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Abstract

The inclusion complexes of the frans-isomer of 2-[2-(6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-pentaoxa-
benzocyclopentadecen-2-yl)-vinyl]-benzothiazole (CSB) with 2-hydroxypropyl-8-cyclodextrin (HP-8-CD) were invest-
igated by electronic absorption and fluorescence spectroscopies in aqueous solution. The addition of HP-8-CD has very
little effect on the absorption spectra of CSB. A 17-nm blue shift and pronounced fluorescence enhancements in the
emission spectrum of CSB were observed. 1:1 and 1:2 stoichiometries were found for complexes of CSB with HP- 8-
CD, and formation constants of the complexes and other thermodynamic parameters were estimated from fluorescence

measurements. In the case of the 1:1 CSB: HP-8-CD complex, the formation constant was equal to 3,802 at 293

K, the complexation reaction was exothermic (AH? =

—9.2 4 1.1 kJ mol~!) and presented a positive entropy value

(ASY =37.34+3.8 T mol~! K~1). A molecular structure was proposed for the CSB:HP-8-CD inclusion complex.

Introduction

Condensation of styryl dye molecules with benzocrown
ethers results in novel macrocyclic ionophores, which are
able to bind metal cations and possess easily recognizable
changes in the absorption or fluorescence spectra of the
sensor molecule [1-3]. Such compounds are promising for
the development of reagents for optical determination of
metal cations and as components of photoswitching mo-
lecular devices. However, because of their hydrophobicity,
crown-containing 2-styrylbenzothiazoles are poorly soluble
in aqueous media, which constitutes an important problem
for sensitivity of recognition.

It is well known that cyclodextrins (CDs), water-soluble,
doughnut-shaped cyclic oligosaccharides consisting of six
or more «-(1,4)-linked D-glucopyranose units, are able to
form inclusion complexes (host—guest complexes) with a
wide variety of guest organic molecules possessing suitable
polarity and dimension characteristics [4, 5]. Complexa-
tion is governed by various types of interactions, including
geometrical steric factors, hydrophobic interactions, hydro-
gen bonding, and London dispersion forces [6]. CDs have
received a considerable attention, due to their ability to
modify important physical and chemical properties of the
included guests. For instance, an increase in the aqueous
solubility of lipophilic compounds and an enhancement of
the fluorescence emission of some molecules in the presence
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of CDs have been reported, leading to interesting analytical
applications [7-14].

Therefore, the cyclodextrin molecules can be considered
as promising components for the building of complexes with
crown-containing conjugated heteroaromatic compounds
such as 2-styrylbenzothiazole (CSB). Moreover, CSB can
bind the alkaline earth metal cations in organic solvents, the
complexation being accompanied by changes in fluorescent
properties [3]. It can be suggested that the inclusion com-
plexes CD:CSB should be water-soluble and display a more
pronounced fluorescent response upon binding with metal
cations. The first step of the investigation consists to study
the mechanism of formation of the CD:CSB complex, which
is the important factor for controlling the supramolecular
properties.

In this paper, we report an electronic absorption and
fluorescence spectrometric study of the host—-guest inter-
actions of HP-B-CD with CSB in aqueous media. The
stoichiometry and thermodynamic characteristics of the in-
clusion complexes, including a temperature effect on the
complex formation constant, are evaluated and discussed.

Experimental

Reagents and instrumentation

The synthesis of the trans-isomer of 2-[2-(6,7,9,10,12,13,15,
16-Octahydro-5,8,11,14,17-pentaoxa-benzocyclopentadecen-
2-yl)-vinyl]-benzothiazole (CSB) has been described
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previously [15]. High-purity HP-8-CD and D-glucose were
purchased, respectively, from Aldrich and Merck and were
used as received. Ethanol (spectroscopic grade, Merck),
acetonitrile (spectroscopic grade, Prolabo) and distilled

water were used as solvents.
o
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Absorption spectra were recorded on a Perkin-Elmer
Lambda 2 spectrometer, using 1-cm quartz cuvettes at 20 £+
1 °C. Fluorescence spectra were obtained on a Perkin-Elmer
LS-5 luminescence spectrometer equipped with a pulsed
xenon lamp and interfaced to a personal computer. The excit-
ation and emission band widths were 5 nm. All fluorescence
measurements were carried out in 1-cm quartz cuvettes at
different temperatures [10, 20, 30 and 40 £ 0.1 °C], us-
ing a cell holder with a thermostatically controlled Bioblock
Model 18205 water bath. Fluorescence quantum yields (Pg)
were measured on a Shimadzu RF-5000 spectrophotofluori-
meter.

Procedures

2 x 1073 M CSB stock solutions were prepared in acetoni-
trile and kept in the dark to avoid photoisomerization. These
solutions were diluted to obtain 2 x 10> M CSB working
solutions for spectroscopic studies. 10~! M stock solutions
of HP-B-CD were prepared in distilled water. The general
procedure was to add in the cuvette 25 ul of the CSB stock
solution to 2.5 ml of the HP-B-CD initial solution or to 2.5
ml of pure ethanol, acetonitrile or distilled water. Thus, a 2
x 1073 M concentration of CSB and concentrations of HP-
B-CD practically equal to those of the stock solutions were
obtained in all cases. For all working aqueous solutions, the
water-acetonitrile ratio was 100:1, v/v.

The CSB fluorescence quantum yields were evaluated by
means of a 107> M quinine sulfate solution in 0.5 M H>SO4
as a standard (¢r = 0.55) [16] and by exciting at 366 nm. &g
values were determined by applying the following equation:

(1 -10"4)D,
(1 —-10-4)D,”’

where ®r , and ®f , are the fluorescence quantum yields
of the analyte and the standard, respectively, A, and A,
are the absorbances of the analyte and the standard solu-
tions, respectively, and D, and D, are the integrated area of
the emission fluorescence spectra, corrected for the solvent
blank, of the analyte and the standard solutions, respectively.

<I>F,)c = <I>F,r (1)

Quantum mechanical calculations

Quantum mechanical calculations were performed by us-
ing HyperChem™, Release 6.01 for Windows Molecular
Modeling System (Hypercube, Inc.). Optimized geometry
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Figure 1. 2 x 1075 M CSB UV-Visible absorption spectra in (a) wa-
ter-acetonitrile [100:1 v/v (WA)] mixture, (b) ethanol-acetonitrile [100:1
v/v (EA)] mixture, (c) acetonitrile, (d) 1072 M HP-B-CD WA mixture.

and dipole moment of CSB were calculated by choosing
the semi-empirical AM1 method and Polak-Ribiere optim-
ization algorithm.

Results and discussion

Spectral properties

Electronic absorption spectra. UV-Visible absorption spec-
tra of CSB were recorded in aqueous solution of 107> M
HP-B-CD, ethanol, acetonitrile and water (Figure 1, Table
1).

The absorption spectrum of CSB in water-acetonitrile
[100:1 v/v (WA)] mixture is characterized by an intense
long-wavelength band with a maximum absorption at 358
nm and two shoulders or secondary peaks in the 220-225
nm and 245-255 nm regions. The long-wavelength absorp-
tion band maxima and the corresponding molar absorption
coefficients values do not change significantly in ethanol,
acetonitrile and HP-8-CD media. It was found that the CSB
spectrum in HP-S-CD shows only a 4-nm red-shift of the
long-wavelength absorption band, upon going from water
(358 nm) to HP-$-CD (362 nm). Weak increase of molar ab-
sorption coefficient are observed in acetonitrile and ethanol
relative to water and HP-8-CD medium.

Fluorescence spectra. Fluorescence emission and excit-
ation spectra of CSB recorded in ethanol, acetonitrile, and
in water in the absence and the presence of HP-$-CD are
shown in Figures 2 and 3.

The excitation spectra are characterized by poorly-
resolved bands located at 245-250 nm, 340-345 nm and
375-383 nm. These spectral features are similar in the vari-
ous media under study. The emission spectra exhibit a broad,
structureless band, located at 460.5 nm in WA, 435.5 nm in
EA, 439 nm in acetonitrile and 443.5 nm in the HP-5-CD
medium. The shapes of the emission spectra are essentially
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Table 1. Electronic absorption and fluorescence spectral characteristics of CSB? in the different media under study

Medium Absorption Fluorescence Stokes shift®/cm™! o€
A/nm (emax/104 M1 cm_l) dex/nm  Aem/nm

Water 358 (3.4) 381sh® 460.5 6217 0.0053
250 sh® 343
222 sh® 246

MeCN 357 (3.7) 375.5 439 5232 0.0069
250sh® 341.5
224 (2.1) 248

EtOH 359 (3.5) 380.5 435.5 4893 0.0059
250 sh® 339.5
221(1.9) 248

HP-8-CD (0.1 M)d 362 (3.4) 383 443.5 5076 0.027
246 (1.2) 340.5
222 sh® 248 sh®

ACSB concentration is 2 x 1075 M.
bStokes shift: vaDS, — vEM. |
“Quantum yields measured at Aex = 366 nm relative to a 0.5 M HySO4 quinine sulfate aqueous solution (¢ 5 =
0.55). '
dSolvent: water-acetonitrile (100:1 v/v).
®sh means shoulder.

Fluorescence intensity, a.u.

T T T T T T T T T
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Figure 2. Fluorescence emission spectra of 2 x 1075 M CSB in (a) wa-
ter-acetonitrile [100:1 v/v (WA)] mixture, (b) ethanol-acetonitrile [100:1
v/v (EA)] mixture, (c) acetonitrile, (d) 102 M HP--CD WA mixture, (e)
10-1Mm HP-B-CD WA mixture at 293 K.

similar in all media under study. As can be seen, a 17-nm
blue-shift is observed in HP-$-CD relative to water.

The fluorescence quantum yields of CSB present very
close values, ranging between 0.0053 and 0.0069 in water,
ethanol and acetonitrile, whereas a 5-fold increase of ® is
observed in 0.1 M HP-B-CD relative to water (Table 1).

These observations are in agreement with the formation
of an inclusion complex between CSB and the HP-S8-CD,
which would increase the CSB first excited singlet state
energy level and diminish the radiationless deactivation
process rates.
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Figure 3. Fluorescence excitation spectra of 2 x 1075 M CSB in (a) wa-
ter-acetonitrile [100:1 v/v (WA)] mixture, (b) ethanol-acetonitrile [100:1
v/v (EA)] mixture, (c) acetonitrile, (d) 10°IMm HP-B-CD WA mixture.

Effect of cyclodextrin concentration

We investigated the effect of the addition of HP-8-CD on
CSB UV-visible absorption and fluorescence spectra in the
range 0—10~! M. As already mentioned, the addition of HP-
B-CD produces only a small 4-nm red-shift in the absorption
spectrum of CSB and no molar extinction coefficient sig-
nificant change was observed at the absorption maximum
(Table 1).

The effect of increasing the HP-B-CD concentration on
the fluorescence spectrum of CSB was studied by exciting
at the lowest energy absorption band. The fluorescence in-
tensities of CSB were enhanced progressively upon adding
HP-B-CD, and a shift of the emission maximum occurred
from 460 to 443 nm (Figure 4 and Table 1).

When plotting the CSB fluorescence intensity vs. HP- 8-
CD concentration, a levelling-off curve was obtained (Figure
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Figure 4. Variation of the 2 x 10-5 M CSB fluorescence emission spectra
with increasing [HP-B-CD] at 293 K: (1) 0, (2) 1, (3) 2, (4) 4, (5) 10, (6)
20, (7) 100, (8) 400, (9) 1000 x 10-4 M.
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Figure 5. Influence of HP-B-CD concentration on the fluorescence intens-
ity (at Aem = 450 nm) of a 2 x 10~5 M CSB WA solution at 293 K. The
solid line was calculated by applying Hyperquad program, assuming a 1:1
and 1:2 stoichiometries (CSB : HP-8-CD) and stability constants log K| =
3.58 and log K» =4.7.

5). The enhancement of the fluorescence intensity by HP-
B-CD was rapid in the range 0.0001-0.004 M HP-8-CD.
Further increase of HP-8-CD concentration towards 0.1 M
did not lead to the usual plateau region. Instead, it was
observed an additional slow increase of the fluorescence in-
tensity resulting probably from formation of more than one
host:guest complex.

To find out whether the spectral changes observed could
be due only to a solvent effect related to the HP-8-CD high
concentration, the influence of D-glucose was tested. As
with HP-B-CD, D-glucose (0.7 M) enhanced the fluores-
cence intensity of CSB. However, the effect of glucose on
the CSB fluorescence spectrum and intensity is negligible
as compared to that produced by HP-B-CD. Indeed, the
emission maximum was red shifted by only 3 nm and a 7%
fluorescence intensity increase was observed in the presence
of 0.7 M D-glucose (Figure 6). Therefore, this result con-
firms the formation of inclusion complexes between CSB
and HP-8-CD.
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Figure 6. Fluorescence emission spectra of 2 x 1073 M CSB in wa-

ter-acetonitrile [100:1 v/v (WA)] mixture (1) and 0.7 M D-glucose WA
mixture (2) at 293 K.

Stoichiometry and association constants of the inclusion
complexes

The enhancement of the fluorescence of CSB upon HP-
B-CD concentration increasing allows to define the stoi-
chiometry of the CSB-HP-8-CD inclusion complexes and
to determine their association constants.

A Benesi—Hildebrand linear regression analysis was used
to obtain information on the stoichiometry of the complexes.
The relation between the increase of the CSB fluorescence
intensity and the HP-8-CD concentration can be represented
by the following equation in the case of a 1:1 stoichiometry
[17]:

1 1 1
Foo — Fo  (Foo — Fo) - Ky - [HP — ﬁCD](Ez)
If the stoichiometry of the complex is assumed to be 1:2,
Equation (2) becomes applicable:

F— K

1 1 1
F—Fo  Fx—Fo ' (Fa— Fo) Ky [HP— BCDR’
3)
In Equations (2) and (3), Fp and F denote, respectively,
the fluorescence intensity of CSB in the absence of HP-g-
CD and when all CSB molecules are essentially complexed
with HP-B-CD. F is the measured fluorescence at each CD
concentration tested. [HP-S-CD]y is the initial HP-B-CD
concentration, K; and K, are, respectively, the association
constants of the complex with 1:1 and 1:2 stoichiometries.
If the stoichiometry is 1:1, a linear plot of 1/(F — Fp) vs.
1/[HP-B-CD]p should be obtained. In the case that the 1:2
stoichiometry is predominant, a plot of 1/(F — Fp) vs. 1/[
HP-8 —CD]% should give a straight line.
Double reciprocal plots obtained from fluorescence data
when Equations (2) and (3) were applied are shown in
Figures 7 and 8.
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Figure 7. Benesi—Hildebrand plot for CSB complexed to HP-B8-CD at
20 °C assuming 1:1 CSB: HP-B-CD stoichiometry.
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Figure 8. Benesi-Hildebrand plot for CSB complexed to HP-B-CD at 20 °C
assuming 1:2 CSB: HP-B-CD stoichiometry.

A typical linear double-reciprocal plot was established
only in the concentration range 0.0001-0.004 M for HP-
B-CD when applying Equation (2), which indicates a 1:1
stoichiometry for the inclusion complex of CSB with HP-j-
CD (Figure 7). In contrast, a downward curve was observed,
when these data were fitted to a 1:2 complex, using Equation
(3) (Figure 8). This curved plot means that simultaneous
formation of a 1:2 complex does not take place. However,
the sequential formation of 1:1 plus 1:2 complexes, with
both complexes occurring at the equilibrium, could also give
a nonlinear plot. The double-reciprocal plot curvature found
for HP-B-CD concentrations higher than 0.004 M when
Equation (2) was applied (Figure 7), also supports the pos-
sibility of a sequential formation of 1:1 plus 1:2 complexes at
high HP-B-CD concentration. The hypothesis of more than
one CSB-HP-B-CD complex formation seems reasonable
when considering the respective sizes and structures of the
CSB molecule and the HP-8-CD cavity. Indeed, the internal
diameter of the HP-B-CD cavity is approximately 7 A and
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Figure 9. Fluorescence emission spectra of CSB (1) and its complexes

CSB:HP-8-CD (2), CSB:(HP-8-CD), (3) at 30 °C calculated from the

spectrofluorometric titration data by HYDRASP program.

its height is 8 A. According to semi-empirical calculations
based on the quantum mechanical molecular AM1 method
[18], the CSB molecule is approximately 19 A long and 5
to 8 A wide. Therefore, since only one half of a molecule
of CSB can fit the HP-B-CD cavity, simple geometrical
considerations would support the formation of two kinds of
CSB-HP-8-CD complexes with 1:1 and 1:2 stoichiometries
correspondingly.

To evaluate the association constants of the inclusion
complexes calculated from the fluorimetric data, the com-
puter program HYPERQUAD [19] was used. This program
is based on a least-squares approach, allowing to obtain best
fit equilibrium constant values from potentiometric and/or
spectrophotometric data. In HYPERQUAD program, we
used normalized spectrofluorimetric titration data instead
of spectrophotometric data. The fluorescence emission in-
tensity data at about 10 different wavelengths in the range
440-500 nm were analyzed and the association constants of
the complexes formed according to Equations (4) and (5)
were determined (Table 2).

CD + CSB = CD-CSB  K; = [CD:-CSBJ/(|CD][CSB]),
“)

2.CD + CSB = CD,-CSB
K> = [CD,:CSBI/([CDJ*[CSB]), (5)

The fluorescence emission spectra of complexes were
calculated using the determined equilibrium constant values
and the HYDRASP program, included in the HYPERQUAD
suite of programs (Figure 9).

Temperature effects

We studied the temperature effect on the CSB: HP-8-CD
inclusion complex fluorescence spectra and the thermody-
namic characteristics in the 10—40 °C range. No significant
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Table 2. Temperature effect on K for the complex-
ation reaction of CSB and HP-8-CD

T/°C Log K Log K»
10 3.637 +0.01 48 +£0.15
20 3.578 +£0.01 47+0.15
30 3.546 £ 0.01 47 +0.15
40 3.467 +0.01 48 +£0.15
8.4+ .
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Figure 10. Vant’ Hoff plot of In K| vs. I/T for the CSB: HP-B-CD
inclusion complex.

change was found in the structure and position of the emis-
sion fluorescence spectra upon varying the temperature,
whereas a moderate decreasing of fluorescence intensity was
observed upon increasing the temperature. This latter effect
suggests that the formation of the inclusion complex is not
favored at higher temperatures. Indeed, the inclusion com-
plex formation constant values diminished from log K; =
3.64 to log K1 =3.47 between 10 and 40 °C (Table 2).

To evaluate the thermodynamic parameters of the com-
plexes, we plotted In K vs. 1/T. A linear relationship (r =
0.985) was established (Figure 10), indicating that the Van t’
Hoff equation was obeyed.

The value of the formation enthalpy (AH?) obtained
for the complex of CSB with HP-8-CD was —9.2 + 1.1
kJ mol~!, which shows that the complexation process is
exothermic. The positive value of the formation entropy
(AS? = 37.3 + 3.8 T mol~! K~!) means that an increase
of the disorder occurs during the complexation reaction,
which might result from the contribution of water molecules
to the process [14]. Indeed, it can be expected that the
inclusion process is characterized by a release of water mo-
lecules, originally solvated to both the HP-8-CD and the
CSB molecules, into bulk water. The Gibbs energy value
at 298 K is negative (AG° = —20.0 kJ mol™!), indicating
that the formation of the inclusion complex is energetically
favorable.

Table 3. Selected geometrical dimensions of CSB?

Interatomic distanceP/A Torsion angleb/°

H8..-H51 18.7946 C5-N55-C11-C32 179.3
H8...019 13.7355 C4-554-C11-C32 —179.4
H8...018 12.9449 N55-C11-C32-C31  0.935
H9.--H10 5.0424 C11-C32-C31-C12  —178.2
H34...H35 5.0109 C12-C17-C16-018  173.4
H37...-H41  6.0516 C17-C16-018-C20  74.9
H38.--H42  8.5049 C14-C15-019-C23 679

4Calculated by the AM1 method.
b Atom numbering corresponds to that given in Figure 11.

Proposed molecular structure of the CSB:HP-B-CD
inclusion complexes

We propose a molecular structure for the CSB:HP-8-CD
inclusion complexes, based on AM1 method semiempirical
calculations and geometrical considerations relative to the
size of both species. The HP-8-CD cavity dimensions are
similar to those of 8-CD (length 7.9 A and internal diameter
7.8 A) [5]. The Hyperchem program was used to optimize
the CSB molecular structure (Figure 11). The selected in-
teratomic distances and torsion angles of CSB are given in
Table 3.

Because of its length [r(Hg—Hs;) = 18.79 A], CSB
can be included only axially in HP-8-CD. The interatomic
distances [r(Hzs—Has) = 5.01 A, r(Ho-Hjg) = 5.04 A] cor-
responding to the width of uncrowned moiety of CSB, would
clearly be in favor of the inclusion of this moiety in the HP-
B-CD cavity. On the other hand, the width of the crown
ether moiety [r(Hzg—H42) = 8.5 15\] is larger than the in-
ternal diameter of the HP-8-CD cavity and the inclusion of
this moiety should be impossible or, taking into account the
high flexibility of crown ether, at least more difficult, due
to the steric hindrance interactions. Since the longitudinal
dimension of CSB is larger than the cavity length of HP- 8-
CD, CSB would be only partially included in the HP-5-CD
cavity, forming a 1:1 CSB:HP-g-CD complex. Furthermore,
when taking into account the calculated geometrical dimen-
sions of CSB, there exists a possibility for a second molecule
of HP-B-CD to interact with the CSB:HP-B-CD inclusion
complex; therefore, the formation of a CSB:(HP-,B-CD)2
inclusion complex could be expected.

We also computed the ground state dipole moment (ug)
of CSB, which is equal to 3.86 D. In the inclusion complex,
the CSB dipole should take a nearly antiparallel orientation
relative to the HP-8-CD dipole, in order to maximize the
dipole—dipole interactions. A simplified molecular structure
of the expected CSB:HP-8-CD and CSB:(HP-8-CD); inclu-
sion complexes are presented in Figure 12. The formation
of additional hydrogen bonds between oxygen atoms of the
CSB crown ether moiety and hydroxypropyl substituents of
HP-B-CD molecules could be expected for the CSB:HP-
B-CD inclusion complex, as shown in Figure 12, and this
interaction could be an important factor of stability of in-
clusion complex. Actually, the CSB inclusion complex first
formation constant value is very high (K; = 3800 M~!) as



Figure 11. Calculated molecular structure of CSB (ug = 3.85789 D
{3.34769; 0.933491; 1.67479}).

CSB dipole moment

Figure 12. Schematic structures of the CSB : HP-B-CD and CSB :
(HP-B-CD); inclusion complexes.

compared to cyclodextrin complex formation constant val-
ues of other heteroaromatic molecules such as unsubstituted
benzophenothiazine [20].

Conclusion

On the basis of the electronic absorption and steady-
state fluorescence spectral measurements, the interactions
between CSB and HP-S-CD in aqueous solutions were
investigated. The significant increase of the fluorescence
intensity value with HP-8-CD concentration clearly demon-
strates the formation of inclusion complexes between CSB
and HP-B-CD. The fluorescence quantum yield of CSB is
enhanced by 5 times in HP-8-CD relative to water. Using the
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Benesi-Hildebrand method, we found a 1:1 stoichiometry
for the inclusion complex at concentrations of HP-B-CD ran-
ging from 0 to 0.004 M. At higher HP-8-CD concentrations
the sequential formation of 1:1 and 2:1 host:guest complexes
very probably takes place. The association constants for the
inclusion complexes were evaluated using HYPERQUAD
program. The values of association constant for the 1:1 in-
clusion complex go from log K1 = 3.64 to log K| = 3.47
in the 10-40 °C temperature range. As shown by the posit-
ive entropy value obtained for complexation, the inclusion
process is characterized by a release of water molecules
originally solvated to both the HP-8-CD and the CSB mo-
lecules into the bulk water. AM1 calculations allow us to
conclude that the insertion of CSB in the HP-8-CD cavity
takes place very probably along the molecular axis with a
nearly anti-parallel dipole-dipole orientation.
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