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Abstract The effects of pressure and solvent were exam-
ined for the inclusion complexation of phenothiazine dyes
and trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium
(St-4Me) with water-soluble p-sulfonatocalix[8]arene
(Calix-S8). Depending on the bulkiness of the guest dyes,
external pressures and solvent polarity increase the inclusion
equilibrium constants of dyes with Calix-S8. From the
pressure dependence of the inclusion equilibria, the reaction
volumes for inclusion by Calix-S8 in the alcohol-water
mixtures were estimated to be negative values (—19.8 to
—5.29 cm® mol ™! for the phenothiazine dyes and —13.1 to
—9.85 cm® mol ™" for St-4Me). Analysis of the results of the
high pressure indicated that the intrinsic volume change
related to inclusion into the Calix-S8 cavity plays an
important role in the inclusion of Calix-S8, depending on the
bulkiness of the guest molecules. Based on "H NMR mea-
surements, the structures of the inclusion complexes of
Calix-S8 with phenothiazine dyes have been established and
the differences in the inclusion behaviors of the phenothia-
zine dyes and St-4Me are discussed.
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Introduction

Calixarenes are cyclic oligomers that possess hydrophobic
cavities and can form inclusion complexes of host—guest
types [1]. It is well known that calixarenes exhibit a con-
formational flexibility by comparing them with
cyclodextrins (CDs). Water-soluble calixarenes are versatile
host molecules for metal and charged species in aqueous
media [1, 2]. Investigation of host—guest interaction of
water-soluble calixarenes helps in the modeling of molecular
recognition.

Quantitative information on volume change during the
inclusion reaction can be obtained by changing external
pressures, and such experiments may be useful in charac-
terizing the inclusion reaction mechanism. Previously,
using substituted phenols and radical species as guest
molecules, we demonstrated that CD inclusion equilibrium
was pressure dependent [3-5]. In those reports, we showed
that examination of the pressure effects on inclusion
complexations is informative for understanding the reac-
tion mechanism of inclusion equilibrium. The majority of
the studies that involve water-soluble calixarenes have
been focused on the ionic metal species [1]. In a pre-
liminary report, we have examined the effect of pressure on
inclusion complexation of methylene blue (MB) with
p-sulfonatocalixarenes and reported the large effects of
pressure on the inclusion equilibria of calixarenes [6].
However, studies on the inclusion complexation of organic
molecules with water-soluble calixarenes have not been
well established.

In this study, to obtain further information concerning the
inclusion complexation of water-soluble calixarenes with
organic species, five kinds of phenothiazine dyes and trans-
4-[4-(dimethylamino)styryl]-1-methylpyridinium (St-4Me)
were used as guest molecules. We have examined the effects
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of pressure and solvent on their inclusion equilibria with
water-soluble p-sulfonatocalix[8]arene (Calix-S8) and
found a peculiar pressure dependence of inclusion com-
plexation by Calix-S8. Based on the results, we conducted a
volumetric study concerning the inclusion mechanism of
water-soluble calix[8]arene and assessed the differences in
pressure dependence on the inclusion complexation.

Experimental
Materials

The water-soluble p-sulfonatocalix[8]arene (Calix-S8), five
kinds of phenothiazine dyes, and trans-4-[4-(dimethyl-
amino)styryl]-1-methylpyridinium iodide (St-4Me) used in
this study are shown in Fig. 1. Calix-S8 was purchased
from Sugai Chemie Inc. (Wakayama, Japan). The pheno-
thiazine dyes (thionine (Th), azure A, azure B, methylene
blue (MB), and new methylene blue (NMB)) and St-4Me
were obtained from Wako Pure Chemicals (Osaka, Japan).
Calix-S8, phenothiazine dyes, and St-4Me were recrystal-
lized from water—ethanol mixtures and dried under vacuum
before use. Reagent-grade alcohols were obtained com-
mercially (Wako Pure Chemicals, Osaka, Japan).

Spectral measurements

We used a water—alcohol mixture (1:1 (v/v) phosphate
buffer pH = 6.9 and ionic strength = 0.1) as a solvent
because dimerization of phenothiazine dyes is observed in
aqueous solution [7] and St-4Me forms a colorless dicat-
ionic species, formed by protonation of the amine nitrogen,
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Fig. 1 Structures of p-sulfonatocalix[8]arene, phenothiazine dyes,
and St-4Me
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in acidic alcohol-water mixtures (pH < 5.5). The spectral
change of the dyes in the presence of Calix-S8 was mon-
itored by using a Hitachi U-3200 spectrophotometer
(Tokyo, Japan); the reaction temperature was controlled at
298 £ 0.1 K by circulating thermostated water. The sam-
ple solution was loaded in a Teflon inner cell, which was
set in a pressure vessel. The pressure vessel was connected
to a Hitachi U-3200 spectrophotometer through an optical
fiber. The procedures for spectral measurements under high
pressures have been described elsewhere [3]. The '"H NMR
spectra in a D,O-CD3;0D mixture at room temperature
were measured with a Varian Mercury 300 (300 MHz).
Chemical shifts were reported as J values relative to
CHD,OD (6 8.31) as an internal standard [8].

Results and discussion

Calix-S8 complexation with phenothiazine dyes and St-
4Me

Figure 2 shows the typical absorption spectra of pheno-
thiazine dyes upon consecutive additions of Calix-S8.
When Calix-S8 is added to a solution of azure B in a 1-
propanol-water mixture, the peak in the vicinity of 640 nm
caused by the dye decreases with the isosbestic point at
A = 660 nm. The existence of the isosbestic point is rela-
ted to the 1:1 inclusion equilibrium, which is in agreement
with previous UV-Vis and NMR studies on inclusion
complexation of methylene blue (MB) with Calix-S8 [6].
The equilibrium constant for the inclusion complexation
can be expressed as:

Calix-S8 + G < Calix-G

Calix — G

K — M_ (1)
[Calix-S8][G]

Extensive studies for 1:1 complex formations based on the
Benesi-Hildebr and (B—H) treatment [9] have been made
by many investigators. Under the condition of [Calix-
S8] >> [dye], the spectral data were analyzed according to
the equation:
[Calix — S8],[G], 1 1

=——+

lix- 2
AE KAs T Ag CRlix-S8l, 2)

where [Calix-S8]p and [G], are total concentrations of
calixarene and guest molecules, respectively. A¢ is the
difference in the molar extinction coefficients for bound and
unbound dye with Calix-S8, and AF is the change in the
absorption intensity of the dye solution. As shown in Fig. 2b,
a good linear relationship between [Calix-S8], [G]o/AE and
[Calix-S8]y can be obtained, indicating 1:1 inclusion
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Fig. 2 (a) Absorption spectra of azure B (1.56 x 107> mol dm™3)
containing different concentrations of Calix-S8 in a 1-propanol-water
mixture at 298 K: [Calix-S8] = (1) 0, (2) 1.57 x 107%, (3)
235 x 107%, (4) 3.80 x 107% (5) 6.46 x 107*, (6) 1.11 x 1073,
and (7) 1.47 x 107> mol dm™>. (b) Determination of 1:1 inclusion
equilibrium constant according to the B—H equation

complex formation. The association constants K for the
inclusion complexation of Calix-S8 can be determined from
the slope and intercept of Eq. 2 except azure A and B in a
methanol-water mixture. The K values obtained in the
alcohol-water mixtures are listed in Table 1. Analysis of the
spectral data using the B—H type equation is not suitable for
the inclusion complexation of azure A and B in a methanol—
water mixture because their association constants are
extremely large compared with the others. The
concentration of Calix-S8 for azure A and B inclusion in a
methanol-water mixture is not much higher than is that of the
dyes, and thus we used the optimization method of Lang’s
treatments for determining the association constants of the
1:1 inclusion complexation [10]:

[Calix —S8],[G],
AE

AE 1 1
T Ak Ae T AK
(3)
The association constants for azure A and B inclusion in a
methanol-water mixture are listed in Table 1.

= ([Calix-S8]o+[G],

The Et values are used as a measure of solvent polarity.
From the absorption spectra of Reichardt’s dye, we deter-
mined the Et values to be 244, 230, and 225 kJ mol~! for
methanol-water (1:1 v/v), ethanol-water (1:1 v/v), and 1-
propanol-water (1:1 v/v), respectively. As can be seen in
Table 1, the K values in the alcohol-water mixtures
decrease with a decrease in solvent polarity, which is
similar to the cyclodextrin inclusion complexation [11]. It
should be noted that the K values for the inclusion of azure
A and B are large compared with those of the other phe-
nothiazine dyes. Overall, the K values tend to decrease as
the bulkiness of the guest molecules increases. The stability
of an inclusion complex is determined by how well a guest
fits in the Calix-S8 cavity.

Structure of the inclusion complex with phenothiazine
dyes

To obtain useful information concerning the inclusion
complexes, we performed "H NMR measurements for the
complexes of phenothiazine dyes with Calix-S8. Table 2
lists the changes (AJ) in the chemical shifts of the protons
of the dyes in a CD3;0D-D,0 mixture (1:1 v/v). The pro-
tons of the phenothiazine dyes used in the present study
were assigned with reference to the NMR spectral data of
MB [6]. The upfield shifts of the guest protons indicate
inclusion of the proton moiety into the Calix-S8 cavity [12,
13]. Analogous with the inclusion with MB [6], changes in
the chemical shifts for the C(2,4,6)-H, N—(CHsz),, N-CHs,
and N-C-CHj; of the phenothiazine dyes are large com-
pared with those for the others. These indicate that the
C(4,6)-H moieties and the amino groups of both sides are
included in the Calix-S8 cavity. In the inclusion complex
of Th, the relative chemical shift value of |AS(C(1)-H)|/
|A6(C(2)-H)| is large compared with that of the others,
which is responsible for the deep inclusion into the Calix-
S8 cavity. In the inclusion complexes of azure A and B, it
is noted that the |Ad| values of the C(1)-H and C(2)-H
protons for the inclusion complex are larger than are those
of the C(8)-H and C(9)-H protons, indicating that the
C(1,2)-H proton moieties are included in the Calix-S8
cavity and the C(8,9)-H proton moieties may be located
outside the cavity. Shinkai et al. suggested that the con-
formation of water-soluble calixarenes is fixed to a cone
shape upon inclusion of guest molecules based on a cir-
cular dichroism study of the inclusion complexes [14].
Using the Corey-Pauling-Koltun (CPK) space-filling
model, we examined the structures of the inclusion com-
plexes of the phenothiazine dyes with Calix-S8. The CPK
models show that a cone conformation is more suitable to
the formation of inclusion complexes than is any other
conformation, which is in agreement with the suggestion
by Shinkai et al. Based on the above results, plausible
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Table 1 The equilibrium constants (K) and reaction volumes for inclusion complexation of Calix-S8 in various solvents at 298 K

Guest Solvent® 1072 K (mol~! dm?) AV (em® mol™!)  AVipau (em® mol™!) AV (em® mol™!)
1 bar® 196 bar 491 bar 785 bar

Th Methanol-H,O 14.5 £ 0.7 14.9 15.8 16.9 —6.09 + 0.21 —6.15 + 0.48 0.06

Th Ethanol-H,O 3.65 £ 0.11 3.78 3.93 4.16 —5.29 + 0.13 —6.15 £ 0.48 0.86

Th 1-Propanol-H,O 2.74 + 0.14 2.88 3.02 3.10 —5.43 +0.39 —6.15 £ 0.48 0.72

Azure A Methanol-H,O 21.8 £09 23.9 25.5 27.9 —8.60 + 0.49 —8.95 + 0.24 0.34

Azure A Ethanol-H,O 7.92 £ 0.44 8.53 9.23 10.1 —8.78 + 0.28 —8.95 + 0.24 0.17

Azure A 1-Propanol-H,O 3.86 + 0.03 4.06 4.23 4.82 —8.27 £ 0.74 —8.95 £ 0.24 0.68

Azure B Methanol-H,O 19.1 £ 0.6 20.8 239 27.3 —12.5 £ 0.1 —14.2 £ 0.1 1.7

Azure B Ethanol-H,0 541 £ 0.17 5.79 6.62 7.32 —109 £ 0.3 —14.2 + 0.1 33

Azure B 1-Propanol-H,O 2.83 + 0.13 3.00 323 3.60 —-9.02 + 0.29 —14.2 + 0.1 5.2

MB Methanol-H,O 7.54 £+ 0.37 8.52 9.78 11.3 —13.8 £ 0.3 —14.6 £ 0.3 0.8

MB Ethanol-H,O 333 +£0.12 3.63 4.20 4.77 —12.8 £ 0.1 —14.6 £ 0.3 1.8

MB 1-Propanol-H,O  2.57 + 0.08 2.80 3.22 3.54 —12.0+ 0.3 —14.6 £ 0.3 2.6

NMB Methanol-H,O 6.30 £ 0.15 6.82 8.66 11.2 —198 £ 1.1 —-20.8 £ 0.4 1.0

NMB Ethanol-H,O 2.59 £ 0.09 321 393 4.61 —19.1+ 13 —-20.8 +£ 0.4 1.7

NMB 1-Propanol-H,O  1.59 + 0.06 1.99 2.31 2.80 —18.6 + 1.3 —20.8 £ 0.4 2.2

St-4Me Methanol-H,O 3.84 +£0.18 4.38 4.56 5.19 —9.85 + 1.02 —8.35 £ 0.42 —1.5

St-4Me Ethanol-H,O 2.19 + 0.08 2.49 2.68 3.09 —11.5+ 0.8 —8.35 £ 0.42 3.2

St-4Me 1-Propanol-H,O  1.56 4+ 0.03 1.54 1.95 2.16 —13.1 £ 1.7 —8.35 £ 0.42 —4.8

* Alcohol/H,0 = 1 (v/v). ® 1 bar = 1 x 10° Pa

Table 2 Chemical shift changes (Ad/ppm)* of phenothiazine dyes in the presence of Calix-S8

Guest® C(l)>H C(2-H C(2)-CH; C@-H C6)-H C@B-H COH-H N-(CH3); N-CH; N-CH, N-C-CH;

Th® —0.45 —0.61 - —0.53 (—0.53) (—0.61) (—045) - - - -

Azure A®  —0.43 —0.81 - —0.48 —-0.53 —0.29 —0.13 —0.35 - - -

Azure B¢ —0.15 —0.30 - —0.49 —0.60 —0.01 —0.04 —0.36 —0.31 - -

MBf —0.18 —-0.39 - —0.54 (-0.54) (-0.39) (-0.18) —0.61 - - -

NMB# —0.16 - —0.17 —0.37 (—=0.37) - (=0.16) - - —0.39 —-0.24

* Ad = 0 (complex with Calix-S8) — ¢ (dye unbounded with Calix-S8). Negative values indicate upfield shifts

Rsa2 L N2 8Rs
R1\Nj§[§2\/\:[N,R4
| 4 6 1
Rg R3
¢ [Calix-S8]¢/[Th]o = 1.0
4 [Calix-S8]o/[Azure Aly = 1.0
¢ [Calix-S8]¢/[Azure B], = 0.50
f [Calix-S8]¢/[MB], = 7.6 (cited from Ref. 6)
2 [Calix-S8]o/[NMB]y = 1.0

structures of the inclusion complexes of dyes with Calix-S8
are depicted in Fig. 3, together with the structure of the St-
4Me inclusion complex, which was suggested by Nishida
et al. [15].

In the azure A and B molecules, the positive partial
charge on the nitrogen atom of the dimethylamino group
could be caused by resonance contribution. Lhotak and

@ Springer

Shinkai suggested that cation—r interaction is an impor-
tant factor in forming stable inclusion complexes with
calixarenes [16, 17]. In azure-calixarene inclusion, the
cation—n interaction as well as van der Waals and/or
hydrophobic interactions could be cooperative, resulting
in the enhanced stability of the azure inclusion complex
(Table 1).
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Fig. 3 Plausible structures of inclusion complexes of phenothiazine
dyes and St-4Me with Calix-S8

Pressure effects

The pressure effects on the inclusion complexation of dyes
with Calix-S8 are listed in Table 1. The K values increase
with increasing external pressure. By utilizing these num-
bers, the reaction volumes (AV) for the inclusion
complexation by Calix-S8 can be estimated according to
the following equations:

InK =aP +b (4)

O0lnK
oP

where k7 is the isothermal compressibility of the solvent
mixture. The k7RT values were estimated to be 1.10, 1.22,
and 1.58 cm® mol™' for methanol-water, ethanol-water,
and 1-propanol-water, respectively. The estimated reaction
volumes (AV’s) have negative values, and the absolute
values of AV (|AV|) increase with an increase in the
bulkiness of the phenothiazine guest molecules. |AV| for
the St-4Me inclusion is comparable to that for azure A. In
the solvent effects on inclusion complexation with Calix-
S8, we made an interesting observation: The |AV| values
for phenothiazine dye inclusion become smaller with
decreasing solvent polarity; conversely, those for St-4Me
increase with decreasing solvent polarity.

In the previous high-pressure study on calixarene com-
plexation, we demonstrated that the reaction volume for the
inclusion which is not the change in total volume (the guest
plus calixarene) consists of two discrete volume changes
[6]:

AV = AVinclu + Avsolva (6)

AV = —RT(———), — k7RT, (5)

where AV, is the volume change related to the inclusion
of guest molecules in the cavity and AV, denotes the
volume change accompanying solvation or desolvation

around the guest and host molecules. Based on Laidler’s
treatments for the equilibrium reaction between ion
molecules, AV can be expressed as:

1 2z %
AV = AVipeln — ENAeZ (7 - Zz) qpr (7)

1 [0e
wr =2 (ﬁ)Tv (8)

where the notations have their usual meanings. By using
the available ¢ — P data, the gp values were estimated to be
0.00829, 0.0136, and 0.0235 GPa~! for methanol-water,
ethanol-water, and 1-propanol-water, respectively [18,
19]. Equation 7 predicts a linear relationship between AV
and ¢p with an intercept of the AVj,, value. In Fig. 4, AV
is plotted against gp. A linear relationship between them is
maintained, and the AVj,, values estimated from the plots
are listed together with the AV, values evaluated from
the AVj,.u values and Eq. 6. The AV, values are largely
negative. Compared to the |AVy,,| values, their absolute
values are large and increase with an increase in the
bulkiness of the guest molecules. The contribution of the
guest molecule to the partial molar volume of the inclusion
complex becomes small and the negative volume change is
expected because the guest molecule occupies the void
space of Calix-S8. It is reasonable that the larger the guest
molecule, the larger the decrease in the reaction volume is
caused. The AVj,., values play an important role in vol-
ume change accompanied by Calix-S8 inclusion.

The inspection of the solvation-term (AV,,) also gives
useful insight into inclusion behavior. The AV, values
for phenothiazine dye inclusion are positive and tend to
increase with decreasing solvent polarity. The positive
AV.1y values are responsible for the desolvation around the
phenothiazine guest molecules and/or polar sulfonato
groups in Calix-S8 upon formation of host—guest ion-pairs.
In contrast, the AV, values for St-4Me inclusion are
negative and its absolute value increases with decreasing

2 o}
e
S
N L
<
-20 | _———A————"/—_‘r—
1 1
0 0.01 0.02

gp (GPa™)

Fig. 4 Plots of AV against gp according to Eq. 7
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solvent polarity, which is taken as evidence for the con-
tribution of electrostatic interaction upon inclusion. It is
generally known that ionization is enhanced by pressure,
and the observation of volume decrease has been inter-
preted in terms of electrostriction [20]. Nishimura et al.
reported that the reaction volume for charge-transfer
complex formation through hydrogen bonding is largely
negative due to electrostriction [21]. There is a possibility
that St-4Me forms the inclusion complex involving
hydrogen bonding between the St-4Me guest molecule and
the sulfonato group of Calix-S8. We speculate that the St-
4Me inclusion complex is similar to the tight complex
involving hydrogen bonding, and an additional interaction
(electrostatic interaction) may be operative upon inclusion
with Calix-S8, which is indicated by the high-pressure
results.

In conclusion, we demonstrated that the inclusion
equilibria of phenothiazine dyes with Calix-S8 are depen-
dent on the bulkiness of the guest molecules, and the
external pressure and solvent polarity increase the associ-
ation constant for inclusion equilibrium. Although the
present analysis of the high-pressure results utilized a
simplified model, an important factor for the change in
volume accompanied by the Calix-S8 inclusion is
discussed.
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