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Abstract

We report herein the syntheses of cationic surface-active molecular probes having long oligo(ethylene glycol) chains as spacers betwee
the cationic nitrogen and the amino nitrogen, namedfligoethyloxyethylene amino phenyl)-3,3-dimethyl-5-ethoxycarbonyl-3H-indole]
methyl dihexadecyl ammonium iodide (molecules 1b andic), and their interactions witR-cyclodextrin 3-CD) investigated by spectral
and photophysical characterizations. It was found that the inclusion—dissociation behavior occurs for the inclusion complexes of molecules
1a andlb with B-CD, that is, the 1:3 (guest:host) inclusion complex can be formed at lower temperatures and with increasing temperature,
the 1:2 inclusion complex can be found. Molecditecan only form the 1:1 inclusion complex in the range of temperatures studied, even
though it possesses a longer spacer ttmandlb. This phenomenon can be interpreted in terms of that the solvation enetgysofnuch
larger than that ofa andlb, which is unfavorable to form a complex of higher stoichiometry. The association constants of the three types of
inclusion complexes at different temperatures were estimated, from which the thermodynamic parameters were also calculated. The negati
entropies and enthalpies show that the inclusion complexation is an entropically unfavorable and enthalpy-driven process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction an empirical rule by Leffef10]. The global trends of the
relationship between the thermodynamic quantitiass(
Cyclodextrins (CDs) are a well-known class of water- (change of free energyAH and AS) for 1:1 complexation,
soluble hosts that can form stable inclusion complexes with a and structural and electronic features of the guest molecules
variety of substrates, particularly those possessing hydropho-can be rationalized in terms of hydrophobicity, the shape-
bic subunits of appropriate size. 1:1 and 1:2 (guest:host) matching and steric effects upon host—guest interaction, the
inclusion complexes are the most common type existing hydrogen bonding ability of an aromatic hydroxyl group, the
either in aqueous and nonaqueous solut{@r8]. And also position of a substituent in aromatic or aliphatic guests, and
the thermodynamic parameters of the 1:1 type were investi- the flexibility of the guest moleculg$§]. The complexation
gated extensively, thus the compensatory enthalpy—entropyprocess, which has been proposed by many chemists and
relationship has been suggested to analyze the extrathermophysicistd11], is driven by enthalpy in most situations, typi-
dynamic relationship betweetH (change of enthalpy) and  cally exhibiting large and negative enthalpic changes as well
AS (change of entropy]5—9], which was first proposed as as small and also negative entropic changes. Theoretically,
the negative enthalpic change results from van der waals
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is due to the steric barrier caused by molecular geometrical (CHy)ys CHy

shape and the limit o8-CD cavity to the freedom of shift [ H;,Cﬁ—l\{l‘ﬁ (CHoCH30),CH5CHoNH AN "
and rotation of guest molecules. According to the relation- (éHz)ﬁm_{ > O COuEt
ship AG=AH-TAS the negative enthalpic and entropic
changes may lead to the temperature dependence of the la n=1
inclusion—dissociation behavior. Zarzycki and his co-worker :E ?;2,
reported an experiment demonstrating qualitatively the tem-
perature effect of the inclusion complex between phenolph- (CH2)17CH; .
thalein ang3-CD [12]. Also, Saito and Okumura investigated [ Hsc—N"—(CHz)sNH O # Q
the temperature dependence of inclusion—dissociation be- (J;Hz,ﬂ%
havior between cyclodextrin nanotube and a linear polymer
[13]. On the basis of the Flory—Huggins lattice model
and the induced circular dichroism results, they proposed
theoretically and experimentally the formation of inclusion i O _N

O COLEt

W

11
CO,Et

Z
-

2

complex at lower temperatures and dissociation at higher |
temperatures. Recently, our research group started a project B
about the formation of nanotubes between small molecules
andB-CD [14]. Preliminary results show that the formation
of the nanotube greatly depends on temperature, that is, the Scheme 1. Molecular structuresbfa, b, c),2 and3.
nanotube is dissociated at higher temperafida,b]

IH NMR experiments indicate that inclusion complexes with increasing the length of the spacer frdm to 1c? Or,
of cyclodextrins are not static spec[&5]. Rather, ithasbeen  on the contrary, will the solvation of the long spacefLabe
reported that guest molecules can have different orientationsstrong enough to prevent the/g-CD inclusion complexes of
about the axis parallel to the cavity and/or be rapidly spin- higher stoichiometries to be formed? Finally, we hope that the
ning about this axis within the cavif{d]. Guest molecules  present work will provide insight into the formation of rotax-
also exchange rapidly between free and bound forms. The re-ane, an attractive architecture in supramolecular chemistry.
combination and dissociation rate constants have been deter-
mined to be on the order of 101 and 1d—-10 M~1s 1 by
using temperature-jumfl6] and ultrasonic relaxatiofi7] 2. Experimental section
technigues, respectively.

To the best of our knowledge, the 1:3 inclusion com- 2.1. Materials
plexes reported in the literature are very scdfieta,18,19]
Consequently, the thermodynamic parameters and the tem- The syntheses of moleculis 1b andic: The synthesis
perature dependence of the inclusion—dissociation be-and purificationforcompour@have been carried outaccord-
haviors of the 1:3 inclusion complex were seldom re- ing to the methods of Skrabgl] and Popowyc#22], while
ported quantitatively. Recently, it was found that 1:3 those for compoun@ according to literaturg23]. Certain
rotaxane-like inclusion complexes could be formed be- amounts of diiodide§ and amine in dry acetonitrile (50 ml)
tween3-CD and [2-p-hexylamino)phenyl-3,3-dimethyl-5-  were mixed and heated at reflux under an atmosphere of ni-
ethoxycarbonyl-3H-indole] methyldioctadecyl ammonium trogen for 24 h with a mechanical stir. The cooled solvent
iodide [18], which has a hexyl group as a spacer between was removed in vacuum. The residual solid was purified by
the cationic nitrogen and the amino nitrogen (Sebeme 1

3

molecule2). We think that increasing the length of the spacer o o Dichloro sulfoxide o
[20] or introducing a partial hydrophilic or amphoteric spacer HOCHCH, 00, CHLCH, O Pyridine CHCHCH;0),CH,CHC
may be very useful to investigate the mechanism of the in- 4 5

clusion complexation, including the solvation effect. Thus, in

the present paper, diethylene glycol (DEG), triethylene glycol z Sodium iodide 1 CH,CH,0), CH,CH,I

(TEG) and tetraethylene glycol (TTEG) were used to synthe- ’ Acetone

size the molecule serieka, 1b and1c (Schemes 1 and)2 ¢

It is speculated that the inclusion complexes between these —
cetromtriie -

molecules an@-CD may be more susceptible to temperature. 6 + (CygH33),NCH;———= [I(CH,CH;0),CHCH,N (€ Hn), ]I
If this is true, we will have opportunity to study the ther- Agotoms CH;
modynamic parameters of the inclusion complexation from ;g ';'j
which the compensatory enthalpy—entropy relationship can HMPA 7e n=3

be obtained. On the other hand, we will also explore how the L e, kg

length of the spacer in moleculéa, 1b andlc affects the in-
clusion process. Could the 1:4 inclusion complex be formed Scheme 2. Synthesis route of molecli@, b, c).
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column chromatography (dichloromethane:methanol = 20:1) solutions ofla, 1b and1c were prepared in methanol, and

to give a white product, which was then recrystallized three 50l aliquots of these stock solutions were added to 5ml

times from acetone to give the product of cyclodextrin solutions to maintain a final concentration of
Compound3 was dissolved in 30 ml of dry HMPA (hex- 2 x 10-6 M for fluorescence measurements and 50> M

amethylphosphoramide, caution: cancer suspect agent, hanfor absorption measurements.

dle with care) under an atmosphere of nitrogen. An excess

of sodium bicarbonate was added. After agitation of 10 min,

the ammoniuny dissolved in 20 ml HMPA was added drop- 3. Results and discussion

wise. The stirring was continued for 36 h at ‘€D After

cooling, the solvent was removed by distillation under re- 3.1. Spectral characteristics and the temperature effect

duced pressure. The residue was redissolved in 1.5L hex-on the fluorescence intensity

ane and 100 ml ethyl acetate and then washed with wa-

ter (20x 100ml). After removal of the organic solvent, Similar to other substituted 3H-indoles studied before

the crude product was dealt with column chromatography [18—-23,25] moleculesla, 1b and1c belong to the unique

(dichloromethane:methanol = 40:1). Further purification was 3H-indolic molecules which are not rigid and whose phenyl

performed by recrystallization with acetone. The products ring can liberate within th&T energy barrier. This torsional

were identified by means 6H NMR, IR, MS and elemental  movement is responsible for the geometric changes taking

analysig24]. place in the ground and excited states and provides an im-
Analytical grade reagents sodium hydroxide, sulfuricacid, portant deactivation pathway for the &ate. This main non-

dichloromethane, acetone and methanol were used as reradiative decay pathway can be ascribed to the formation of

ceived 3-CD (AP, Fine Chemical Products of Nankai Univ.) a nonemissive twisted intramolecular charge transfer (TICT)

was recrystallized twice using deionized and tridistilled water state originating in the amino gro{ip6,27]

and dried under vacuum. Tridistilled water was used through- ~ When the concentration @-CD is slowly increased at

out the experiments. pH 9.5 for moleculela, the absorption spectra are almost
unchanged28], while the fluorescence spectra show an ob-
2.2. Instruments vious blue shift and a large increase in the fluorescence inten-

sity (Fig. 1). Similar phenomenon occurs for moleculds

The FT-IR spectra were recorded using Bruker Vector22 andlc (figures not shown). Thus, one can infer that the fluo-
FT-IR Spectrometer. ThtH NMR spectra of all compounds  rophores of moleculeka, 1b andlc move to the hydrophobic
in CDCl3 were recorded on a Varian (300 MHz) with TMS  cavity of 3-CD, which prevents water from interacting with
as internal standard. Mass spectra were recorded with Brukerthe electron lone-pair of the indolic nitrogen that can cause
Proflex Ill mass spectrometer. Elemental analyses were carthe reduced conjugation of the phenyl ring with the indolic
ried out at the Flash EA 1112. The column chromatography moiety[26,27] This indicates that moleculds, 1b andl1c
was performed using silica gel (100-200 mesh). Absorption transfer from a polar environment to a less polar environment
spectra were recorded on an U-3010 (Hitachi, Japan) specq{18,25]
trophotometer using 1 cm-path quartz cells. The slit width ~ The fluorescence intensity and quantum yield of aqueous
was 5 nm. Fluorescence spectra were measured on a FL-45080lutions are greatly influenced by temperature. Generally,
(Hitachi, Japan) spectrofluorimeter. The temperature control both the fluorescence intensity and quantum yield increase
was achieved with the sample placed in a cell compartmentwith reducing temperature, while the absorbance remains
whose walls were accessible to water circulation. Water from almost unchanged. Three different mechanisms have been
athermostated bath was allowed to circulate through the wallsproposed to explain the temperature eff@&,30] The first
of the sample compartment. The final temperature of the sam-is the solvent interaction mechanism, in which the fluores-
ple was measured by means of a thermocouple (Checktempgcence quantum yield is related to the relative radiative rate
Hanna, Italy) immersed in the solutiofQ.1°C). Each so- and nonradiative rate in the absence of quencher in the sys-
lution was excited near the absorption wavelength maximum tem. The relative radiative rate is usually considered not to
using 1 cm-path quartz cells. Both the excitation and emission correlate with temperature. Therefore, only the nonradiative

band passes were 10 nm for moleculaslb andlc. rate affects the fluorescence quantum yield. The viscosity of
the medium is usually reduced by increasing the tempera-
2.3. Methods ture, which results in enhancement of the chance of colli-

sion quenching between the fluorescent molecules and the

Fresh sample solutions were used in the absorption andsolvent molecules. The second is an intramolecular energy
fluorescence measurements. A stock solutio-@iD was translation mechanism, whereby the potential energy curves
prepared with tridistilled water, and dilutions were made from of the ground and excited states of the poly-atom molecules
this stock solution to get the different desired concentrations. may have a tangent or intersectant point, where the excimer
In preparing these cyclodextrin solutions, the pH was main- might translate to the potential energy curve of ground state
tained by adding NaOH and no buffers were uge]. Stock from the potential energy curve of excited state when they
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obtain extra-heat energy, and then lose the energy through 600

oscillation relaxation. The third is an inclusion—dissociation | 4 a

mechanism, in which the inclusion process is entropically

unfavorable and the inclusion complex may dissociate by in-

creasing temperature, which reflects on the reduction of the

fluorescence intensity and quantum yield. In order to investi-

gate the temperature dependence in the systems of molecules

1a, 1b and1c with B-CD, the absorption and fluorescence

spectra were recorded at different temperatures Fsgel 200 | . .

for 1a). The plot of fluorescence intensity of molecuke s e

versus temperature is shownkig. 2, both in the presence st . .

and absence @-CD. It can be seen that in the presence of o o = ) ) -

B-CD the fluorescence intensity is increased remarkably and 280 290 300 310 320

the absorbance is unchanged by the reduction in temperature. TK

However, both the fIL_Joresqence intenSity and the abs.orbanceFig. 2. Plot of the relative fluorescence intensity vs. temperaturgafan:

are changed very 5"9ht'y in the absenceﬁ_('f’D' The first water @); aqueous solution of 0.0064 I@-CD (@®); aqueous solution of

and second mechanisms apply not only in the presence bug o128 Mg-CD (a) at pH 9.5.

also in the absence @BfCD. So the above results suggest that

the third mechanism, i.e., the inclusion—dissociation mech- 3.2. Stoichiometries and association constants

anism, plays a key role on the temperature dependence of

inclusion complexes between moleculles 1b and1c and In the literature, different types of inclusion complexes

B-CD. Further experimental evidences will be given in the betweerB-CD and various guest molecules were well inves-

following sections. tigated using microcalorimeter, fluorescence, NMR, room-
temperature phosphorescence and rayleigh light scattering
[5-9,18,25,31,32]Since the structures of moleculgés, 1b

500 | R

400

300 .

Relative Intensity
L
L]

Wavenumber (cm™)

andlc are similar to that of molecul® we consider the fol-
lowing stepwise equilibria according to the literat(it8&]:

20000 24000 28000 32000
24000 [ T T K1
L (A) S+ CD=SCD Q)
20000 |- s
SCD+ CD=S(CD), (2)
T 16000 [
g K3
3 S(CD), + CD= S(CD) 3
S 12000 |
% L where S, S(CD), S(CR)and S(CDj represent the free fluo-
8000 - rescent substrate, 1:1, 1:2, 1:3 inclusion complexes, respec-
- tively, while K1, K2 andK3 denote the stepwise association
4000 - constants.
_____ At low concentration of fluorescence probe, the following
1008 - equations concerning the fluorescence intensity in various
(B) cases have been obtaind8,26}
800 - .
2 Case 1. only the 1:1 complex is formed:
w
[ =
£ eof ‘ _ Io+ IK41[CD]o (4)
2 ] " 1+ K4[CDJ]g
S 400t 7
e i \ Case 2. the 1:1 and 1:2 complexes coexist:
200 |- ; )
I Io + I1K1[CD]o + I2K1K2[CD]j 5)
S . - 1+ K41[CD]o + Kle[CD](ZJ
18000 20000 22000 24000
Wavenumber (cm-) Case 3. only the 1:2 complex is formed:
Fig. 1. Absorption (A) and fluorescence (B) spectrdain: water (solid), Io+ IZK/Z[CD](Z)
aqueous solution of 0.0128 B4CD (dash) aT = 278 K; water (dot), aqueous P —— R (6)

/ 2
solution of 0.0128 MB-CD (dash dot) aT =323K. 1+ K5[CD]g
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Case 4. only the 1:3 complex is formed:

_ Io + IgKé[CD]g
1+ K4[CD]3

wherelg, 1, |2 andlz denote the fluorescence intensity in pure
water, in 1:1, 1:2 and 1:3 inclusion complexes, respectively,

andK’2 = K1K>, K/3 = K1K7K3.

Fig. 3illustrates the fluorescence intensity versus [ED]
for moleculesla, 1b andlc complexed with3-CD. All the
experimental data were analyzed by E@s:7). Reasonable
results (values of variables, standard errors, 95% confidenc
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Fig. 3. Plot of the relative fluorescence intensity vs. [g0} 1a (A), 1b (B)
and1c (C) complexed wittB-CD. The full line is the nonlinear regression
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fit to the experimental data points at different temperatures.

intervals, correlation coefficient and absolute sum of squares)
can be obtained only when a certain equation among Eqgs.
(4-7)applies. And also, the Benesi—Hildebrand type double
reciprocal plots should be obtaing8], i.e., 1/{ — lp) versus
[CDJo %, [CD]o~? and [CDL 2 should exhibit straight lines

for the 1:1, 1:2 and 1:3 inclusion complexes, respectively.

As concerning with moleculelsa andlb, the experimental
data obtained at lower temperatures were reasonably ana-
lyzed by NLR method only when using EY.) (correlation
coefficientsr? > 0.995) and 1A(— lo) versus [CDj—2 gave
straight lines (> 0.995). This implies that the 1:3 inclusion
complexes are formed betwedn, 1b andpB-CD at lower
temperatures. The data obtained at higher temperatures
were tested by NLR analysis according to the 1:2 inclusion
complex model (Eq(6)) and by 1/( — lo) versus [CDj~2,
which gave the correlation coefficientZ) larger than 0.995
for the former and the correlation coefficient3 &t about
0.999 for the latter. Double reciprocal plots were illustrated
in Figs. 4 and 3or moleculesla andlb. For safety, we have
considered some other cases: (1) 1:2 and 1:3 complexes
coexisting in the solution; (2) 1:3 and 1:4 complexes coex-
isting in the solution; (3) only the 1:4 complex. However, no

[CD],3/105M"3
0 100 200 300 400 500

T T T T T T T T T

0.15 | r=0.999

1U(H,)

-100‘ 0 l 100 . 200 l 300 ‘ 400 I 500 I 600 ‘ 700
[CD],*10°M*
(€D}, *10°M™

0 500 1000 1500 2000 2500 3000 3500 4000
0.18 L e L B B L
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012 [
0.10
0.08 |
0.06 |
0.04 [
0.02 [
0.00 [

-0.02 [ L 1 1 1 1 1
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[CD],*/10°M*

1/(H,)

Fig. 4. 1/( — 1o) as a function of [CDJ~2 and [CD}, 3 at different temper-
atures for moleculéa: T=273.2K (A) andT =312.2 K (B), respectively.
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reported here are quite safe scopes for the formation of 1:3
and 1:2 inclusion complexes, respectively.

When it comes to the moleculie, within the measured
range of temperatures, the experimental data were well fit-
ted only when Eq(4) applies Fig. 3C) and 1/( — lp) versus
[CD]o ! exhibited a straight lineRig. 6). This indicated that
the 1:1 type inclusion complex was formed betwéerand

\ . B-CD, even though the spacertifis longer than those dfa
2000 2500 and1b. It should be mentioned that other types of inclusion
complexation model have also been analyzed carefully for
moleculelc; however, the results were obviously not satis-
fied.

The association constants between moleclizggdb and
1c andB-CD are listed inTable 1 It can be seen that the

reasonable results were obtained. All the about facts lead us/alues 0fK3 and K, decrease when the temperature is in-
to conclude that moleculdis andib can only form the 1:3  creased, and the change extentkof is much greater than
inclusion complex at lower temperatures and that increasingthat ofK/z. For molecul€lc, theK; value is also reduced by
temperature may resultin its dissociation to the 1:2 inclusion the increasing of temperature and its change extent is much
complex. smaller than those df, andK 5. This reflects that the inclu-
Now, a very interesting question is raised, that is, what sion complex with higher stoichiometry is more susceptible
happened for the inclusion complexation Id and1b at to the temperature change. In addition, one can find that the
an intermediate temperature between two extreme temperaql(/2 and K/3 values of moleculdb are larger than the corre-
tures? Actually, We have studied the inclusion behaviors for sponding values ofa at similar temperatures, which seems
la between 292.7 and 304.7 K; however, the fit according to suggest that the longer the spacer, the easier the formation
to the 1:2 and 1:3 coexisting model as well as other models of the inclusion complex could be. Furthermore, it can be
did not give very reasonable results. The values of variables,found that theK'3 values of moleculeda and1b are larger
standard errors, 95% confidence intervals, correlation coef-than those of molecul2 at similar temperaturefd8]. This
ficient and absolute sum of squares are not satisfied. Similarphenomenon can be rationalized by the fact that hydrogen
phenomenon follb occurs. At the present time, we do not bonding exists between the ether oxygen in the spacds of
know the exact reason. Nevertheless, we think it should beor 1b, and the hydrogen in the hydroxy group{CD.
possible for the 1:2 and 1:3 inclusion complexes to coexist  Now, we will discuss the inclusion phenomenon laf
at intermediate temperatures. However, it seems not easywith 3-CD. A question arises first, that is, why can molecule
to judge the possibility that there is a critical temperature 1c with alonger spacer only form the 1:1 inclusion complex,
at which all the 1:3 type changes to the 1.2 type. It should which is obviously contrary to the trend frofa to 1b re-
be pointed out that the “lower” and “higher” temperatures garding the formation of inclusion complexes? The striking

1600 15IOO
[CD],*/10°M?

1
0 500

Fig. 5. 1/( — lo) as a function of [CDJ~2 and [CD}, 2 at different temper-
atures for moleculéb: T=285.2K (A) andT =318.3 K (B), respectively.
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Table 1 , ) 3.3. Thermodynamic parameters of the inclusion

Assogiation constant§;, K, andk ; of moleculesla, 1b andlc with 3-CD complexation

at various temperatures

Molecule  T(K)  K/IPM™  K/APM?  Ky/10PM~3 On the basis of the association constants listethivle 1,

la 273.2 2.80 one can easily find that linear relationships betwedfémd
;;I-; i?i 1/T exist (figures not :shown), whekecan beKs, K, or K.
2855 132 According to the van’t Hoff equation:
289.7 1.09 AH AS
292.7 0.82 NK=——++— (8)
304.7 9.61 RT R
308.3 8.50 Thermodynamic parametersH, AS of the inclusion com-
gigg g'z; plexation and theA G have been obtained (s&able 9.
325.3 508 Negative AG values strongly suggest that the inclusion

processes proceed spontaneously, while negatideand

1b 276.2 12.3 . . o
281.2 761 ASvalues mean that the inclusion complexation is exother-
285.2 479 mic and enthalpy-controlled, but not entropy-driven. This
289.2 3.01 is the common situation concerning the formation of in-
293.2 2.02 clusion complexes between cyclodextrins and various guest
283'2 2471(1) molecules. It is widely accepted that the negative entropy
312.4 182 change is due to the steric barrier caused by molecular geo-
318.3 119 metrical shape and the limit 8-CD cavity to the freedom of
323.2 969 shiftand rotation of guest molecules. It should also be pointed

1c 2762  7.04 out here that the replacement of one or more water molecules
282.2 6.23 existing in the cyclodextrin cavity by a certain guest molecule
2932  4.42 will cause positiveAS, however, this effect is usually not
3043 371 predominant. For the interactions between molecidesb,
2;22 ;:?g 1c andB-CD, the negative\Svalues are unfavorable to the

formation of the inclusion complexes. Fortunately, this un-
favorable effect is overcome by the more negative values of
AH leading to energetically favorable values, i.e., negative
values of AG. To our knowledge, the compensatory phe-
feature of DEG, TEG and TTEG is that their concentrated nomenon betweeAH andASfor the 1:1 inclusion complex
aqueous solutions can be easily prepared. Many chemistf cyclodextrin has been well investigated in the [{&s9];
appended variety of molecules to cylcodextriidg] and however, that for the 1:3 inclusion complex was seldom re-
polymer chaing35], using PEG (poly(ethylene glycol)) asa ported before.

spacer to increase the hydrophilicity. The strong hydrationis  The analysis on thé\H, AS and AG values compiled
mainly induced by topological effect: within the helicoidal in Table 2will help understanding the different interac-
configuration of PEG, the distance between the ethertion pattern oflc with 3-CD from those ofla, 1b with
oxygens (2.8§\) in the PEG chain is almost coincident with B-CD. For the 1:2 inclusion complexes frofta to 1b,
that of the oxygens of water (2.9 in a tetrahedral water ~ A(AH)=—19.5kImot?,  A(AS=-55.3ImoftK1.
lattice [36]. Cross-links among $O and PEG molecules are  The large difference oAH (A(AH)) is compensated by
energetically favorable and each chain can fit within th®H  the large difference oAS (A(AY)), leading to the similar
structure without undergoing strong distortid8g,38] The AG values A(AG)=-3.0kIJmot?) within experimental
hydrophilic ether oxygens play arole as an acceptor inthe hy-error. For the 1:3 inclusion complexes frofa to 1b,
drogen bond formation with the aqueous interface, whereasA(AH)=—31.6kJmot!, A(AS=-100.2Imot1K-1,

the apolar ethylene units are thought to reside in the intersti- A(AG) = —1.8 kJmot L. It can be seen that the above com-
tial cavities of the highly structured liquid water. Thus, unlike pensatory effect for the 1:3 inclusion complexes frobanto

the hydrophobic interaction and the hydrogen bonding effect, 1b is more remarkable than that for 1:2 inclusion complexes
the solvation energy effect is unfavorable to the formation of from 1a to 1b. In other words, for both of the 1:2 and the
inclusion complexes of moleculds, 1b andlc with 3-CD. 1:3 inclusion complexes, the compensatory effech&on
Since the solvation energy is increased with increasing AH concerningdlb is larger than that concernirig. Now, it
number of CHCH,O unit, the hydration energy of TTEG is  should be reasonable to assume that the compensatory effect
much higher than those of DEG and TEZ8]. This should be of ASon AH concerninglc would be too large for the 1:2
the reason thata andlb can form 1:3 inclusion complexes, or 1:3 inclusion complexes to be formed. This is the reason
whereaslc can only form the 1:1 inclusion complex with  why only the 1:1 inclusion complex betweén andB-CD
B-CD. can be formed.
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Table 2
AH, ASandAG (298 K) values for the 1:1, 1:2 and 1:3 inclusion complexes of moledilglh andl1c with 3-CD
Molecule Complex type AH (kmol1) AS(Imol1K—1) AG (kJmol 1)
la 1:2 —24.9 -5.7 —-23.2

1:3 —-41.1 —26.8 -33.1
1b 1:2 —44.4 —610 -26.2

1:3 —72.7 —-127 —-34.9
1c 1:1 —-19.3 —15.0 -14.8

3.4. The structure characteristic of the inclusion
complexes

It was found that neutral substituted 3H-indole, e.g.,
molecule3, can form 1:2 inclusion complexes wiCD
[25,26a,26b] In the 1:2 inclusion complex, a substituted
3H-indole molecule is totally entrapped in the cavities of
B-CD except for the junction of the two cyclodextrins, in
which the indolic nitrogen of the 3H-indole is close to the
“alcoholic” secondary rims of two macrocycl¢gsa). Ac-
cording to our previous studjl8], there is no different
absorption and fluorescence behaviors between mol@cule
and it homologue [2g-hexylamino)phenyl-3,3-dimethyl-5-
ethoxycarbonyl-3H-indole] trimethylammonium iodid8) (

dissociating to 1:2 inclusion complexes. Since hydration en-
ergy is increased with increasing the number of3CH,O

unit, moleculelc with a longer spacer can only form the 1:1
inclusion complex. The association constants of molecules
l1a, 1b and1c with B-CD at different temperatures showed
that an inclusion complex with higher stoichiometry is more
susceptible to the temperature change. The thermodynamic
parameters were calculated according to van't Hoff equa-
tion. The negative entropy and enthalpy changes indicated
that the formation of above inclusion complexes is entrop-
ically unfavorable and enthalpy-driven. From the viewpoint
of thermodynamics, the compensatory effectafSon AH
causes the temperature-dependent inclusion—dissociation be-
havior of the inclusion complexes b, 1b with 3-CD. When

and these two cationic substituted 3H-indoles can form the 1c interacting3-CD, the compensatory effect is too large for

1:3inclusion complexes witB-CD. Since the stopper groups
exist in the left side of molecul2 (seeScheme }, three
B-CD molecules should accommodate molecilieom its
right side. Besides the tw@-CD molecules residing in sim-

ilar locations to those in the 1:2 inclusion complex between

the neutral substituted 3H-indole molec@l@andp-CD, the
B-CD molecule accommodating molecudirst should be

the 1:2 and 1:3 inclusion complexes to be formed.
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