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The complex stability constants (KS) and thermodynamic parameters (∆H° andT∆S°) for 1:1 intermolecular
complexation of three water-soluble calixarenes, that is,p-sulfonato calix[4]arene (C4AS),p-sulfonato thiacalix-
[4]arene (TCAS), andp-sulfonato calix[5]arene (C5AS), with dipyridines (4-DPD and 2-DPD) and 1,10-
phenanthroline (Phen) have been determined by means of titration microcalorimetry in an acidic buffer solution
(pH ) 2.0) at 298.15 K, and their binding modes have been investigated by1H NMR and 2D ROESY NMR
spectroscopy. The results obtained indicate that 4-DPD, 2-DPD, and Phen are included in the cavity of C5AS
with the different patterns, this is, accumbent for 4-DPD, acclivitous for 2-DPD and Phen, while Phen is
included upright in the cavity of C4AS. TheKS values decrease with increasing cavity size of host molecules
but enhance with extending conjugation degree of guest molecules, and thus C4AS exhibits an exceptionally
high Phen/4-DPD selectivity of 22.5. Thermodynamically, the complexation of DPDs/Phen with the water-
soluble calixarenes is obviously enthalpy-driven, but the molecular selectivity is mainly governed by the
entropy term.

Introduction

Calixarenes are a class of macrocycles, generally made up
of phenol units linked via methylene bridges.1 During the last
two decades, the molecular recognition and assembly of
calixarenes have attracted a lot of attention because of their
potential applications in various fields such as analysis and
separation,2,3 material,4 enzyme-mimetic systems,5 self-assembly
membrane,6 an so forth. Among these recognition processes,
the molecular recognition of calixarenes in aqueous solution
should be more important because most biological processes
occur in aqueous solution. In the past few years, Sciotto et al.
have extensively investigated the recognition properties of some
water-soluble calix[4]arenes toward quaternary ammonium
ions,7 native amino acids,8 and small neutral organic molecules.9

Coleman et al.10 have examined the binding thermodynamics
of p-sulfonatocalix[n]arenes (n ) 4, 6, and 8) with amino acid
and polypeptides to understand the nature and manner of
interactions between the synthetic receptors and glycosylami-
noglycan (GAG) receptor sequences. In addition, the binding
behaviors of somep-sulfonatocalix[4]arenes with organic am-
monium cations have been also investigated by NMR and
microcalorimetry,11 indicating that the sulfonate groups of hosts
appear to serve as anchoring points for positively charged guests
to give a more stable inclusion complex. We have demonstrated
recently that the different positions of the nitrogen atoms in
dipyridiniums play a crucial role in controlling the molecular
assemblies and thermodynamic properties of water-soluble calix-
[4]arenas.12 We have also reported an investigation of the
complexation of some dye molecules with calix[n]arene-
sulfonates and cyclodextrins, which indicates that they lead to
different profiles of the fluorescence intensity changes upon
complex formation.13 The fluorescence intensity of the dye guest

molecules gradually decreases upon the addition of calix[n]-
arenesulfonates but increases greatly upon the complexation of
native cyclodextrins and chemically modified cyclodextrins.
However, the alkylation in the lower rim of calix[n]arene-
sulfonates enlarges their hydrophobic cavity, causing the
fluorescence intensity of the dye guest molecules to gradually
increase.

Though investigation and development of the functions of
calix[5]arenes are relatively limited because of the synthetic
difficulty of calix[5]arene material and its poor selectivity of
modification, calix[5]arene derivitaves are of significant interest
as a consequence of the large size of the macrocyclic cavity
suggesting the possibility of novel host-guest behavior. Struc-
tural studies show thatp-sulfonato calix[5]arene (C5AS) adopts
the cone conformation with all of the phenolic oxygen atoms
in an approximate plane, and there is no compromise arising
from any preorganization energy required for the binding of
hydrophobic moieties within the calixarene cavity the same as
p-sulfonato calix[4]arene (C4AS).14 A similar examination of
C5AS structures shows that the typical cone conformation and
bilayer arrangement were presented by C5AS upon inclusion
complexation with metal cations or organic molecules.15 How-
ever, there has been almost no investigation on the recognition
mechanism and thermodynamic behavior of calix[5]arene except
for a new example that the complexation of quaternary am-
monium ions with C5AS was studied by NMR spectra.16 We
wish to report herein our investigation results on the intermo-
lecular complexation of water-soluble calixarenes (Chart 1) with
the dipyridines (4-DPD and 2-DPD) and 1,10-phenanthroline
in an aqueous phosphate buffer solution (pH 2.0) by titration
microcalorimetry and NMR spectroscopy. Comparison of the
binding behavior of C5AS with that of C4AS/TCAS, together
with the X-ray crystallographic structure of C4AS/Phen com-
plex, will serve our further understanding of the structure-
selectivity relationship in the calixarenes complexed.
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3428 J. Phys. Chem. B2006,110,3428-3434

10.1021/jp0545703 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/01/2006

D
ow

nl
oa

de
d 

vi
a 

N
A

N
K

A
I 

U
N

IV
 o

n 
N

ov
em

be
r 

6,
 2

01
8 

at
 1

5:
45

:5
9 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 



Experimental Section

Materials. The threep-sulfonatocalixarenes, that is, calix-
[4]arene tetrasulfonate (C4AS),17 thiacalix[4]arene tetrasulfonate
(TCAS),18 and calix[5]arene tetrasulfonate (C5AS),19 were
synthesized and purified according to the literature reports. Guest
molecules, 4,4′-dipyridine (4-DPD), 2,2′-dipyridine (2-DPD),
and 1,10-phenanthroline (Phen), were purchased from Acros
and were used without further purification. The phosphate buffer
solution (pH 2.0) was prepared by dissolving sodium dihydrogen
phosphate in distilled, deionized water to make a 0.1 mol‚dm-3

solution, which was then adjusted to pH 2.0 by phosphoric acid.
The pH value of buffer solution was verified on a Sartorius
pp-20 pH-meter calibrated with two standard buffer solutions.
The phosphate buffer solution (pH 7.2) was prepared by
dissolving disodium hydrogen phosphate (Na2HPO4‚12H2O,
25.79 g) and sodium dihydrogen phosphate (NaH2PO4‚2H2O,
4.37 g) in distilled, deionized water (1000 mL) to make a 0.1
mol‚dm-3 solution. In pH 2.0 solution, every sulfonate group
of CAS is in anionic form and all phenolic hydroxyes are
protonated according to the reported pKa values ofp-sulfonato-
calixarenes,19,20 while the guest 2-DPD and Phen are mono-
protonated form and 4-DPD is diprotonated form.21 Meanwhile,
4-DPD is in a twisted form and 2-DPD adopts the cis-planar
conformation.12,22 In pH 7.2 solution, every sulfonate group of
CAS is still in an anionic form, and one of the phenolic
hydroxyls is deprotonated.

Measurement. 1H NMR and 2D ROESY (rotating frame
Overhauser effect spectroscopy) spectra were recorded at pD
2.0 on a Varian Mercury VX300 spectrometer using 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) as an external refer-
ence. The host and guest were mixed in an approximate 1:1
stoichiometry.

A thermostated and fully computer-operated isothermal
calorimetry (VP-ITC) instrument, purchased from Microcal
Inc., Northampton, MA, was used for all microcalorimetric
experiments. The VP-ITC instrument was calibrated chemically
by measurement of the complexation reaction ofâ-cyclodextrin
with cyclohexanol, and the obtained thermodynamic data were
in good agreement (error<2%) with the literature data. All
microcalorimetric titrations between water-soluble calix[n]arenes
and guests were performed in aqueous phosphate buffer solution
(pH 2.0 or pH 7.2) at atmospheric pressure and 298.15 K. Each
solution was degassed and thermostated by a ThermoVac
accessory before the titration experiment. Twenty-five succes-
sive injections were made for each titration experiment. A
constant volume (10µL/injection) of guest (or host) solution
(10.0-20.0 mM) in a 0.250-mL syringe was injected into the
reaction cell (1.4227 mL) charged with host (or guest) molecule
solution (0.5-1.0 mM) in the same buffer solution. A repre-
sentative titration curve is shown in Figure 1. As can be seen
from Figure 1, each titration of TCAS into the sample cell gave
an apparent reaction heat caused by the formation of the
inclusion complex between 2-DPD and C5AS. The reaction heat

decreases after each injection of TCAS because less and less
guest molecules are available to form inclusion complexes. A
control experiment was carried out in each run to determine
the dilution heat by injecting a guest (or host) buffer solution
into a pure buffer solution containing no host (or guest)
molecules. The dilution heat determined in these control
experiments was subtracted from the apparent reaction heat
measured in the titration experiments to give the net reaction
heat.

The net reaction heat in each run was analyzed by using “one
set of binding sites” model (ORIGIN software, Microcal Inc.)
to simultaneously compute the binding stoichiometry (N),
complex stability constant (KS), standard molar reaction enthalpy
(∆H°), and standard deviation from the titration curve. Gener-
ally, the first point of the titration curve was removed consider-
ing that the concentration of host in the cell far exceeded the
concentration of the guest. Knowledge of the complex stability
constant (KS) and molar reaction enthalpy (∆H°) enabled
calculation of the standard free energy (∆G°) and entropy
changes (∆S°) according to

whereR is the gas constant andT is the absolute temperature.
A typical curve fitting result for the complexation of 2-DPD

with C5AS at pH 2.0 was shown in Figure 2. To check the
accuracy of the observed thermodynamic parameters, two
independent titration experiments were carried out to afford self-
consistent thermodynamic parameters, and their average values
are listed in Table 1 (pH 2.0) and Table 2 (pH 7.2).

Preparation of Crystal of C4AS with Phen.To an aqueous
solution of C4AS (0.05 mmol, 20 mL), 4 equiv of Phen was
added. Under stirring, 1 M HCl was dropped to adjust the pH

CHART 1: Structures of the Host Calixarenes and Guest
Molecules

Figure 1. Microcalorimetric titration of C5AS with 2-DPD in
phosphate buffer solution (pH) 2.0) at 298.15 K. (a) Raw data for
sequential 25 injections (10µL per injection) of C5AS solution (10.0
mM) injecting into 2-DPD solution (0.53 mM). (b) Apparent reaction
heat obtained from the integration of calorimetric traces.

∆G° ) -RT lnKS ) ∆H° - T∆S°
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to e1. Followed by filtration, the filtrate was placed to
evaporation for about 3 days. Then, the colorless crystal formed
was collected along with its mother liquor for the X-ray
crystallographic analyses. Data: yield 43.4 mg, 53%. Anal.
Calcd for C64H67N6O25.5S4 (M ) 1636.7): C, 52.78; H, 4.64;
N, 5.77; S, 8.80%. Found: C, 53.21; H, 4.13; N, 6.02; S, 9.16%.

The X-ray intensity data for the complex C4AS/Phen was
collected on a standard Siemens SMART CCD Area Detector
System equipped with a normal-focus molybdenum-target X-ray
tube (λ ) 0.71073 Å) operated at 2.0 kW (50 kV, 40 mA) and
a graphite monochromator atT ) 293(2) K. The structures were
solved by using direct method and were refined employing full-
matrix least squares onF2 (Siemens, SHELXTL-97). X-ray
structural data: C64H67N6O25.5S4, M ) 1456.48, monoclinic,a
) 14.257(4) Å,b ) 38.099(10) Å,c ) 16.146(4) Å,â )
105.981(5)°, space groupP2(1)/n, Z ) 4, calculated density
1.147, crystal dimensions (mm3): 0.38 × 0.34 × 0.32. µ )
0.183 mm-1, 2θmax ) 38.6°, 42 792 measured reflections of
which 14 700 were unique (R(int) ) 0.0918), finalR indices [I/σ
(I) > 2]: R1 ) 0.1654,wR2 ) 0.3793,R indices (all data):R1

) 0.2965,wR2 ) 0.4583, GOF onF2 1.236. CCDC-278919
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB21EZ,
United Kingdom; fax: (+44) 1223-336-033 or deposit@ccdc.
cam.uk).

Results and Discussion

Binding Stoichiometry. It is well-known that CAS can form
typical 1:1 complexes with model substrates.7-11 The micro-
calorimetric experiments of C4AS, TCAS, and C5AS with
DPDs and Phen showed typical titration curves of 1:1 complex
formation. The stoichiometric ratios (N value) that we observed
from curve-fitting results of the binding isotherm fell within
the range of 0.86-1.13:1. This clearly indicates that the majority
of the inclusion complexes had a 1:1 stoichiometry of guests
and CAS. Simultaneously, the 1:1 binding modes for the
inclusion complexations of C4AS or TCAS with 2-DPD12 as
well as C4AS with Phen have been also validated by their crystal
structures.

Figure 2. (a) Heat effects of the dilution and of the complexation reaction of C5AS with 2-DPD for each injection during titration microcalorimetric
experiment. (b) “Net” heat effects of complexation of C5AS with 2-DPD for each injection, obtained by subtracting the dilution heat from the
reaction heat, which was fitted by computer simulation using the “one set of binding sites” model.

TABLE 1: Complex Stability Constants (KS/M -1), Standard
Enthalpy (∆H°/(kJ‚mol-1)), and Entropy Changes (T∆S°/
(kJ‚mol-1)) for 1:1 Intermolecular Complexation of Guests
with CAS in Phosphate Buffer Solution (pH 2.0) at 298.15 K

hosta guestb Nc KS -∆G° -∆H° T∆S°

C4AS 2-DPDd 2 10260( 190 22.9( 0.0 36.7( 0.2 -13.8( 0.3
4-DPDd 2 1185( 2 17.6( 0.1 24.5( 0.1 -7.0( 0.1
Phen 2 26665( 95 25.3( 0.0 44.8( 0.1 -19.5( 0.1

TCAS 2-DPDd 2 1315( 20 17.8( 0.0 27.5( 0.1 -9.7( 0.1
4-DPDd 2 523( 7 15.6( 0.1 18.0( 0.1 -2.5( 0.2
Phen 2 4981( 127 21.1( 0.1 36.6( 0.2 -15.5( 0.2

C5AS 2-DPD 2 1219( 7 17.6( 0.0 28.4( 0.1 -10.8( 0.1
4-DPD 2 2039( 3 18.9( 0.0 30.0( 0.1 -11.1( 0.1
Phen 2 2281( 15 19.2( 0.0 38.8( 0.1 -19.7( 0.1

a [Host] ) 10.0-20.0 mM. b [Guest]) 0.5-1.0 mM. c Number of
titration runs performed.d Reference 12.

TABLE 2: Complex Stability Constants (KS/M -1), Standard
Enthalpy (∆H°/(kJ‚mol-1)), and Entropy Changes (T∆S°/
(kJ‚mol-1)) for 1:1 Intermolecular Complexation of Guests
with C4AS and TCAS in Phosphate Buffer Solution (pH 7.2)
at 298.15 K

hosta guestb Nc KS -∆G° -∆H° T∆S°
C4AS 2-DPD 2 84( 1 11.0( 0.0 37.8( 0.5 -26.8( 0.5

4-DPD 2 44( 3 9.4( 0.2 8.3( 0.6 1.1( 0.7
Phen 2 278( 3 14.0( 0.0 46.7( 0.1 -32.8( 0.4

TCAS 2-DPD 2 57( 1 10.0( 0.1 26.5( 0.3 -16.5( 0.3
4-DPD 2 49( 3 9.7( 0.2 16.7( 0.8 -7.1( 0.9
Phen 2 285( 1 14.0( 0.0 41.9( 0.1 -27.9( 0.1

a [Host] ) 10.0-20.0 mM. b [Guest]) 0.5-1.0 mM. c Number of
titration runs performed.
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Binding Mode. To obtain detailed information about the
solution structure of the resulting complexes of CAS with DPDs/
Phen,1H NMR spectra of DPDs/Phen-D2O solutions in the
presence and absence of CAS and the 2D NMR experiments
of their complexes were measured at pD 2.0. The corresponding
chemical shift changes (∆δ) of guests in the presence of
approximately 1 equiv C5AS or C4AS are listed in Table 3,
and the ROESY spectra are shown in Figure 3. The guest
protons are observed as a single resonance because of fast

exchange between a free guest and a complexed one on the
NMR time scale. Usually, a complexation causes a deprotona-
tion of the guest or host molecule to stabilize the complex,
because the guest tends to lay at hydrophobic environment. In
the present event, the resonance values of guest protons
obviously shift toward high field after complexation with CASs
(Table 3), but the crystal structures of the complexes C4AS/2-
DPD,12 C4AS/4-DPD,23 TCAS/2-DPD,12 TCAS/4-DPD,12 and
C4AS/Phen have validated that the guest molecule in the

TABLE 3: The Chemical Shift Change ∆δ Values (ppm) of DPDs and Phen in the Presence of C4AS or C5ASa

4-DPD 2-DPD Phen

host H1 H2 H1 H2 H3 H4 H1 H2 H3 H4

C4AS b b b b b b -0.79 -1.36 -1.79 -1.58
C5AS -0.82 -1.15 -0.66 -1.11 -0.99 -1.63 -0.57 -0.76 -1.75 -2.1

a ∆δ ) δ (presence of 1 equiv of host)- δ (free guest). Negative values indicate upfield shift.b The 1H NMR spectra were not measured
because of the complexes of C4AS with DPDs being nonsoluble in D2O.12

Figure 3. The 2D ROESY NMR spectra of (a) C5AS+ 4-DPD, (b) C5AS+ 2-DPD, (c) C5AS+ Phen, and (d) C4AS+ Phen in D2O with a
mixing time of 300 ms at 25°C. The concentrations of both hosts and guests are about 10 mM.

Calix[n]arene Complexes in Aqueous Solution J. Phys. Chem. B, Vol. 110, No. 7, 20063431



complexes maintains the original protonated form. In controlling
experiment, the1H NMR spectrum of 4-DPD with 4-phenol-
sulfonic sodium displays that the peak shifts in 4-DPD are
negligible (<0.06 ppm). Hence, the observation of the high-
field shift suggests that the guest molecule should be encapsu-
lated into the cavity of CAS.16,24

On the other hand, though the chemical shift values of
methylene bridges in both C4AS and C5AS do not change upon
complexation with guests, the proton signals in C4AS become
obtuse to be steamed bread shape, while those in C5AS still
present the spiculate peak. These observations provide the
evidence for a rigidification of the cone conformation of
C4AS12,25 upon complexation with the large planar aromatic
guest Phen, and no compromise of conformation shift is needed
to accommodate DPDs and Phen for C5AS because of its larger
cavity. That is to say, the conformation of C5AS is invariable
before and after complexation with guests.

Unlike complexation-induced shifts, ROESY cross-peaks are
indicative of specific proximity relationships between host and
guest protons (generally 4 Å or less).26 It should be first
emphasized that no correlation is observed between any of the
protons in DPD/Phen and methylene protons in C4AS/C5AS,
suggesting that the guest molecules cannot be completely
included in the cavity of the calixarenes. As can be seen from
Figure 3a, the ROESY spectrum of the complex of C5AS with
4-DPD exhibits clear cross-peaks (peaks A and B) between H1
and H2 of 4-DPD and aromatic protons (Ar-H) of C5AS, and
the cross-peak of H2 with Ar-H (peak B) is weaker than that
of H1 (peak A), which indicates that H2 in 4-DPD must be
further away from the aromatic protons in C5AS than H1. These
results show that 4-DPD should be accumbently included into
the cavity of C5AS from the upper rim. In the ROESY spectrum
of the complex of C5AS with 2-DPD (Figure 3b), the correlation
between H2 and H4 in 2-DPD and Ar-H (peaks B) are stronger
than that between H1 and Ar-H (peak A), suggesting that
2-DPD penetrates into the cavity of C5AS in acclivitous
orientation, and its two N atoms are away from the cavity, as
illustrated in Figure 4. However, the ROESY spectrum of the

complex of C5AS with Phen is different from that of C4AS.
For the former (Figure 3c), there are obvious cross-peaks
originating from Ar-H of C5AS with all of the four protons of
Phen (peaks A-D), in which the correlation between H2 and
H3 (peaks B and C) are much stronger than those of H1 and
H4 (peaks A and D). For the latter (Figure 3d), only three cross-
peaks between H1, H3, H4, and Ar-H of C4AS (almost same
intensity) are observed. The absence of the correlation of H2
with Ar-H implies that H2 is far away from the aromatic
protons of C4AS in the upper rim. Therefore, one may
reasonably deduce that Phen should be slantways encapsulated
into the cavity of C5AS resembling the 2-DPD case, and C4AS
accommodates Phen in an almost vertical manner, as illustrated
in Figure 4. The complexation mode of C4AS with Phen is
otherwise validated by the crystal structure obtained. As can
be seen from Figure 5, the Phen molecule penetrates into the
cavity of C4AS with a depth of 4.268 Å,27 in which C4AS
adopts theC2ν symmetry conformation with the SS (trans
sulfonate) approaches of 8.414 Å and 11.722 Å. The difference
of binding modes between C5AS and C4AS is in hindsight
comprehensive that the larger cavity of C5AS can include Phen
in another manner besides upright orientation as in comparison
with C4AS.

The order of∆δ values of guests in1H NMR spectra is
thought to provide the valuable information for the structures
of complexes.16,24Commonly, the larger the∆δ values, the more
prior the portion of guest is suggested to immerse the cavity of
CAS. However, Nau et al.28 pointed out that larger chemically
induced shifts cannot be necessarily interpreted in terms of their
deeper immersion into the CAS cavity. In the present system,
the∆δ value of H2 in 4-DPD is larger than that of H1, but H2
does not penetrate deeper into the C5AS cavity than H1
according to 2D ROESY NMR experiment; the∆δ values of
H3 and H4 in Phen are markedly larger than those of H1 and
H2, while H2 immerses deeper into the C5AS cavity than H4.
That is to say, the experiential rule about chemically induced
shifts is not always suitable to these larger guest species.

Molecular Binding Ability and Molecular Selectivity. In
this context, the cavity size of the three calixarene hosts
increases in the order C4AS< TCAS < C5AS. To visualize
the intermolecular complexation behavior of the water-soluble
calixarenes with the guests, the changing profiles ofKS values
for host-guest complexation are illustrated in Figure 6.

As shown in Table 1 and Figure 6, when the calixarenes
interact with 2-DPD or Phen guests, theKS values obtained
decrease with increasing cavity size. Thus, the host C4AS shows

Figure 4. The deduced binding modes of guests with C5AS/C4AS
hosts according to 2D NMR spectra.

Figure 5. The structural view of C4AS/Phen complex arising from
the solid-state single crystal.

3432 J. Phys. Chem. B, Vol. 110, No. 7, 2006 Liu et al.



the strongest binding abilities for 2-DPD (10260 M-1) and Phen
(26665 M-1). One reasonable explanation for the declining
profile of KS is that C4AS adapts itself toC2ν conformation
upon complexation with 2-DPD or Phen to some different
extent, which is particularly suited to the inclusion of planar
aromatic guest species.29 On the other hand, C4AS can include
the guests tighter than TCAS and C5AS because of its smaller
cavity and relatively higherπ electron density, leading to a
closer distance ofπ-stacking interaction. However, an “abnor-
mal” binding ability profile is observed for complexation of
the three hosts with 4-DPD, that is, theKS value is the biggest
for C5AS, the second for C4AS, and the smallest for TCAS.
The crystal structures of the complexes C4AS/4-DPD23 and
TCAS/4-DPD12 together with the above solution study of
complex C5AS/4-DPD would be useful for our understanding
of these observations. Compared with three binding modes
obtained, just 4-DPD in complex C5AS/4-DPD can protrude
into the cavity of calixarenes, so the host-guest interaction
between C5AS and 4-DPD is stronger than those of C4AS/
TCAS.

It is significantly noted that there are two pyridine units in
every guest molecule. Two pyridine rings in 4-DPD array in
an approximately vertical manner, those in 2-DPD are almost
located in a same plane as mentioned above, and two pyridine
rings in Phen are completely coplanar with a bigπ-conjugated
system. As shown in Figure 6, theKS values obtained for the
complexation of the guests with C4AS and TCAS show a simple
profile, declining with decreasing conjugation degree of guest
molecules. The regular changes endow C4AS an exceptionally
high molecular selectivity for 2-DPD of 8.7 over 4-DPD or even
the Phen/4-DPD selectivity of 22.5. In the case of C5AS, the
KS for Phen is still the largest among the three guests, but that
for 4-DPD goes beyond 2-DPD. As a consequence of such a
unique changing profile of theKS for C4AS, TCAS, and C5AS,
the relative molecular selectivity between 2-DPD and 4-DPD
is dramatically inverted just by extending the cavity size,
switching from the 2-DPD/4-DPD selectivity of 8.7 for C4AS
and 2.5 for TCAS to the 4-DPD/2-DPD selectivity of 1.7 for
C5AS. One possible reason for the observations is that the larger
the conjugatedπ system of guest, the stronger theπ-stacking
interaction between aromatic rings and the phenolic units of
the host cavity, which leads to the largestKS for Phen because

of its broad conjugatedπ system. In addition, possessing the
wider cavity that can accommodate 4-DPD in unique mode,
C5AS presents the most efficient binding stability among the
three calixarenes.

Thermodynamic Parameters.It is well documented that,
among several weak noncovalent interactions working between
host and guest, the electrostatic, hydrogen bond,π-π, C-H‚
‚‚π, and van der Waals interactions mainly contribute to the
enthalpic changes, while the conformation change and the
desolvation effect contribute to the entropic changes.10b As can
be seen from Table 1, all intermolecular complexations between
CAS and DPDs and Phen guests are mainly driven by the
favorable enthalpic changes (-∆H° ) 18.0-44.8 kJ/mol),
accompanied by negative entropic changes (-T∆S° ) 2.5-
19.7 kJ/mol), which indicates that the electrostatic, hydrogen
bond,π-stacking, and van der Waals interactions may play a
crucial role in the host-guest complexation.

As shown in Table 1, the global profiles ofKS for the
complexation of any of the calixarenes with three guests are
completely consistent with those of enthalpy changes, namely,
the larger the exothermic enthalpy changes the higher the
complex stability and vice versa. These observations are readily
understood by previous explanation aboutKS. However, except
for 4-DPD, the consistency is not observed in the complexation
of 2-DPD or Phen with three calixarene hosts. TheKS values
for TCAS with 2-DPD and Phen (1315 M-1 for 2-DPD/TCAS
and 4981 M-1 for Phen/TCAS) are larger than those for C5AS
(1219 M-1 for 2-DPD/C5AS and 2281 M-1 for Phen/C5AS),
but the corresponding exothermic enthalpy changes for TCAS
(27.5 kJ/mol for 2-DPD/TCAS and 36.6 kJ/mol for Phen/TCAS)
are smaller than those for C5AS (28.4 kJ/mol for 2-DPD/C5AS
and 38.8 kJ/mol for Phen/C5AS). These results indicate that
the large enthalpic changes do not always mean highKS values.

In contrast to enthalpy, the complexation of CAS with DPDs
or Phen exhibits unfavorable entropy changes (T∆S° ) -2.5
kJ/mol to -19.7 kJ/mol), and the global profiles of entropy
(T∆S°) is reversed as compared with theKS values, that is to
say, the smaller the entropy changes the higher the complex
stability and vice versa. It is reasonable to suppose that the
negative entropy changes mainly result from the loss of
conformational degrees of freedom for the hosts and structure
freezing upon complexation, and the structurally slight difference
among C4AS, TCAS, and C5AS as well as 4-DPD, 2-DPDP,
and Phen would lead to the distinct entropy values. The entropy
loss upon complexation with the same guest enhances to a
different extent (1.1∼8.6 kJ/mol) on going from TCAS to C4AS
(C5AS). Replacing methylene bridges with sulfur atoms,
thiacalixarenes possess more flexibility than classic calixarenes,
so its loss of conformational degrees of freedom is certainly
less, thus making the entropy losses upon complexation with
DPDs or Phen smaller than that of C4AS and C5AS. Upon
complexation with 2-DPD, C4AS presents a more unfavorable
entropy (T∆∆S° ) -3.0 kJ/mol) than C5AS; however, C4AS
gives a more favorable entropy (T∆∆S° ) 4.1 kJ/mol) than
C5AS upon complexation with 4-DPD, resulting in the inverted
molecular selectivity between 2-DPD and 4-DPD. One reason-
able explanation for the thermodynamic behaviors is that, despite
the similar inclusion modes between 2-DPD/C4AS12 and
2-DPD/C5AS, the conformational loss of C5AS should be
smaller than C4AS because of its wider cavity. Therefore, the
molecular selectivity is mainly governed by the entropy term.

Effect of pH Values. It is well-known that the protonation
of guest molecules should significantly affect theKS values,
molecular selectivity, and thermodynamic parameters upon

Figure 6. Complex stability constants (KS) for the complexation of
guests 4-DPD, 2-DPD, and Phen with CAS in phosphate buffer solution
(pH 2.0) at 298.15 K.
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complexation of host with guest. The guest 2-DPD and Phen
are monoprotonated form, and 4-DPD is diprotonated form in
pH 2.0 solution, but these guests are not protonated at all in
pH 7.2 solution. To compare pH value effects, we also
performed ITC experiments of C4AS and TCAS with three
guests in pH 7.2 buffer solution. As can be seen from Table 2,
the KS values in this pH value are 1-2 orders of magnitude
less than the correspondingKS values in pH 2.0. It indicates
that the protonation of guests exerts predominant influence over
the host-guest binding ability and selectivity. A close examina-
tion on the thermodynamic parameters in the different pH values
shows that, except for those of complexation of C4AS with
4-DPD, the corresponding enthalpy changes in the two pH
values do not obviously change, while the entropy changes
reduce in pH 7.2. That is, the decrease ofKS values in pH 7.2
does not result from the enthalpy term but from the entropy
term. The differential entropy changes in different pH values
may be attributed to the desolvation effect of guests. In acidic
solution, the guest molecules protonated give heavily solvated
pyridinium ions through ion-dipole interactions. Then, the
complexation with calixarenes requires fairly extensive desol-
vation of both DPD and Phen upon complexation, affording
the relatively high entropy changes, as observed (Table 1). In
neutral solution, the solvation to the guest molecules nonpro-
tonated is not so heavy as those protonated, which probably
reduces the entropic contributions to the complex stabilities.
These observations exclude the electrostatic interaction as a
crucial role in the host-guest complexation. On the other hand,
the entropy losses of TCAS in neutral medium are smaller than
that of C4AS, which is because TCAS possesses more flexibility
than C4AS, and then its loss of conformational degrees of
freedom is certainly less than C4AS. 4-DPD is in diprotonated
form, and therefore the electrostatic interaction with C4AS is
not neglectable, resulting in the larger difference of enthalpy
change.

Conclusion

In summary, the binding modes, binding ability, molecular
selectivity, and thermodynamic origins of three water-soluble
calixarenes upon complexation with DPDs and Phen have been
investigated by ITC and NMR spectra. The 2D NMR studies
show that 4-DPD, 2-DPD, and Phen are included in the cavity
of C5AS with the different patterns, that is, accumbent for
4-DPD and acclivitous for 2-DPD and Phen, and the cone
conformation of C5AS is invariable before and after complex-
ation with guests. On the contrary, Phen is included upright in
the cavity of C4AS with the conformation rigidified, while
4-DPD is located outside C4AS, and its cone shape is disrupted
by 4-DPD to assume the so-called 1,3-alternate conformation.23

The thermodynamic investigation indicates that the complex-
ation of DPDs/Phen with water-soluble calixarenes is obviously
enthalpy-driven, but the molecular selectivity is mainly governed
by the entropy term. The conjugation degree of guest molecules
and the cavity size of host molecules are two key factors to the
formation of inclusion complexes, while the electrostatic
interaction does not play a crucial role in the host-guest
complexation.

Acknowledgment. This work was supported by NNSFC
(Nos. 90306009, 20421202, and 20372038) and the Tianjin
Natural Science Foundation (No. 05YFJMJC06500), which are
gratefully acknowledged.

Supporting Information Available: The cif file of the
crystal C4AS/Phen. This material is available free of charge
via the Internet at http://pubs.acs.org.

References and Notes

(1) For books about calixarenes, see: (a) Gutsche, C. D. InCalixarene
ReVisited; Stoddart, J. F., Ed.; Monographs in Supramolecular Chemistry;
Royal Society of Chemistry: Cambridge, U.K., 1998. (b) Mandolini, L.;
Ungaro, R.Calixarene in Action; Imperial College Press: London, 2000.
(c) Lumetta, G. J.; Rogers, R. D.; Gopalan, A. S.Calixarenes for
Separations; American Chemical Society: Washington, DC, 2000.

(2) Diamond, D.; Nolan, K.Anal. Chem.2001, 73, 22A-29A.
(3) Ludwig, R.Fresenius’ J. Anal. Chem.2000, 367, 103-128.
(4) Katz, A.; Costa, P. D.; Lam, A. C. P.; Notestein, J. M.Chem. Mater.

2002, 14, 3364-3368.
(5) Baldini, L.; Barcchini, C.; Cacciapaglia, R.; Casnati, A.; Mandolini,

L.; Ungaro, R.Chem. Eur. J.2000, 6, 1322-1330.
(6) Friggeri, A.; van Veggel, F. C. J. M.; Reinhout, D. N.Chem. Eur.

J. 1999, 5, 3595-3602.
(7) (a) Arena, G.; Casnati, A.; Mirone, L.; Sciotto, D.; Ungaro, R.

Tetrahedron Lett.1997, 38, 1999-2002. (b) Arena, G.; Casnati, A.; Contino,
A.; Lombardo, G. G.; Sciotto, D.; Ungaro, R.Chem. Eur. J.1999, 5, 738-
744. (c) Arena, G.; Casnati, A.; Contino, A.; Gulino, F. G.; Sciotto, D.;
Ungaro, R.J. Chem. Soc., Perkin Trans. 22000, 419423. (d) Arena, G.;
Contino, A.; Fujimoto, T.; Sciotto, D.; Aoyama, Y.Supramol. Chem.2000,
11, 279-288.

(8) (a) Arena, G.; Contino, A.; Gulino, F. G.; Magri, A.; Sansone, F.;
Sciotto, D.; Ungaro, R.Tetrahedron Lett.1999, 40, 1597-1600. (b)
Sansone, F.; Barboso, S.; Casnati, A.; Sciotto, D.; Ungaro, R.Tetrahedron
Lett. 1999, 40, 4741-4744.

(9) (a) Arena, G.; Casnati, A.; Contino, A.; Sciotto, D.; Ungaro, R.
Tetrahedron Lett.1997, 38, 4685-4688. (b) Arena, G.; Casnati, A.; Contino,
A.; Gulino, F. G.; Sciotto, D.; Ungaro, R.Tetrahedron Lett.2000, 41, 9327-
9330.

(10) (a) Douteau-Gue´vel, N.; Coleman, A. W.; Morel, J.-P.; Morel-
Desrosiers, N.J. Phys. Org. Chem.1998, 11, 693-696. (b) Douteau-Gue´vel,
N.; Coleman, A. W.; Morel, J.-P.; Morel-Desrosiers, N.J. Chem. Soc.,
Perkin Trans. 21999, 629-633. (c) Kalchenko, O. I.; Perret, F.; Morel-
Desrosiers, N.; Coleman, A. W.J. Chem. Soc., Perkin Trans. 22001, 258-
263. (d) Douteau-Gue´vel, N.; Perret, F.; Coleman, A. W.; Morel, J.-P.;
Morel-Desrosiers, N.J. Chem. Soc., Perkin Trans. 22002, 524-532.

(11) (a) Sto¨deman, M.; Dhar, N.Thermochim. Acta1998, 320, 33-38.
(b) Bonal, C.; Israe¨li, Y.; Morel, J.-P.; Morel-Desrosiers, N.J. Chem. Soc.,
Perkin Trans. 22001, 1075-1078. (c) Mendes, A.; Bonal, C.; Morel-
Desrosiers, N.; Morel, J.-P.; Malfreyt, P.J. Phys. Chem. B2002, 106, 4516-
4524. (d) Sto¨deman, M.; Dhar, N.J. Chem. Soc., Faraday Trans.1998,
94, 899-903.

(12) Liu, Y.; Guo, D.-S.; Yang, E.-C.; Zhang, H.-Y.; Zhao, Y.-L.Eur.
J. Org. Chem.2005, 162-170.

(13) (a) Liu, Y.; Han, B.-H.; Chen, Y.-T.J. Org. Chem.2000, 65, 6227-
6230. (b) Liu, Y.; Han, B.-H.; Chen, Y.-T.J. Phys. Chem. B2002, 106,
4678-4687.

(14) Atwood, J. L.; Barbour, L. J.; Hardie, M. J.; Raston, C. L.Coord.
Chem. ReV. 2001, 222, 3-32.

(15) (a) Johnson, C. P.; Atwood, J. L.; Steed, J. W.; Bauer, C. B.; Rogers,
R. D. Inorg. Chem.1996, 35, 2602-2610. (b) Hardie, M. J.; Makha, M.;
Raston, C. L.Chem. Commun.1999, 23, 2409-2410. (c) Dalgarno, S. J.;
Hardie, M. J.; Raston, C. L.Chem. Commun.2004, 28, 2802-2803.

(16) Arena, G.; Gentile, S.; Gulino, F. G.; Sciotto, D.; Sgarlata, C.
Tetrahedron Lett.2004, 45, 7091-7094.

(17) Arena, G.; Contino, A.; Lombardo, G. G.; Sciotto, D.Thermochim.
Acta 1995, 264, 1-11.

(18) Iki, N.; Fujimoto, T.; Miyano, S.Chem. Lett.1998, 625-626.
(19) Steed, J. W.; Johnson, C. P.; Barnes, C. L.; Juneja, R. K.; Atwood,

J. L.; Reilly, S.; Hollis, R. L.; Smith, P. H.; Clark, D. L.J. Am. Chem. Soc.
1995, 117, 11426-11433.

(20) Matsumiya, H.; Terazono, Y.; Iki, N.; Miyano, S.J. Chem. Soc.,
Perkin Trans. 22002, 1166-1172.

(21) (a) Krumholz, P.J. Am. Chem. Soc.1951, 73, 3487-3492. (b) Dean,
J. A. Lange’s Handbook of Chemistry, 13th ed.; McGraw-Hill Book
Company: New York, 1985.

(22) Nakamoto, K.J. Phys. Chem.1960, 64, 1420-1425.
(23) Barbour, L. J.; Atwood, J. L.Chem. Commun.2001, 2020-2021.
(24) Kon, N.; Iki, N.; Miyano, S.Org. Biomol. Chem.2003, 1, 751-

755.
(25) Shinkai, S.; Araki, K.; Kubota, M.; Arimura, Y.; Matsuda, T.J.

Org. Chem.1991, 56, 295-300.
(26) Zhang, X.; Nau, W. M.Angew. Chem., Int. Ed.2000, 39, 544-

547.
(27) Atwood, J. L.; Orr, G. W.; Hamada, F.; Vincent, R. L.; Bott, S.

G.; Robinson, K. D.J. Am. Chem. Soc.1991, 113, 2760-2761.
(28) Bakirci, H.; Koner, A. L.; Nau, W. M.J. Org. Chem.2005, 70,

9960-9966.
(29) Nichols, P. J.; Raston, C. L.; Steed, J. W.Chem. Commun.2001,

1062-1063.

3434 J. Phys. Chem. B, Vol. 110, No. 7, 2006 Liu et al.


