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Abstract

The inclusion complex formation of 4-sulfothiacalix[4]arene sodium salt (STCAS) and Xe has been investigated by
using hyperpolarized 129Xe NMR spectroscopy. Our new continuous-flow type hyperpolarizing system has
advantageous capabilities that can supply hyperpolarized gases continuously and directly to a sample solution in a
NMR tube. Consequently saturated Xe concentration in the aqueous solution of STCAS is maintained during the
NMR experiment, and 129Xe NMR spectra can be obtained in remarkably short time. STCAS concentration
dependence of 129Xe chemical shift has been analyzed in an elaborated way by a computer method as well as a
simple graphic method that we have proposed. The association constant K:13.6±0.8 M)1 at 25 �C was obtained,
and further analysis of the temperature dependence has successfully given thermodynamic parameters of enthalpy
(DH) and entropy (DS) for the inclusion complex formation: DH = ) 11.9±1.9 kJ mol)1 and
DS = ) 17.4±5.8 JK)1 mol)1. The energetic aspects of complex formation are discussed from the size effect and
from the molecular theory of standard entropy, and a release of definite number of water molecules from STCAS
cavity is suggested in the inclusion complex formation with Xe.

Abbreviations: FID: Free Induction Decay; HP: Hyperpolarized; NMR: Nuclear Magnetic Resonance; PSAS:
p-phenolsulfonic acid sodium salt; RF: Radio-Frequency; SPINOE: Spin Polarization-Induced Nuclear Overhauser
Effect; STCAS: 4-Sulfothiacalix[4]arene sodium salt.

Introduction

As may be seen in an occurrence of new concept of
molecular mechanisms of general anesthesia [1] that
anesthetics affect directly protein by binding to pockets
or clefts, molecular recognition has been stimulated to
the center of interest in supramolecular chemistry [2].
Xenon, a chemically inert element, has long been known
to act as a general anesthetic, and used as a probe for
structural and dynamic profiles in host–guest complexes
because it can form complexes or interact with various
materials including proteins [3–6], membrane related
substances [7, 8], and host compounds such as cyclo-
dextrins, calixarenes, and cryptophane-A [9–11]. In
studying these complexes or interactions the chemical
shift of Xe in 129Xe NMR can be utilized as a diagnostic
scale because of its exquisite sensitivity to its
surroundings. In addition, recent development of laser
polarization technique has now increased the ability of

129Xe NMR greatly as a result of sensitivity enhance-
ment of 4–5 orders of magnitude [12]. Utilizing this
hyperpolarized (HP) 129Xe gas significant improvement
will be made in accuracy and precision as well as ability
of high throughput in the analysis of molecular recog-
nition.

Application of HP 129Xe to investigate inclusion
complex formation of Xe with guest molecules has been
well reviewed by Goodson [12] in basics, but still very few
in reported cases. In the present study, we have made an
approach to investigate the host–guest complex forma-
tion of Xe and water–soluble calixarene by HP 129Xe
NMR after exploiting a simple unique graphic method
together with a computer method for the analysis of
concentration dependence of 129Xe chemical shift. The
results are discussed in relation to the energetic aspect as
well as the size and solvation effect in the water–soluble
complex formation.

Among calixarenes known as one of the hemicarc-
erand molecule, thiacalixarenes possess sulfide linkage
instead of the methylene linkage in conventional

* Author for correspondence. E-mails: sf3j-fktm@asahi-net.or.jp;

fujiwara@sahs.med.osaka-u.ac.jp

Journal of Inclusion Phenomena and Macrocyclic Chemistry (2007) 58:115–122 � Springer 2006
DOI 10.1007/s10847-006-9130-1



calixarenes and are interested in the characteristic
behavior in the complex formation with metal ions as
well as in acid-base properties [13]. 4-Sulfothiaca-
lix[4]arene sodium salt (STCAS) studied in the present
study is made water–soluble by replacing the original
tert-butyl group in thiacalixarenes by sodium sulfonate
[14]. Therefore, study of complex formation of STCAS
and Xe will be informative for the understanding of Xe-
substrate interactions in water. To our knowledge, no
studies have been reported for the complex formation of
calixarene and Xe in solution.

Experimental

Continuous-flow mode hyperpolarizing system directly
connected to NMR spectrometer

The hyperpolarizing system, a modified version of our
home-built system reported earlier by Fukutomi et al.
[15], is connected directly to the NMR spectrometer so
that any loss in the degree of polarization is prevented as
much as possible while transferring the hyperpolarized
(HP) 129Xe gas into a sample solution (Figure 1). A
cylindrical glass cell (Pyrex polarizing cell, 6 cm diam-
eter and 20 cm length) was placed in a fringe field
(approximately 12 mT) of a super-conducting NMR
magnet (9.4 T). A droplet of rubidium (approximately
0.2 g) was deposited into the polarizing cell whose
temperature was maintained constant at approximately
110 �C in an oven equipped with a heated-air blower
LEISTER CH-6056. A laser diode array (COHERENT
Japan Co., FAP-DUO system, 795 nm) was used under
60 W output power. Here the linearly and randomly
polarized light from the fiber cable was converted to
circularly polarized light through a polarizing unit. The
Xe gas can be supplied continuously from the cell
through a polyethylene tube to bubble into the sample

solution after hyperpolarized to the degree of about 5%
in the polarizing cell. The HP 129Xe gas was introduced
into the cell at the pressure of a little higher than the
atmospheric pressure and finally released to atmosphere
under normal pressure after bubbled in the sample
solution.

Materials and methods

Natural abundance Xe gas including 26.4% 129Xe,
supplied from Japan Air Gases Co. as a standard grade,
was used without mixing any foreign gases. 4-Sulfothi-
acalix[4] arene sodium salt (STCAS) and p-phenolsulf-
onic acid sodium salt (PSAS) were obtained from Tokyo
Chemicals Inc. (Figure 2). Deuterium oxide was pur-
chased from Aldrich Co. All organic chemicals were of
analytical grade and used as purchased. Sample solu-
tions were made to include variable concentrations of
STCAS or PSAS in D2O. The HP 129Xe gas was bubbled
into the sample solution, which was approximately
2.5 ml in volume in a 10 / NMR tube, through a
polyethylene tube from the bottom of the solution. The
129Xe NMR chemical shift was measured as bubbling
the HP 129Xe gas. 129Xe NMR spectra were recorded on
Varian INOVA 400WB NMR spectrometer equipped
with a 10 mm double tuned probe. The measurement
frequency of 129Xe was 110.6 MHz under the field of
9.4 T. The pulse angle used was 6� with 1 ls pulse width.
Other conditions of the NMR measurement were as
follows: one FID was acquired under the spectral width
of 29 kHz for the number of 10 k points and Fourier
transformed after processing with the broadening win-
dow function of 30 Hz. The variable temperature
experiments were performed with the aid of temperature
control unit attached to the spectrometer. Before NMR
measurement the sample was kept in the NMR probe
for 10 min to attain constant temperature distribution.
The sample temperature was tested to be at the desired
value prior to the series of measurement with a digital
thermometer whose sensor head was immersed in a
separate NMR tube containing the same amount of
solvent.

Figure 1. A schematic diagram of the continuous-flow type hyperpo-

larizing system. The HP 129Xe gas is bubbled into the sample solution

from the bottom through a polyethylene tube attached to the stop cock

connected to the outlet of the pumping cell.
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Figure 2. Chemical structure of (a) STCAS and (b) PSAS.
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Results

Typical 129Xe NMR spectra for the STCAS solution are
shown in Figure 3. Signals appeared near 0 ppm were
split into two peaks at 0 and ca. 3 ppm. The high-field
peak was confirmed to originate from bubbles in solu-
tion, since it disappeared when measurement was re-
peated after stopping the bubbling of the HP 129Xe gas,
and used as reference at 0 ppm; the peak near 3 ppm
was assigned to the HP 129Xe gas within the polyethyl-
ene tube inserted into the solution. Heights of these two
peaks changed from measurement to measurement
probably depending on the condition of the bubbling
that could change the numbers and location of bubbles
affecting the signal intensity picked up by the RF coil.

Shown in Figure 4 is the STCAS concentration
dependence of 129Xe chemical shift. When HP 129Xe gas
was bubbled into D2O solution (without STCAS), a
peak appeared at 189 ppm for 129Xe dissolved in solu-
tion. Then it shifted toward higher field side with adding
and increasing the concentration of STCAS: this shift
was very large and it amounted as much as 50 ppm for
the STCAS 0.3 M solution. This result indicates that
very strong special interaction exists between STCAS
and Xe. Unlike STCAS only a very little concentration
dependence was observed for PSAS. These results show
the presence of special interaction between Xe and

STCAS, for which inclusion complex formation is the
one that is possible.

Discussion

From the results shown above the concentration
dependence observed in Figure 4 for STCAS is inter-
preted by an inclusion complex formation,

Xeþ STCAS¡
K
Xe� STCAS ð1Þ

Since only one peak appears in the dissolved state in
the present study, Xe is under fast exchange between the
free and the included (or bound) states in solution. This
is the same case for the inclusion complex formation of
Xe and a-cyclodextrin [9]. In contrast, two peaks are
observed for the free and bound states in solution in case
of the Xe and cryptophane-A [11]. Considering in
chemical structure, unlike cryptophane-A, the phenyl
rings are flexible in case of STCAS and can be rotated
along the axis connecting two sulfur atoms attached to
the same ring [16]1. Such flexibility is prevented in
cryptophane-A because of the covered structure in
which two units of host, consisting of three phenyl rings,
bind together to form a covered cage. This covered

Figure 3. 129Xe-NMR spectra obtained for the STCAS solution. The STCAS concentration is (a) 0.015 M, (b) 0.07 M, and (c) 0.3 M in water.
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structure is considered to be responsible for the sepa-
rated observation of the free and bound state peaks in
solution, while it possesses the host windows to open
wide enough to allow guests such as ranging from
methane to butane to enter and depart [11]. The con-
centration dependence observed in the present study is
about an order larger than that observed in case of Xe
and a-cyclodextrin [9], and about 2/3 of that observed
for the difference in the two peaks of free and bound
states in case of Xe and cryptophane-A [11]. It is inter-
esting to note that the chemical shift changes induced in
the inclusion complex formation parallel with the
number of phenyl rings included in the host molecules.

Analysis of the concentration dependence on the basis of
the chemical equilibrium to derive association constant
and bound chemical shift

Under the equilibrium of Equation (1) association
constant K is expressed as in Equation (2),

K ¼ Xe� STCAS½ �
Xe½ � STCAS½ � ð2Þ

and the 129Xe chemical shift can be calculated as the
statistical average of the free and the included states
under the rapid exchanging condition,

dcalcd ¼
Xe½ �dXe þ Xe� STCAS½ �dXe�STCAS

Xe½ � þ Xe� STCAS½ � ð3Þ

where dXe and dXe-STCAS are the chemical shifts in the
free and the included states, respectively, and the symbol
[ ] denotes concentration of each species in solution.
According to these equations concentration dependent
129Xe chemical shift can be expressed as in Equation (4),

dcalcd ¼
dXe þ fK STCAS½ �0= 1þ K Xe½ �ð ÞgdXe�STCAS

1þ K STCAS½ �0= 1þ K Xe½ �ð Þ ð4Þ

where [STCAS]0 is the analytical concentration of
STCAS:

STCAS½ �0¼ STCAS½ � þ Xe� STCAS½ � ð5Þ

In the present experiment the HP 129Xe gas is con-
tinuously supplied to the sample solution more than
5 min before and during the NMR measurement.
Therefore, the concentration of free Xe dissolved in
water, [Xe], is considered to be constant at the saturated
value since Xe is always supplied to compensate for the
decrease in [Xe] which would be brought about in pro-
gress of the reaction with STCAS when the Xe gas is not
supplied continuously. The solubility data are available
in reference [17]. In this way analysis of the concentra-
tion dependence turns out to be a curve fitting process
where the association constant K and dXe-STCAS are
varied to give best fit between the calculated (dcalcd) and
observed (dobsd) values of 129Xe chemical shift
throughout the concentration range measured. This is
achieved with the aid of a least squares method, and
utilized a commercial software ORIGIN from Light
Stone Corp in the present case. The results are listed in
Table 1. The saturated Xe concentration in water at
each temperature is cited from Ref. [17] after a conver-
sion to mol l)1 scale from mole fraction scale originally
given by the use of the density of water at each tem-
perature. However this temperature dependence does
not affect the calculation meaningfully as shown below
in the treatment by the graphical method. In fact sim-
ulation of the data at 55 �C by using the value of [Xe] at
25 �C (4.37 mM) instead of the value at 55 �C
(2.39 mM) has given the values of K = 10.8±0.6 M)1

and dXe-STCAS = 120.9±1.5 ppm which are well within
the limit of estimated errors.

The 129Xe chemical shift is moved toward the high
field side by 51 ppm on forming the inclusion complex
with STCAS, i.e., dXe-STCAS) dXe = ) 51.2 ppm,
which is much larger than that in case of a-cyclo-
dextrin where dXe-CD) dXe = 2.9 ppm in water [9],
but is about 1/3 of that in the case of cryptophane-A
where dCRY ) dXe = ) 160 ppm in CDCl2CDCl2 [11].
These changes in the chemical shift correspond to
) 13 ppm per phenyl ring in STCAS and ) 27 ppm
per phenyl ring in cryptophane-A. In the case of
calix[4]arene inclusion complex, Xe atom is located at
a position 4.1–4.3 Å apart from all of the phenyl
carbons [10]. Such a large high field shift of ) 13 to
) 27 ppm is very hard to explain from the ring current
effect of the phenyl ring, whose estimation is given as
tables in literature [18] that amounts only 0.3 ppm at
a position 4.1 Å apart from the center of the plane of
a phenyl ring. Therefore, some distortion of electronic
cloud in 129Xe in the cavity of host and/or some
specific interaction, such as the electrostatic or charge-
transfer nature between Xe and the phenyl ring, can
be pointed out as the alternative reason.
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Figure 4. Plots of the 129Xe-NMR chemical shift against the concen-

tration of STCAS. Temperatures of measurement are 25�C (r), 35 �C
(h), 45 �C (m), 55 �C (·), 65 �C (*), and 75 �C (n). + indicates the

data for PSAS, which is used as a reference compound, measured at an

ambient temperature.
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Proposition of a simple graphic method for the analysis of
the concentration dependence

Analysis of NMR concentration dependence in the
interacting system in solution has been reviewed by
several authors including simple graphic as well as much
sophisticated computer methods, and utility of the
NMR spectroscopy is established in the quantitative
analysis of the intermolecular interaction such as
hydrogen bonding or charge-transfer which may occur
in solution [19–21]. In order to search for a new graphic
method which is applied simply and readily to the sys-
tem treated in the present case, where interacting partner
is a gaseous compound, Equations (2), (3) and (5) are
transformed to the following equation,

1

dobsd � dXe
¼ 1

K
þ Xe½ �

� �
1

dXe�STCAS � dXe

� �

1

STCAS½ �0
þ 1

dXe�STCAS � dXe

ð6Þ

where the symbol dobsd is used instead of dcalcd in
Equation (3) since the observed chemical shift is input to
the chemical shift calculated in Equation (3) in the
graphic analysis. Equation (6) indicates that a linear
relation will be obtained if 1

dobsd�dXeð Þ is plotted against
1

STCAS½ �0
, and that K and dXe-STCAS are determined from

the slope and intercept of the plot, respectively. As a
prerequisite for this linearity concentration of free Xe
dissolved in solution, [Xe], should be constant. This
condition has been fullfiled in the present study by
supplying Xe gas steadily to the sample solution before
5 min and during the NMR measurement. This plot is
shown in Figure 5, which supports good linear relation
at all measured temperatures as evidenced by the cor-
relation coefficients lager than 0.99. In these plots the
association constant K and dXe-STCAS are derived from
the slope, intercept and [Xe]. For example, K and dXe-

STCAS are determined to be 9.5 M)1 and 104.9 ppm,
respectively at 25 �C. It is interesting to note that the
value of [Xe], which is equal to 0.00437 M at 25 �C,
affects very little to the value of K since 1/K is much
larger than [Xe] in the term of slope in Equation (6). The
graphic method has given the association constant of
8.2, 7.4, 6.8, 6.1, and 4.9 M)1 at 35, 45, 55, 65, and
75 �C, respectively, which are smaller than those ob-
tained from the computer simulation method. Such a
systematic discrepancy may be ascribed to the difference
in the weighting factor assigned to each data points.
That is, experimental values of the chemical shift and

concentration need to be plotted after the necessary
transformation in Equation (6), as exemplified in a re-
ciprocal plot. Such a transformation distorts the
weighting factor of each data point: for example, the
data measured at smaller concentration of STCAS with
smaller change in chemical shift are weighted higher and
the slope of the linear plot is dominated mainly by the
data measured at lower concentrations, i.e., the slope is
dominated by the data points located in the right and
upper region in Figure 5. On the other hand, each
chemical shift datum is weighted evenly in the computer
method, and the independent parameters, i.e., K and
dXe-STCAS, are adjusted so that the mean squared devi-
ation between the calculated and the observed chemical
shifts are minimized. Therefore, in the present study,
results from computer method were adopted as final
ones, and the graphic method was used for a reference in
discussion.

In Table 1 dXe-STCAS determined from the computer
method is found to take a maximum value near 45–
55 �C. This tendency is in common with that observed in
dXe (Table 1). Kawata et al. [22] have already reported
the 129Xe chemical shift of Xe dissolved in water, dXe has
shown non-linear and convex parabola-like dependence
with temperature [22]. Since such a tendency is only
observed in aqueous solution, physical properties of
water seem responsible to the phenomenon.

Table 1. Analysis of the concentration dependence of 129Xe chemical shift in the inclusion complex formation of STCAS and Xe in watera

Temperature (�C)

25 35 45 55 65 75

K [M)1] 13.6±0.8 13.0±0.9 11.6±0.6 10.8±0.6 8.3±0.5 6.8±0.6

dXe-STCAS [ppm] 117.7±1.6 119.8±1.9 120.5±1.5 120.9±1.5 119.3±2.1 117.3±3.0

adXe[ppm] is confirmed to be slightly temperature dependent: 188.94 (25 �C), 189.56 (35 �C), 189.7 (45 �C), 190.31 (55 �C), 189.71 (65 �C), and
189.09 (75 �C).
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Figure 5. Plots of 1/(dXe-STCAS) against 1/[STCAS]0 at (r) 25 �C, (h)

35 �C, (m) 45 �C, (·) 55 �C, (*) 65 �C, (n) 75 �C, and PSAS (+) at

room temperature. Good linear correlation is obtained corresponding

to r2 = 0.9962, 0.9998, 0.9996, 0.9946, 0.9991, 0.9998 at 25, 35, 45, 55,

65, and 75 �C, respectively.
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Energetic profiles of the interaction between STCAS and Xe

The association constants determined in the present
study are in the similar order to the value reported with
a-cyclodextrin in water [9], but clearly smaller than that
for cryptophane-A [10]. The cavity volumes are 138,
176, and 81.5 Å3 for calixarene2, a-cyclodextrin, and
cryptophane-A, respectively while the volume of Xe is
42.2 Å3 corresponding to the diameter of 4.32 Å.
Therefore, cryptophane-A fits more favorably with Xe
in cavity size and this may be a main reason of high
affinity of K = �3000 M)1. Of course, association
constant is strongly dependent on the solvent used as
reported for a-cyclodextrin (see Table 2). And hence,
comparison should be made preferably in the same
solvent. In addition, to allow for the temperature
dependence of association constants, stability of the
complex formation or affinity of the host–guest mole-
cules had better discussed after measuring the thermo-
dynamic profile of the interaction. This was done for
STCAS in the present study. Temperature dependence
of the association constant can give thermodynamic
parameters of the interaction occurring in solution,
which would be useful for understanding the outline of
solvation phenomena as well as energetic profiles of the
host–guest interaction.

Temperature dependence of the association constant
gives the thermodynamic parameters, enthalpy DH and
entropy DS, of the interaction between STCAS and Xe.
The van’t Hoff plot (Figure 6) according to Equation (7)
afforded: DH = ) 11.9±1.9 kJ mol)1 and
DS = ) 17.4±5.8 JK)1 mol)1 (Table 2),

lnK ¼ �DH
R

1

T
þ DS

R
ð7Þ

where R is the gas constant and T is the absolute tem-
perature. This plot (Figure 6) supports good linear
relation as evidenced by the squared multiple correlation
coefficient r2 = 0.9911.

According to the idea of enthalpy-entropy compen-
sation relationship [23, 24], systems interacting through
similar mechanisms will appear on a similar line in the
entropy versus enthalpy plots. In addition, the confor-
mational change and the extent of desolvation in host–
guest complexation can be derived quantitatively from
the slope and the intercept of the T DS versus DH plot
[25]. Interestingly, when T DS vs DH plot is made for the

data of STCAS–Xe complex including other systems
available in literature, the STCAS–Xe system does not
so much fit on the calixarene-cation systems but almost
fit on the myoglobins-Xe system (Figure 7). This is
reasonable since the interaction of Xe with calixarene
and myoglobins can be classified in weak-bound and
hydrophobic category whereas cation is categorized
hydrophilic. This demonstrates a presence of similar
driving force, i.e., conformational change and extent of
desolvation as well as the type of intermolecular inter-
action, in between the complexes of STCAS–Xe and
myoglobin-Xe.

The extent of desolvation can be discussed in detail
from the molecular theory of entropy change on reac-
tion: the entropy change on reaction of Equation (1) can
be estimated from molecular theory of thermodynamic
functions [26–31]. If the reaction occurs in the ideal gas
phase, the entropy change (DSgas) is expressed as the
difference in standard entropies of the components
contributing the reaction,

DSgas ¼ SXe�STCAS � SXe � SSTCAS ð8Þ

where SXe-STCAS, SXe, and SSTCAS are standard entro-
pies of Xe–STCAS, Xe, and STCAS, respectively. The
standard entropy can be calculated as the sum of several
contributions including translation, rotation, vibration,
and others [26]. Among these contributions those from
translational and rotational ones play an important role
in the first approximation and they are easily estimated
as in Equations (9) and (10) [26],

Table 2. Energetic profiles of the different inclusion complexes of Xe

Substance K [M)1] DH [kJ mol)1] DS [J K)1mol)1] Solvent

STCAS 13.6±0.8 ) 11.9±1.9 ) 17.4±5.8 Water

Metmyoglobin [2] 146 ) 30.2 ) 58.7 Water

Myoglobin [2] 94 ) 21.4 ) 33.5 Water

Cyanomyoglobin [2] 145 ) 37.7 ) 83.8 Water

Cryptophane-A [9] ca. 3000 (5 �C) CDCl2CDCl2

a-Cyclodextrin [7] 2.28 (25 �C) DMSO

a-Cyclodextrin [7] 22.9 (25 �C) Water
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Figure 6. van’t Hoff plots of the temperature dependence of associa-

tion constant for the inclusion complex formation of Xe and STCAS

(r2 = 0.9911 for the linear correlation).
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Str ¼ Rð1:5 lnMþ 2:5 lnT� lnP� 1:1650Þ ð9Þ

Srot ¼ Rð0:5 ln IAIBIC þ 1:5 lnT� ln r� 2:7106Þ ð10Þ

whereM is the molecular weight, P is the pressure, I is the
moment of inertia, and r is the symmetry number. Such a
model was successfully applied to discuss solvation effect
in the reaction in solution [27, 28, 30, 31]. Since two
molecules bind to one molecule in Equation (1), DSgas

calculated as in Equation (8) will be negative and large in
absolute value.3 In fact, the term including IA IB IC in
Equation (10) will contribute less to DSgas since the mo-
ment of inertia is not expected to change drastically in the
present case whether Xe atom presents in the center of
STCAS or not. In this way a simple calculation predicts
the ideal gas value of DSgas = ) 216.4 JK)1 mol)1 for
reaction (1), whereas the experimental value observed in
the present study is ) 17.4 JK)1 mol)1. This value,
) 17.4 JK)1 mol)1, is similar to those observed for a-
cyclodextrin and cyclohexanol,3 where 2.0 to
) 14 JK)1 mol)1 is reported for DS in solution and 1.6–
1.3 molecules of water are predicted to be released in the
inclusion complex formation. Therefore, a release of
similar number of water molecules is suggested in the
present case in the inclusion complex formation of
STCAS and Xe.

Model of the association of STCAS with Xe

Bartik et al. [9] have proposed a three-site model for
the complex formation of Xe with a-cyclodextrin, in
which non-complexed fraction of Xe is assumed to be
distributed in close environment of cyclodextrin and in
bulk solvent. This model was introduced to explain
their observation that the 129Xe chemical shift changes
with the concentration of the host molecule in some-
what different manner as expected for the simple
model of 1:1 complex formation. In the present study,

however, the observed changes in the chemical shift
are straightforward as expected from the simple model
of 1:1 complex formation and the simple analysis has
resulted in a straight line in the graphic method.
Therefore, three-site model is not necessary for the
interpretation and not discussed further in the present
study.

In case of myoglobins, for which four Xe sites of
occupancy from 0.45 to 1.0 have been evidenced by X-
ray crystallography [6], the association constant has
been estimated for the complex formation of 1 (myo-
globin):2 (Xe) complex as well as the 1 (myoglobin):1
(Xe) complex in solution [4]. In case of calixarene [10],
formation of 1:1 complex is assumed in common with
the present study. Successful derivation of the associa-
tion constant as well as the bound chemical shift to-
gether with the successful estimation of thermodynamic
parameters supports the assumption of 1:1 complex
formation in solution in the present study.

In regard to the geometry of inclusion complex the
SPINOE (Spin Polarization-Induced Nuclear Overha-
user Effect) experiment as reported for the Xe complex
with cryptophane-A or a-cyclodextrin [12, 32, 33] could
give important information including dynamic profile of
the calixarene ring inversion. But a detailed three-
dimensional analysis of the conformation has been
prevented from the insufficient number of geometrical
constraints provided from the very simple 1H spin sys-
tem in calixarene studied in the present study.

Conclusion

The hyperpolarized 129Xe NMR spectroscopy has been
successfully applied to investigate the inclusion complex
formation between Xe and 4-Sulfothiacalix[4]arene so-
dium salt (STCAS) in water by using our new system
which can supply hyperpolarized 129Xe gas continuously
to a sample tube directly. The STCAS molecule was
shown to move the 129Xe chemical shift toward the high
field side by 51 ppm. As a feasible method of analysis of
the concentration dependence of 129Xe chemical shift,
graphical method has been proposed together with
much sophisticated computer method. The association
constant are determined to be 13.6±0.8 M)1 at 25 �C.
In addition, the temperature dependence of the associ-
ation constant provided the thermodynamic parameter
of enthalpy (DH) and entropy (DS): DH = ) 11.9±
1.9 kJ mol)1 and DS = ) 17.4±5.8 JK)1 mol)1. These
parameters are essential in discussing the intermolecular
interaction in solution quantitatively. The entropy value
suggests a release of solvent water molecule(s) on the
formation of the inclusion complex.

Since our methodology of the hyperpolarized 129Xe
NMR spectroscopy system and analysis of experimental
data has advantages in efficiency, accuracy and sim-
plicity, more precious and feasible analysis can be ap-
plied to various solute–solvent interactions of Xe with
different substrates in solution including proteins related
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present study for the complex formation of STCAS and Xe.
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to general anesthesia or those with importance in
supramolecular chemistry.

Notes

1. In our 1H NMR spectra measured in 1 mM STCAS
solution in D2O a singlet peak appeared in the aro-
matic region at 7.794 ppm, and no evidence was
obtained about the possible calixarene ring inversion
as reported in the related compounds [16, 34]. In
addition, this chemical shift was not changed on
bubbling of the HP 129Xe gas, and difficulty of
observing the inclusion complex formation from 1H
NMR spectra was realized.

2. The value for calixarene is calculated from the crys-
tallographic data [10].

3. For example, DS = ) 253.1 JK)1 mol)1 is calcu-
lated for the ideal gas-phase reaction of a tin com-
pound of CH3SnCl3+DMSO = CHSnCl3ÆDMSO,
where two molecules bind to one molecule resulting
in a reduction of the translational entropy of one
molecule [30].
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