Spectroscopic StudiesDue to the low solubility of the
(hydroxyphenyl)benzazole compounds in waterd(~" M),
crystals of purified HBO/HBT/HBI were added to 50.0 mL
volumes of phosphate buffer (pH 7.0) prepared in distilled,
deionized water (PureLab). These solutions were sonicated for
15-20 min and allowed to equilibrate for 3@0 min. The
separate solutions of azoles were then filtered using @2
membrane syringe filters (Nalgene) to obtain saturated solutions
of the compounds in aqueous media . Equivolume amounts of
the saturated solutions of azoles were pipetted into flasks
containing appropriately weighed amounts of solid CDs to yield
the desired concentrations in solution. These solutions were
diluted with phosphate buffer (pH 7.0) and allowed to equilibrate
for 10—12 h. The reference solutions for the absorbance studies
contained the same concentrationsef -, y-, and 2,6-diO-

1
KAOcp:1ea

[CD] _ [HBA] + [CD] — [CD:HBA]
AO

3
Abcp 1A )
where [HBA], [CD], and [CD:HBA] represent the concentration
of the guest, host, and the inclusion complex, respectiviedy,

is the molar ellipticity of the guest in solution, atdcp-Hpa iS

the molar ellipticity of the complex.

The apparenK values were obtained from the slope and
intercept of the respective BH plots. TKevalue thus obtained
was then used as an initial guess in an iterative nonlinear
regression program (NLR8which provides estimates fé for
1:1 and 2:1 complexes by fitting the data using the following
equations:

_ Fo+ F,K[CD],

1+ K,[CD], @

- _ Fo* FK(CDI

1+ K,[CD], ®)
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Figure 2. Influence of$3-CDy (0.0—9.0 mM) on the absorbance of (a)
MBT, (b) HBO, (c) HBT, and (d) HBI. (inset) Influence ¢f-CDn,
(0.0-9.0 mM) on the absorbance of the HBA molecules-@® and
MBT (a).

Measurement of Acidity Constants (Kss). The acidity
constants of the azoles if-CDy, were determined spectro-
photometrically. Saturated solutions of the HBA®HEDx (i.e.,

5.0 mM) were prepared as described previously. The following
buffers were prepared and used for this study: 0.1 M Naj&H
As0»r3H,0/0.1 M HCI (pH 2.6-7.0); 0.1 M NaHPQOy/
NaHPO, (pH 7.0-8.7); 0.1 M NaCOy/0.1 M NaHCQ (pH
9.0-10.70); and 0.1 M NgHPOy/ 0.1 M NaOH (pH 11.6-
12.50). The K, values were obtained from Henderson

Hasselbalch plots as well as from absorbance titration curves.

Apparatus. Absorbance measurements were performed on
a Shimadzu UV-3101PC UWvis—near-IR scanning spectrom-

eter. Steady-state fluorescence spectra were acquired by us

of a SPEX Model P2T 211 spectrofluorimeter and a Perkin-

Elmer LS-50 luminescence spectrometer. Samples were meas

ured in a 1 crd quartz cell using excitation and emission
bandwidths of 25 nm. Circular dichroism studies were

performed using a Jasco J-710 spectropolarimeter. All Specn?{ing with the phenolic OH group of the HBAs. This will be

were recorded at room temperature. ICD spectra were correcte
by subtraction of the corresponding reference ICD spectrum.
Results and Discussion

Absorbance Studies Absorbance measurements were per-
formed to qualitatively assess the solubility of HBAs in the

J. Phys. Chem., Vol. 100, No. 50, 19969683

TABLE 1: Estimated Binding Constants (K) for HBAs in

Various CDs
K (M —1)a
fluorescence data ICD data
compd S-CDy 3-CDn, y-CDx B-CDx -CDn,
HBI 131 256 45 53 208
HBO 340 462 140 228 274
HBT 220 253 161 95 124
MBT 385 530 252 307 528

aValues represent average of four trials.
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Figure 3. Induced circular dichroism (ICD) spectra $fCDn, (9.0
mM) with (1) MBT, (2) HBO, (3) HBT, and (4) HBI. (inset)
Corresponding absorbance spectra of the molecules in 9.@+81,
from 240 to 370 nm.

cavity size and, therefore, lack of complexation. On the other
hand, the cavity size gf-CDy appears to be too wide to form
a stable complex with the compounds when oriented axially in
the CD cavity. Also, they-CDy cavity being wider, water
olecules can freely enter into the cavity, making the cavity
ess hydrophobic than that gfCDy. This is indicated by the
low values of the association constants (Table 1) of the HBAs
with y-CDy. The higher solubilities of the HBAs ii-CD, as
compared t@-CDy may be due to the strong hydrogen-bonding
ability of the alcoholic OH and the methoxy groups on the CD

discussed later in detail. Among the HBAs, HBO has the
highest solubility as well as largest association constants with
the CDs (i.e.3-CDy and3-CDy,). Since all of the HBAs are

similar in size, this difference in the binding constant values
and hence the difference in solubilities may be attributed to the
differences in their molecular structure. It seems that the HBO

presence of cyclodextrins. Figure 2 depicts the absorbance ofmolecule is more hydrophobic, as compared to HBI and HBT.

MBT (a), HBO (b), HBT (c), and HBI (d) at various concentra-
tions of 3-CDy. Since the absorbance change of the HBAs is
very small ina-CDy andy-CDy, these values are not included
in Figure 2. It is evident that the solubility of the HBAs
increases with increasingyCDy concentration. As can be seen
from the plots in Figure 2 (inset), the solubilities of the HBAs
are much higher i8-CDy,, compared to those ii-CDy. Both
plots show that the solubilities of the HBAs are on the order
MBT > HBO > HBT > HBI.

The most likely orientation of HBO which can explain its
hydrophobicity is one in which the phenyl ring is coplanar with
the benzoxazole ring through strong intramolecular hydrogen
bonding. This is confirmed by the vibronic fine structure of
the long-wavelength absorption bands in its electronic spectrum
(Figure 3, inset) in3-CDp,,.  Similar spectral characteristics of
HBO in nonpolar solvents have also been reported in the
literature® In contrast, the absorption bands of HBI and HBT
are broad, thus suggesting that the phenyl ring is not in the

It has been well-established that the enhanced solubilities of plane of the benzazole ring. This suggests that the dipole
organic compounds in water in the presence of CDs is due to moments of HBI and HBT are higher than that of HBO and

formation of inclusion complexes. Molecules can be included
into the CD cavity depending upon their size, geometry, and
hydrophobicity. Of the CDs used in this stuadyCDy, has the
smallest 5.7 A) cavity diameter and the-CD, has the largest
diameter ¢9.5 A), while 3-CD, has a cavity diameter ¢7.8

A. However, all of the CDs have similar height 7.0 A). The
HBA molecules have an average length~af0 A and width of
~5.0 A (including G-H bonds). Thus, the probability of
equatorial inclusion of the HBAs in the CDs is very low. The
low solubility of the HBASs ina-CDx is probably due to smaller

therefore are more polar compared to HBO. Consequently, the
inclusion of HBI and HBT into the3-CDy cavity is weaker.
Further evidence for the structural differences among the HBAs
lies in the differences in their acid dissociation constants for
the phenolic proton and has been discussed below in a separate
section.

Induced Circular Dichroism Studies. The circular dichro-
ism spectra of the four HBAs ii-CDp, are portrayed in Figure
3. Since the compounds are less soluble{€Dy andy-CDy,
the ICD spectra were measured onlyShC D, andj-CDp,. The
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molar ellipticity (@) of the HBASs is higher in the latter apparently

Roberts et al.

TABLE 2: Estimated Acidity Constants (pK,) of HBAs in

because of their higher binding constant. The ICD spectra of Presence and Absence ¢-CDx

the molecules are very similar in bofhCDy and 5-CD, and

also resemble their respective electronic absorption spectra

(in B-CDn, Figure 3 inset). Similar to the absorption spectrum,
the long-wavelength bands of the ICD spectrum of HBO are

also structured, indicating again that the molecule is rigid and

is included into the hydrophobic environment of the CD cavity.
All of the HBAs exhibit positive CD signals with maxima

pKa
compd water (W) -CDy ApKL
HBO 10.48 9.70 —0.78
HBT 10.16 9.60 —0.56
HBI 9.98 9.50 —0.48
HBI 4.84 4.6 —0.24

a Acidity constants for protonation of pyridinic nitrogen of HBI.

corresponding to long-wavelength electronic absorption bands.bApKa = PK4(CD) — pKa(W).

Molecular orbital calculations by Dey and Dodtand also by
Chou et aP have shown that the lowest energy electronic
transition of HBAs are polarized along the long axis of the
molecule. According to the KirkwoodTinoco rules based on
the coupled oscillator theory, these data suggest that the
molecules are oriented axially in the CD cavity; i.e., the long

in Table 2. The K, values of the HBAs in aqueous solution
(in absence of CDs) are in the order HBOHBT > HBI. These
values, within the experimental error, are in reasonably good
agreement with the values reported in the literafdirdn all
cases, the K, was observed to decrease in the presence of

axis of the molecules is parallel to the symmetry axis of the g.cp, most dramatically for HBO. Similar negativ&pKa

CD cavity.

values have also been reported for other aromatic alcghols.

The association constants of the HBAs (Table 1) obtained The ApK, values for HBT and HBI are observed to show a

by using the ICD data suggest that the binding of HBI and HBT
is weaker in-CDy as compared t@#-CD,,. The association

similar trend. The estimatedp value for the conjugate acid
of HBI formed by protonation at the pyridinic ring nitrogen

constants obtained by ICD data are lower than those obtainedalso shows a slight decrease in the presengg-©Dx.
from fluorescence data. Since these two methods measure The difference in the ground-stat&pvalues among the

ground- and excited-state phenomena (circular dichroism andypAs suggests differences in the strength of intramolecular

fluorescence, respectively), the values obtained by the above-hydrogen bonding. Thus, the strength of the intramolecular
mentioned techniques may reflect structural differences in the hygrogen bond in the HBAs is in the order HB® HBT >

HBA molecules. However, the trend is similar in both sets of
data. The low binding constant of HBI wifitCDy is indicative

of the polar structure of the molecule. The higher binding
constant in3-CDy, implies that the cavity of-CD, is less polar
than that of3-CDy«. Because of higher polarity, the molecule
is also less soluble ip-CDy. Similar conclusions can also be
drawn about HBT on the basis of the estimakedalues.

The ICD spectrum of MBT in3-CDx or 3-CDp, is stronger
than that of HBT, suggesting that MBT forms a tighter complex
with the cyclodextrins. This is manifested in the binding
constant value which is higher than that for the other HBAs.
This implies that the HBA molecules enter the CD cavity with
the benzazole ring forward and phenyl group protruding into
the bulk solvent. The OCHgroup of MBT acts as a capping

HBI. This implies that HBO is more planar compared to HBT
and HBI. It seems that the phenyl ring of HBI is almost out of
plane of the benzimidazole ring since th€,alue is equal to
any non-hydrogen-bonded phenol, and consequently it is highly
solvated in aqueous solution. The negathgK, value implies

that the anionic form of the HBAs is more stable when
complexed with the CDs. Since the CD molecule is uncharged,
there must be some type of strong specific interaction(s) between
the phenolate anion and the CD molecule. The decrease in the
pKa value of the conjugate acid formed by protonation at the
pyridinic ring nitrogen of HBI in the presence @CDy is
because of the higher stability of the complex with the neutral
base than that formed with the conjugate acid. This indicates
that the formation of inclusion complexes with CDs occurs in

group, making the binding stronger. If the molecules entered such a manner that the benzazole moiety enters first into the
into the cavity with the phenyl group first, the binding constant cavity.
of MBT would be smaller compared to that of HBT and HBI.  The increased acidity of the phenolic OH group of the HBAs
It has been reported that the binding efficiencies of disubstituted seems likely due to formation of strong intermolecular hydrogen
benzene derivatives are in the order orthaneta< parasC In bonding between the phenolic -OH group and alcoholic OH
the case of HBI, HBO, and HBT, the benzazole ring lies inside groups of the cyclodextrin in which the latter acts as a hydrogen
the cavity and the phenyl ring is on the surface. It seems that, bond donor. The secondary OH groups3e€Dy are reported
in the case of HBO, the inclusion is deeper compared to that of to have K, ~1232 As already discussed above, the HBAs enter
HBT and HBI because of its more rigid planar structure. This the CD cavity from the upper rim side ¢f-CD, with the
is indicated by the higher binding constant value compared to benzazole moiety forward, though a partial penetration is
that of HBT and HBI. In the cases of HBI and HBT, probably achieved. Thus, the phenyl group is solubilized at the surface
the hydrogen-bonding interaction of the phenolic OH with the of the upper rim of cyclodextrin. This allows hydrogen-bonding
alcoholic OH groups of the CD ring prevents deeper inclusion interactions between the HBA and the alcoholic OH groups of
of the molecules. This further weakens the intramolecular 3-CD, which weakens the intramolecular hydrogen bonding
hydrogen bond and thus enhances the noncoplanarity of thein HBAs and thus facilitates formation of stronger intermolecular
phenyl group. This will be discussed in detail in the following hydrogen bonds with D molecules in which water acts as a
section. The above observations thus suggest that the moleculaproton acceptor. As a result, proton transfer to the solvent
structure of the HBAs are different. Of these, HBO has a planar becomes simple. The large negati&pK, value 0.78) for
structure, and both HBI and HBT as well as MBT have HBO is indicative of the fact that the intramolecular hydrogen
nonplanar structures. The MO calculations by Chou et al. have bonding is stronger in HBO compared to that in HBI and HBT.
also suggested similar resufts. This is also indicated by the higheKpvalue of the molecule
Acidity Constants. The acidity constants las) of the HBAs ~ in water as compared to the other HBAs.
in the presence and absenc@dEDy (5.0 mM) were determined Fluorescence Spectra The steady-state fluorescence spectra
spectrophotometrically. The estimated&pvalues for the of the HBAs employed in this study were measured in aqueous
dissociation of the phenolic proton in the various HBAs appear solutions (pH 7.0) in the presence of 8 mfMCDy, 5-CDp, and
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Figure 4. Emission of HBO in (a) water (pH 7.0), (b) 8.0 mBACD,,
(c) 8.0 mMf-CDy, and (d) 8.0 mMMy-CDy. Aexc = 320 nm.
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Figure 5. Emission of HBI in water (pH 7.0) and in the presence of
(b) 8.0 MMp-CDx, (c) 8.0 mMpB-CDn, and (d) 8.0 mMy-CDx. Aexc =
330 nm.
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Figure 6. Emission of HBT in (a) water (pH 7.0), (b) 8.0 mCDx
, (¢) 8.0 mMp-CDp, and (d) 8.0 mMy-CDx. Aexc = 340 nm.
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the undissociated neutral molecule. In the presenga©Dby

the overall intensity of the band decreased accompanied by a
red shift @max ~ 463 nm). The bandwidth at half-maximum
(bwhm) also increased in comparison to pure aqueous solution.
This suggests the existence of multiple fluorescent species. The
emission spectrum in the presence of the same concentration
(8 mM) of 5-CDp, is, however, clearly resolved into two bands.
The short-wavelength band resembles the normal emission of
the neutral molecule. The long-wavelength band, however, is
displaced further to the red relative to that of the anion band
and therefore can be associated with the tautomeric species. The
fluorescence spectrum of HBO jnCDx is again broad. The
maximum of the proton-transferred form.Gx ~ 478 nm) is
further red-shifted compared to that MmCD,,. The spectrum
also shows shoulders at370 and~440 nm, indicating that

the neutral molecule and the phenolate ion also contribute to
the emission.

The fluorescence spectra of HBI in the absence and presence
of cyclodextrins are shown in Figure 5. Similar to HBO (Figure
4), the emission spectrum of HBI in the absence of CDs consists
of a strong emission at427 nm mainly due to the anionic
species and a weak band &850 nm corresponding to the
neutral molecule (Figure 5a). The long-wavelength emission
band is red-shifted as compared to the anionic for#(0 nmj3
and, therefore, likely to be due to both the tautomer and anion
forms. In the presence @CDy the spectrum remains almost
unchanged except for a small red shift of the long-wavelength
emission. The small red shift is a result of the inclusion of the
molecule into the hydrophobic cavity of the CD molecule which
promotes the formation of the tautomer. This is consistent with
the binding constant value (Table 1). However, the binding
constant of HBI with/3-CDp, is higher, indicating a strong
interaction. This is manifested in the appearance of a strong
tautomer as well as the normal emission bands. The tautomer
emission band is also red-shifted in comparisofi-oDyx. The
fluorescence spectrum of HBI in-CDy is similar to that in
p-CDy.

The fluorescence spectral behavior of HBT in CDs reflects
similarities and differences relative to that observed for HBI
and HBO. Like HBO and HBI, the fluorescence spectrum of
HBT (Figure 6) in the absence of CDs shows characteristic
fluorescence from both the neutral molecule and the anion form.
However, unlike the former molecules, the intensity of the short-
and long-wavelength bands of HBT increased in the presence
of both 5-CDx and 3-CDn,,.  The magnitude of the intensity
change is much higher in the case®BDp,. In y-CDy, the
fluorescence spectrum of HBT exhibits a decrease in intensity
of both the normal and anion emission bands and the rise of a
strong band with maximum at505 nm, which corresponds to
the tautomer emission. The spectral behavior of HBT is thus
different from that of either HBO or HBI.

The observed spectral characteristics of the HBAs in cyclo-
dextrins can be explained in terms of hydrophobic and hydrogen-
bonding interactions with the cyclodextrins. The HBAs exhibit
ESPT (both inter- and intramolecular), but the rate of inter-
molecular proton transfer (PT) in agueous solution is so fast
that ionization is almost complete during the lifetime of the
excited state. Consequently, in agueous solution, even at neutral
pH, nearly all of the emission occurs from the excited phenolate
anion. Since the nonionic forms of the HBAs are stabilized by

y-CDx. The spectra are displayed in Figures 4, 5, and 6. In CDs through the formation of inclusion complexes, the intensi-
aqueous solutions, in the absence of CDs, HBO exhibits a broadties of the anionic forms of HBO and HBI are decreased.

emission band (Figure 4a) wittihax ~439 nm. On the basis
of literature reporté,this emission can be attributed predomi-

However, this is not true in the case of HBT, thus suggesting
that the molecular structure of HBT is different from the other

nately to the phenolate anion with possible contribution from HBAs. This is also reflected in its association constants and
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ground-state I§, value and has already been discussed in the of the fluorescence spectral characteristics of the HBAS-in
preceding section. andy-CDy, we propose that the respective PT tautomers of the

As mentioned earlier, the phenyl ring in HBT is noncoplanar HBAs exist in the zwitterionic form.
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