
 

©

 

 

 

2002 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 

 

75

 

, 2371–2377 (2002)

 

2371

 

[BULLETIN 2002/10/29 19:03] 02114

 
c. Jpn.

e Chemical
ciety of Ja-
n
e Chemical
ciety of Ja-
n

02
71
77
SJA8

09-2673
114

02

02

.1

.2

 

Interactions of Tetrakis(4-carboxyphenyl)porphyrin with Cyclodextrins 
in Aqueous Solutions Containing 1,1

 

′

 

-Diheptyl-4,4

 

′

 

-bipyridinium 
Dibromide

 

Interactions of Tetrakis(4-carboxyphenyl)porphyrin
S. Hamai

 

Sanyo Hamai

 

Department of Chemistry, Faculty of Education and Human Studies, Akita University, 
Tegata Gakuen-machi 1-1, Akita 010-8502

(Received May 2, 2002)

In pH 10.1 buffers, the interactions of tetrakis(4-carboxyphenyl)porphyrin (TCPP) with 

 

γ

 

-cyclodextrin (

 

γ

 

-CD),
heptakis(2,3,6-tri-

 

O

 

-methyl)-

 

β

 

-CD (TM-

 

β

 

-CD), and 1,1

 

′

 

-diheptyl-4,4

 

′

 

-bipyridinium dibromide (HB) have been exam-
ined by studying absorption, fluorescence, and induced circular dichroism spectra of TCPP.  TCPP has been found to
form inclusion complexes with 

 

γ

 

-CD and TM-

 

β

 

-CD.  The stoichiometries of the 

 

γ

 

-CD–TCPP and TM-

 

β

 

-CD–TCPP in-
clusion complexes are 1:1 and 2:1, respectively.  Because the equilibrium constant for the formation of the 2:1 TM-

 

β

 

-
CD–TCPP inclusion complex is exceedingly large (4.34 

 

×

 

 10

 

18

 

 mol

 

−

 

2

 

 dm

 

6

 

), the TM-

 

β

 

-CD–TCPP inclusion complex is
quantitatively formed in TCPP solutions containing two equivalents of TM-

 

β

 

-CD.  TCPP also forms an organic cation–
organic anion complex with HB.  In the presence of 

 

γ

 

-CD, the TCPP–HB complex forms a 1:1:1 

 

γ

 

-CD–TCPP–HB in-
clusion complex, although TM-

 

β

 

-CD causes the dissociation of the TCPP–HB complex into its components.  The equi-
librium constant for the formation of the 

 

γ

 

-CD–TCPP–HB inclusion complex from the TCPP–HB complex and 

 

γ

 

-CD has
been evaluated to be 905 mol

 

−

 

1

 

 dm

 

3

 

.

 

Cyclodextrins (CDs) are cyclic oligosaccharides composed
of six, seven, and eight D-glucopyranose residues, which are
called 

 

α

 

-CD, 

 

β

 

-CD, and 

 

γ

 

-CD, respectively.  Because CDs
have hydroxy groups on their narrow and wide rims, they are
soluble in water.  In spite of the relatively high solubilities of
CDs, they have a hydrophobic cavity in the molecular center.
Consequently, many kinds of organic compounds can be incor-
porated into their cavities to form inclusion complexes in aque-
ous solutions.

Porphyrin derivatives are requisite substances in life, for
they are related to photosynthesis and oxygen transportation.
In photosynthesis, chlorophylls, which are Mg complexes of
porphyrin derivatives, fulfil critical roles.  Heme, which com-
plexes with Fe, transports oxygen from its source in the organ-
ism, e.g., lungs or gills, to the sites where it is needed.  Besides
living systems, photochemical oxidation of water proceeds on
the surface of colloidal RuO

 

2

 

 and IrO

 

2

 

 by using Zn tetrakis(4-
sulfonatophenyl)porphyrin as a photosensitizer.

 

1,2

 

Because the formation of inclusion complexes of CDs with
porphyrin derivatives modifies the photochemical and photo-
physical properties of porphyrin derivatives, it is very impor-
tant to examine the formation of inclusion complexes of CDs
with porphyrin derivatives.  The interactions between several
porphyrin derivatives and CDs have hitherto been investigated.
Equilibrium constants for the formation of 1:1 inclusion com-
plexes of 

 

γ

 

-CD with hematoporphyrin 

 

Ⅸ

 

 and coproporphyrin

 

Ⅲ

 

 have been estimated to be 73 and 64 mol

 

−

 

1

 

 dm

 

3

 

, respective-
ly.

 

3

 

  For 4,4

 

′

 

,4

 

�

 

,4

 

�′

 

-(21

 

H

 

,23

 

H

 

-porphine-5,10,15,20-tetrayl)tet-
rakis(benzoic acid), a semi-closed complex with hydroxypro-
pyl-

 

β

 

-CD has been reported.

 

4

 

  A 2:1 heptakis(2,6-di-

 

O

 

-meth-

yl)-

 

β

 

-CD–tetrakis[2,4-bis(pivaloyloxy)phenyl]porphyrin in-
clusion complex is formed in an ethanol/H

 

2

 

O (2:1) mixture.

 

5

 

In the case of 5,15-diphenylporphyrin, a 2:1 heptakis(2,3,6-tri-

 

O

 

-methyl)-

 

β

 

-CD (TM-

 

β

 

-CD)–guest inclusion complex is
formed in dimethyl sulfoxide.

 

6

 

From NMR and spectrophotometric measurements, the for-
mation of a 4:1 

 

β

 

-CD–Zn or Fe(

 

Ⅲ

 

) tetrakis(4-sulfonatophen-
yl)porphyrin (Zn TSPP or Fe(

 

Ⅲ

 

) TSPP) inclusion complex
has been suggested.

 

7,8

 

  Venema et al. have estimated the equi-
librium constant for the formation of the 1:1 inclusion com-
plex between 

 

β

 

-CD and TSPP in pH 7.0 solutions to be
1400 mol

 

−

 

1

 

 dm

 

3

 

.

 

9

 

  Ribo et al. have studied the complexation of
TSPP with 

 

α

 

-CD, 

 

β

 

-CD, and 

 

γ

 

-CD in aqueous solutions by
means of electronic absorption and 

 

1

 

H NMR spectroscopy.

 

10

 

They have concluded that, in neutral solutions, TSPP forms
2:1 host–guest inclusion complexes through its 

 

meso

 

-sul-
fonatophenyl groups with 

 

β

 

-CD and 

 

γ

 

-CD, but not with 

 

α

 

-CD.
In acidic media where TSPP is protonated, it forms a 2:1 in-
clusion complex with 

 

β

 

-CD alone.
Recently, by means of absorption, fluorescence, and circular

dichroism spectroscopy, we have examined the formation of
inclusion complexes of TSPP with CDs in alkaline solutions.

 

11

 

γ

 

-CD forms a 1:1 inclusion complex with TSPP, whereas TM-

 

β

 

-CD forms a 2:1 host-guest inclusion complex with TSPP.

 

α

 

-CD and 

 

β

 

-CD form both 1:1 and 2:1 host–TSPP inclusion
complexes, although the concentration ratio of the 1:1 to 2:1
inclusion complexes depends on the CD concentration.  In the
case of Fe(

 

Ⅲ

 

) TSPP, the stoichiometries of the CD-guest inclu-
sion complexes are 1:1, except for TM-

 

β

 

-CD in pH 10.1 buffer,
where the 1:1 TM-

 

β

 

-CD–Fe(

 

Ⅲ

 

) TSPP inclusion complex as-
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sociates with another TM-

 

β

 

-CD molecule to form a 2:1 inclu-
sion complex at high TM-

 

β

 

-CD concentrations.

 

12

 

In pH 7.0 buffers, a very strong binding of tetrakis(4-car-
boxyphenyl)porphyrin (TCPP) with TM-

 

β

 

-CD has been ob-
served with a 2:1 host–guest stoichiometry.

 

13

 

  The binding
constants for the 2:1 inclusion complexes of the free and Zn
TCPPs have been reported to be 1.4 

 

×

 

 10

 

16

 

 and 1.9 

 

×

 

 10

 

16

 

mol

 

−

 

2

 

 dm

 

6

 

, respectively.
We have also examined the interactions between CDs and

organic cation-organic anion complexes as well as the organic
cation–organic anion interactions.  Thionine forms an organic
cation–organic anion complex with 2-naphthalenesulfonate.

 

14

 

Upon the addition of 

 

γ

 

-CD to the aqueous solution containing
thionine and 2-naphthalenesulfonate, a ternary 1:1:1 inclusion
complex is formed among 

 

γ

 

-CD, thionine, and 2-naphthalene-
sulfonate.  In the case of 

 

β

 

-CD, the thionine–2-naphthalene-
sulfonate complex is dissociated into the individual compo-
nents, which form inclusion complexes with 

 

β

 

-CD.
Methylene Blue forms complexes with 1- and 2-naphtha-

lenesulfonates, 2-anthracenesulfonate, 2,7-naphthalenedisul-
fonate, and 1,3,6-naphthalenetrisulfonate in aqueous solu-
tions.

 

15

 

  Furthermore, the complexation of Methylene Blue
with Acid Orange 7 or 

 

α

 

-Naphthol Orange has been observed
in aqueous solution.

 

16,17

 

  In the presence of 

 

γ

 

-CD, a 2:1:1 

 

γ

 

-
CD–Methylene Blue–Acid Orange 7 (or 

 

α

 

-Naphthol Orange)
inclusion complex is formed.  As in the case of the thionine–2-
naphthalenesulfonate system, the addition of 

 

β

 

-CD results in
the dissociation of the Methylene Blue–Acid Orange 7 (or 

 

α

 

-
Naphthol Orange) complex to the individual components, with
which 

 

β

 

-CD forms inclusion complexes.
It is known that Zn TSPP forms an organic cation-organic

anion complex with 1,1

 

′

 

-dimethyl-4,4

 

′

 

-bipyridinium dibro-
mide.

 

18

 

  Zn and Pd meso-tetraphenylporphyrintrisulfonic acids
also form organic cation–organic anion complexes with 1,1

 

′

 

-
dialkyl-4,4

 

′

 

-bipyridinium dibromides.19,20

Although TSPP forms an organic cation–organic anion
complex with Methylene Blue in aqueous solution, the TSPP–
Methylene Blue complex is dissociated by the addition of γ-
CD.21  The binding site of γ-CD towards TSPP is a sul-
fonatophenyl group, which is not too large.10  However, a
bulky porphyrin skeleton seems to obstruct the encapsulation
of the TSPP–Methylene Blue complex into the γ-CD cavity.
Consequently, both Methylene Blue and the sulfonatophenyl
moiety of TSPP are not simultaneously incorporated into the γ-
CD cavity.

When a less bulky organic cation and a less bulky organic
anion (a porphyrin derivative) are used, there is the possibility
that a ternary inclusion complex is formed among γ-CD, the
organic cation, and the organic anion.  Thus, we selected TCPP
and 1,1′-diheptyl-4,4′-bipyridinium dibromide (HB) as an or-
ganic anion and an organic cation, respectively, and investigat-
ed the interactions among CDs, TCPP, and HB by means of ab-
sorption, fluorescence, and induced circular dichroism spectra.

Experimental

Tetrakis(4-carboxyphenyl)porphyrin (TCPP), 1,1′-diheptyl-4,4′-
bipyridinium dibromide (HB), and 1,1′-dimethyl-4,4′-bipyridini-
um dichloride (MB), which were purchased from Tokyo Kasei
Kogyo, were used as received.  β-Cyclodextrin (β-CD), obtained

from nakalai tesque, was twice recrystallized from water, although
γ-CD and heptakis(2,3,6-tri-O-methyl)-β-CD (TM-β-CD), which
were obtained from nakalai tesque, were used without further pu-
rification.  Buffers of pH 10.1 were composed of 2.5 × 10−3 mol
dm−3 of NaHCO3 and 1.2 × 10−3 mol dm−3 NaOH solutions.

Absorption spectra were recorded on a Shimadzu UV-260 spec-
trophotometer.  Fluorescence spectra were taken with a Shimadzu
RF-501 spectrofluorometer equipped with a cooled Hamamatsu
R-943 photomultiplier.  The fluorescence spectra were corrected
for the spectral response of the fluorometer.  Induced circular
dichroism spectra were recorded on a JASCO J-400X spectropola-
rimeter interfaced to a JASCO DP-500 data processor.  Spectro-
scopic measurements were made at 25 ± 0.1 °C, except for the in-
duced circular dichroism spectra which were measured at 25
± 2 °C.

Results and Discussion

Inclusion Complex between γγγγ-CD and TCPP in Basic
Aqueous Solution.    At 1.0 × 10−6 mol dm−3 of TCPP, its ab-
sorption bands at wavelengths longer than the 415-nm band
(Soret band) have been very weak (the absorbance has been
0.014 at the 517-nm band).  Consequently, we have focused on
the Soret band of TCPP.  Figure 1 shows absorption spectra of
TCPP (1.0 × 10−6 mol dm−3) in pH 10.1 buffers containing
various concentrations of γ-CD.  When γ-CD is added to TCPP
solutions, the absorption maximum of TCPP is shifted to long-
er wavelengths, accompanied by the appearance of an iso-
sbestic point at 416 nm.  The absorption spectral changes indi-
cate the formation of an inclusion complex of γ-CD with
TCPP.

As the γ-CD concentration was increased, the fluorescence
peaks of TCPP (5.0 × 10−7 mol dm−3) in pH 10.1 buffers were
shifted to longer wavelengths, with a sharpening of the fluores-
cence bands.  This fluorescence spectral change indicates the
transfer of TCPP from a polar environment to a relatively non-
polar environment, i.e., the formation of the γ-CD–TCPP in-
clusion complex.  In the case of TSPP, a 1:1 inclusion complex
with γ-CD is formed.11  For TCPP, the formation of a 1:1 in-

Fig. 1.   Absorption spectra of TCPP (1.0 × 10−6 mol dm−3)
in pH 10.1 buffers containing various concentrations of
γ-CD.  Concentration of γ-CD: (1) 0, (2) 3.0 × 10−5, (3)
1.0 × 10−4, (4) 3.0 × 10−4, and (5) 1.0 × 10−3 mol dm−3.
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clusion complex between γ-CD and TCPP is also most likely:

(1)

where γ-CD•TCPP stands for the 1:1 γ-CD–TCPP inclusion
complex, and K1 is the equilibrium constant for the formation
of γ-CD•TCPP.  When the 1:1 γ-CD–TCPP inclusion complex
is formed under the conditions that the γ-CD concentration is
much higher than the TCPP concentration, K1 can be estimated
from the Benesi–Hildebrand type equation:22

1/(If − If
0) = 1/a + 1/(aK1[γ-CD]0) (2)

Here, If and If
0 are the fluorescence intensities in the presence

and absence of γ-CD, respectively, a is a constant, and [γ-CD]0

is the initial concentration of γ-CD.  As shown in Fig. 2, the
plot of Eq. 2 exhibits a straight line, indicating the formation of
the 1:1 γ-CD–TCPP inclusion complex.  If a 2:1 γ-CD–TCPP
inclusion complex is formed, a plot of 1/(If − If

0) against 1/[γ-
CD]0

2 should afford a straight line.  However, the curved line
obtained for the plot provides additional evidence for no for-
mation of the 2:1 γ-CD–TCPP inclusion complex (not shown).
From the plot shown in Fig. 2, 5600 ± 300 mol−1 dm3 is ob-
tained as a K1 value.  This K1 value for TCPP is about 3.5 times
greater than that (1600 ± 200 mol−1 dm3) for TSPP.11  This is
because a carboxyphenyl group in TCPP is more hydrophobic
than a sulfonatophenyl group in TSPP is.  From a similar anal-
ysis for the absorbance change, the K1 value has been evaluat-
ed to be 10000 ± 400 mol−1 dm3.  This K1 value is about two
times greater than that evaluated from the fluorescence intensi-
ty change.  The K1 value obtained from the fluorescence inten-
sity change is more reliable than that from the absorbance
change, because the absorbance change in Fig. 1 is small com-
pared to the fluorescence intensity change.

Inclusion Complex between TM-ββββ-CD and TCPP in Ba-
sic Aqueous Solution.    Upon the addition of β-CD to TCPP
(1.0 × 10−6 mol dm−3) solutions, no isosbestic point was ob-
served, although the absorption spectrum of TCPP was
changed.  Consequently, 1:1 and 2:1 host–guest complexation

seems to occur.
When TM-β-CD was added to TCPP (1.0 × 10−6 mol dm−3)

solution (pH 10.1), the absorption peak of TCPP was shifted to
longer wavelengths, accompanied by appearance of an isos-
bestic point at 416 nm.  This finding indicates the formation of
an inclusion complex of TM-β-CD with TCPP.  The absorption
spectral change for TM-β-CD is similar to that for γ-CD, ex-
cept for the CD concentration range: the concentrations for
TM-β-CD are two orders of magnitude lower than those for γ-
CD, implying that TM-β-CD is more readily bound to TCPP
than γ-CD.  The strong binding of TM-β-CD to TCPP is due to
the tight fit of the TM-β-CD cavity to the carboxyphenyl moi-
ety in TCPP compared to γ-CD.

Figure 3 exhibits fluorescence spectra of TCPP (5.0 × 10−7

mol dm−3) in pH 10.1 buffers containing various concentra-
tions of TM-β-CD.  When the TM-β-CD concentration is in-
creased, the fluorescence bands are significantly sharpened,
suggesting that TCPP experiences less polar environment, i.e.,
the formation of an inclusion complex with TM-β-CD.  Al-
though the fluorescence spectral change in the presence of
TM-β-CD is similar to that in the presence of γ-CD, the former
change is more prominent than the latter change.

To determine the stoichiometry of the TM-β-CD–TCPP in-
clusion complex, a continuous variation method was applied
using the absorbance at 417.5 nm.  From the result under the
conditions of [TCPP]0 + [TM-β-CD]0 = 1.0 × 10−6 mol dm−3,
it was found that the TM-β-CD–TCPP inclusion complex has a
2:1 stoichiometry.

(3)

Here, K2 is the equilibrium constant for the formation of the
2:1 TM-β-CD–TCPP inclusion complex ((TM-β-CD)2•TCPP).

Figure 4 exhibits the TCPP fluorescence intensity at 680 nm
as a function of the TM-β-CD concentration.  Below a TM-β-

Fig. 2.   Double reciprocal plot for the fluorescence intensities
of TCPP (5.0 × 10−7 mol dm−3) in pH 10.1 buffers con-
taining various concentrations of γ-CD.  λex = 416 nm.
λobs = 687 nm.

K1

γ γ- CD TCPP - CD TCPP+ ⋅

Fig. 3.   Fluorescence spectra of TCPP (5.0 × 10−7 mol dm−3)
in pH 10.1 buffers containing various concentrations of
TM-β-CD.  Concentration of TM-β-CD: (1) 0, (2) 2.0 ×
10−7, (3) 5.0 × 10−7, and (4) 1.0 × 10−6 mol dm−3.  λex =
416 nm.

K2

2TM - - CD TCPP TM - - CD) TCPP2β β+ ( ⋅
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CD concentration of 1.0 × 10−6 mol dm−3, the amount of the
decrease in the fluorescence intensity is linear with the in-
crease in the TM-β-CD concentration.  The fluorescence inten-
sity, however, remains constant above a TM-β-CD concentra-
tion of 1.0 × 10−6 mol dm−3.  This finding suggests that free
TCPP is absent at TM-β-CD concentrations higher than 1.0 ×
10−6 mol dm−3; for TCPP of 5.0 × 10−7 mol dm−3, the forma-
tion of the TM-β-CD–TCPP inclusion complex is accom-
plished at a TM-β-CD concentration of 1.0 × 10−6 mol dm−3.
The TM-β-CD concentration, where TCPP is completely con-
verted to the inclusion complex, is just double the TCPP con-
centration used; this agrees with our conclusion, which has
been derived from the continuous variation method, that the
TM-β-CD–TCPP inclusion complex has a 2:1 host–guest stoi-
chiometry.

Because the TCPP concentration of 5.0 × 10−7 mol dm−3 is
in the TM-β-CD concentration range shown in Fig. 3, one can-
not apply a plotting of 1/(If − If

0) against 1/[TM-β-CD]0
2 to

the evaluation of the K2 value.  Thus, we have employed a sim-
ulation method.  The equilibrium constant, K2, is defined as

K2 = [(TM-β-CD)2•TCPP]/([TM-β-CD]2[TCPP]) (4)

For TCPP solution containing TM-β-CD, the observed fluores-
cence intensity of TCPP is given by the sum of the fluores-
cence intensities of free TCPP and the 2:1 TM-β-CD–TCPP
inclusion complex.

Figure 4 shows the least-squares best fit simulation curve
for the observed fluorescence intensities.  From this simula-
tion, a K2 value is estimated to be 4.34 × 1018 mol−2 dm6.  A
similar analysis was made using the absorbance change.  In
this case, an inflection point was seen at a TM-β-CD concen-
tration of 2.0 × 10−6 mol dm−3, which was also just twice the
TCPP concentration (1.0 × 10−6 mol dm−3) used in the exper-
iment for the absorbance change.  This provides additional evi-
dence for the formation of the 2:1 TM-β-CD–TCPP inclusion
complex.  From the simulation for the absorbance change, a K2

value was evaluated to be 4.87 × 1017 mol−2 dm6.  This K2 val-
ue is one order of magnitude less than that obtained from the
fluorescence change.  The K2 value evaluated from the fluores-
cence intensity change is more reliable than that from the ab-
sorbance change, because the fluorescence intensity change is
greater than the absorbance change.  As already noted, the K2

value of TCPP in pH 7.0 buffer has been reported to be 1.4 ×
1016 mol−2 dm6.13  Our estimated K2 value in pH 10.1 buffer is
two orders of magnitude greater than the reported one.  For
TSPP, the formation of the 2:1 TM-β-CD–TSPP inclusion
complex has been confirmed.11  However, the K2 value (1.9 ×
1013 mol−2 dm6) of TSPP is five orders of magnitude less than
that of TCPP.  As mentioned previously, a similar trend is seen
for the binding of γ-CD to TCPP and TSPP.  The differences in
the K values of TCPP and TSPP are most likely due to the fact
that a carboxyphenyl moiety is more hydrophobic than a sul-
fonatophenyl moiety is.

Complex Formation of TCPP with HB in Basic Aqueous
Solution.    Figure 5 depicts absorption spectra of TCPP (1.0
× 10−6 mol dm−3) in pH 10.1 buffers containing various con-
centrations of HB.  As the HB concentration is increased below
about 3.0 × 10−5 mol dm−3 of HB, the absorption peak is
slightly shifted to longer wavelengths, accompanied by the re-
duction of the maximum absorbance and the appearance of an
isosbestic point at 419.5 nm.  Above around 1 × 10−4 mol dm−3

of HB, the isosbestic point disappears.  The isosbestic point at
low concentrations of HB suggests the 1:1 organic cation–or-
ganic anion complex formation between HB and TCPP.

(5)

Here, K3 is the equilibrium constant for the formation of the
1:1 TCPP–HB complex (TCPP•HB).  At high HB concentra-
tions, a 1:2 TCPP–HB complex is most likely formed besides
the 1:1 TCPP–HB complex, leading to the disappearance of
the isosbestic point.  In the low HB concentration range, where

Fig. 4.   Simulation of the observed fluorescence intensity
data for the formation of the 2:1 TM-β-CD–TCPP inclu-
sion complex.  The best fit simulation curve for the 2:1 in-
clusion complex has been calculated under the assump-
tions of c = 1.96 × 108 mol−1 dm3, d = 7.14 × 107 mol−1

dm3, and K3 = 4.34 × 1018 mol−2 dm6.  [TCPP]0 = 5.0 ×
10−7 mol dm−3.  λex = 416 nm.  λobs = 680 nm.

Fig. 5.   Absorption spectra of TCPP (1.0 × 10−6 mol dm−3)
in pH 10.1 buffers containing various concentrations of
HB.  Concentration of HB: (1) 0, (2) 3.0 × 10−6, (3) 1.0 ×
10−5, (4) 3.0 × 10−5, and (5) 1.0 × 10−4 mol dm−3.

K3

TCPP HB TCPP HB+ ⋅
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only the 1:1 TCPP–HB complex is formed, K3 can be evaluat-
ed according to the Benesi–Hildebrand type equation:

1/(A − A0) = 1/b + 1/(bK3[HB]0) (6)

where A and A0 are the absorbances in the presence and ab-
sence of HB, respectively, and b is a constant, and [HB]0 is the
initial concentration of HB.  From the plot based on Eq. 6, the
K3 value has been evaluated to be 43000 ± 3000 mol−1 dm3.

Upon the addition of HB to aqueous solution of TCPP, the
TCPP fluorescence was significantly quenched, indicating the
formation of the complex between TCPP and HB.  On the ba-
sis of an equation similar to Eq. 2, a K3 value has been evaluat-
ed to be 45000 ± 3000 mol−1 dm3.  This K3 value obtained
from the fluorescence intensity change is nearly the same as
that from the absorbance change, confirming that the 1:1
TCPP–HB complex alone is formed at a low HB concentration.

As in the case of HB, the addition of MB to TCPP solution
resulted in the absorption spectral change of TCPP, indicating
the formation of a TCPP–MB complex.  From the absorbance
change upon the addition of MB, a K3 value of TCPP for MB
has been evaluated to be 3800 ± 500 mol−1 dm3, which is one
order of magnitude less than that for HB.  This finding sug-
gests that the hexyl groups of HB contribute to the complex-
ation with TCPP.  The K3 value of Zn TSPP for MB has been
reported to be 2.2 × 104 mol−1 dm3, which is one order of
magnitude greater than that of TCPP.23

Interactions of TCPP with CDs and HB.    Upon the ad-
dition of γ-CD, the absorption spectrum of HB has not been
varied, suggesting that the interactions between γ-CD and HB
are negligible.  Figure 6 illustrates absorption spectra of TCPP
(1.0 × 10−6 mol dm−3) in γ-CD (3.0 × 10−4 mol dm−3) solu-
tions containing various concentrations of HB.  With the in-
crease in the HB concentration, the absorption peak is shifted
to longer wavelengths, accompanied by a reduction of the
maximum absorbance.

To examine whether the absorption spectral change caused
by the addition of HB is due to the formation of a γ-CD–
TCPP–HB inclusion complex, induced circular dichroism (icd)
spectra have been measured for TCPP in γ-CD (3.0 × 10−4

mol dm−3) solutions in the absence and presence of HB (5.0 ×
10−5 mol dm−3) (Fig. 7).  In the absence of HB, a positive icd
signal, which is due to the γ-CD–TCPP inclusion complex, is
seen with a peak at 418 nm.  A positive signal has similarly
been observed for the γ-CD–TSPP inclusion complex.11  Upon
the addition of HB to TCPP solution containing γ-CD, the pos-
itive signal is reduced in intensity, accompanied by an appear-
ance of a negative signal at around 430 nm.  This finding sug-
gests the formation of a ternary inclusion complex among γ-
CD, TCPP, and HB, at the expense of the γ-CD–TCPP inclu-
sion complex.  In the γ-CD–TCPP–HB inclusion complex, the
orientation of the TCPP molecule relative to the γ-CD cavity is
different from that in the γ-CD–TCPP inclusion complex, lead-
ing to the negative icd signal.

For comparison, the icd spectrum of TCPP has been exam-
ined in a solution containing TM-β-CD and HB.  In this case,
the positive signal of TCPP in solution containing TM-β-CD
has only been reduced by the addition of HB, suggesting the
dissociation of the TM-β-CD–TCPP inclusion complex and no
formation of a ternary inclusion complex among TM-β-CD,
TCPP, and HB (not shown).  The narrow cavity of TM-β-CD
compared to γ-CD is responsible for no formation of the terna-
ry inclusion complex of TM-β-CD with TCPP and HB.

The γ-CD–TCPP–HB inclusion complex most likely has a
stoichiometry of 1:1:1 from a viewpoint of the steric factor.

(7)

Here, K4 is the equilibrium constant for the formation of the
1:1:1 γ-CD–TCPP–HB inclusion complex (γ-CD•TCPP•HB).
Taking into account Eqs. 1, 5, and 7, one can derive a quadratic

Fig. 6.   Absorption spectra of TCPP (1.0 × 10−6 mol dm−3)
in pH 10.1 buffers containing γ-CD (3.0 × 10−4 mol dm−3)
and various concentrations of HB.  Concentration of HB:
(1) 0, (2) 1.0 × 10−5, (3) 3.0 × 10−5, (4) 1.0 × 10−4, and
(5) 3.0 × 10−4 mol dm−3.

Fig. 7.   Induced circular dichroism spectra of TCPP (2.0 ×
10−6 mol dm−3) in pH 10.1 buffers containing γ-CD (3.0 ×
10−4 mol dm−3) (curve 1) and both γ-CD (3.0 × 10−4 mol
dm−3) and HB (5.0 × 10−5 mol dm−3) (curve 2).

K4

γ γ- CD TCPP HB - CD TCPP HB⋅ ⋅ ⋅+
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equation for [TCPP]:

(K3 + K1K4[γ-CD]0 + K1K3[γ-CD]0 + 
K1

2K4[γ-CD]0
2)[TCPP]2 + (1 + K3[HB]0 − 

K3[TCPP]0 + K1[γ-CD]0 + K1K4[γ-CD]0[HB]0 − 
K1K4[γ-CD]0[TCPP]0)[TCPP] − [TCPP]0 = 0 (8)

When a K4 value is assumed, the TCPP concentration is calcu-
lated from Eq. 8, since the K1 and K3 values are already known.
With respect to the concentration of HB, the following equa-
tion holds:

[HB] = [HB]0/(1 + K3[TCPP] + K1K4[γ-CD]0[TCPP]) (9)

Consequently, the HB concentration can be evaluated from
Eq. 9, using the TCPP concentration.  The absorbance of TCPP
in solution containing γ-CD and HB is represented as

A = (ε0 + ε1K1[γ-CD]0 + ε2K3[HB] + 
ε3K1K4[γ-CD]0[HB])[TCPP]d (10)

where ε0, ε1, ε2, and ε3 are the molar absorption coefficients of
free TCPP, the γ-CD–TCPP inclusion complex, the TCPP–HB
complex, and the γ-CD–TCPP–HB inclusion complex, respec-
tively, and d is the path length of a cell.  Consequently, the ab-
sorbance of TCPP can be calculated from Eq. 10, since the
TCPP and HB concentrations are evaluated for the assumed K4

value.  From the simulation based on Eq. 10, a K4 value has
been estimated to be 5000 mol−1 dm3 (not shown).  The excel-
lent fit of the simulation curve to the observed data supports
the formation of the 1:1:1 γ-CD–TCPP–HB inclusion com-
plex.

As in the case of the absorbance change, we have simulated
the fluorescence intensity change for TCPP solutions contain-
ing both γ-CD and HB.  When HB is added to TCPP solution
containing γ-CD, the fluorescence intensity of TCPP is repre-
sented by

If = (e0 + e1K1[γ-CD] + e2K3[HB] + 
e3K1K4[γ-CD][HB])[TCPP] (11)

Here, e0, e1, e2, and e3 are the experimental constants that in-
clude the fluorescence quantum yields of free TCPP, the γ-CD–
TCPP inclusion complex, the TCPP–HB complex, and the γ-
CD–TCPP–HB inclusion complex, respectively.

The best-fit simulation curve according to Eq. 11, which has
been calculated in a manner similar to the procedure for the ab-
sorbance change, is exhibited along with the observed fluores-
cence intensity data (Fig. 8).  The excellent fit of the simula-
tion curve to the observed data confirms the existence of the
1:1:1 γ-CD–TCPP–HB inclusion complex.  From this simula-
tion, a K4 value is evaluated to be 7270 mol−1 dm3, with e0 =
1.07 × 108, e1 = 9.66 × 107, e2 = 0, and e3 = 0 mol−1 dm3.
The K4 value evaluated from the fluorescence intensity is
1.45 times greater than that evaluated from the absorbance.
The former K4 value is, however, more reliable, because the
fluorescence intensity change is greater than the absorbance
change.  The finding that the e2 and e3 values are zero is consis-
tent with the fact that, irrespective of the presence of γ-CD, the

TCPP fluorescence is quenched by HB.  This implies that the
TCPP–HB complex and the γ-CD–TCPP–HB inclusion com-
plex do not emit the fluorescence.

The equilibrium constant for the formation of the γ-CD–
TCPP–HB inclusion complex from γ-CD and the TCPP–HB
complex, represented by K5, is defined as

K5 = [γ-CD•TCPP•HB]/([γ-CD][TCPP•HB]) (12)

Consequently, a relationship holds for K1, K3, K4, and K5:

K1K4 = K3K5 (13)

Since the values of K1, K3, and K4 are already known, the K5

value is estimated to be 905 mol−1 dm3.
The K5 values, which are the equilibrium constants for the

formation of the 1:1:1 inclusion complex from CD and an or-
ganic cation–organic anion complex, are in the range of 33
– 900 mol−1 dm3 for the 1:1:1 γ-CD–2,6-bis(1-pyridiniometh-
yl)naphthalene dibromide–naphthalenedicarboxylate inclu-
sion complexes.24  The K5 value for the γ-CD–TCPP–HB in-
clusion complex is nearly the same as that (900 mol−1 dm3) for
the γ-CD–2,6-bis(1-pyridiniomethyl)naphthalene–2,6-naph-
thalenedicarboxylate inclusion complex.  On the other hand,
the K5 value is 21500 mol−1 dm3 for the 1:1:1 γ-CD–thionine–
2-naphthalenesulfonate inclusion complex.14

When MB was added to TCPP (2.0 × 10−6 mol dm−3) solu-
tion containing γ-CD (3.0 × 10−4 mol dm−3), a new signal was
not observed, although the positive signal due to the γ-CD–
TCPP inclusion complex was reduced in intensity.  This find-
ing indicates no formation of a ternary inclusion complex
among γ-CD, TCPP, and MB.  In the γ-CD–TCPP–HB inclu-
sion complex, therefore, a carboxyphenyl moiety in TCPP and
a heptyl group in HB are most likely encapsulated simulta-
neously into the γ-CD cavity.

Fig. 8.   Comparison of the observed fluorescence intensity
data with the fluorescence intensity curve simulated for the
formation of the 1:1:1 TM-β-CD–TCPP–HB inclusion
complex.  The best fit simulation curve for the 1:1:1 inclu-
sion complex has been calculated under the assumption of
e0 = 1.07 × 108, e1 = 9.66 × 107, e2 = 0, e3 = 0, and K4

= 7.27 × 103 mol−1 dm3.  [TCPP]0 = 1.0 × 10−6 mol dm−3.
[γ-CD]0 = 3.0 × 10−4 mol dm−3.  λex = 421 nm.  λobs =
650 nm.
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Upon the addition of MB (1.0 × 10−3 mol dm−3) to TSPP
(2.0 × 10−6 mol dm−3) solution containing γ-CD (3.0 × 10−3

mol dm−3), a positive icd signal due to the γ-CD–TSPP inclu-
sion complex disappeared.  This finding suggests that MB in-
duces the dissociation of the γ-CD–TSPP inclusion complex
rather than the formation of a ternary inclusion complex
among γ-CD, TSPP, and MB.

Conclusions

TCPP forms inclusion complexes with γ-CD and TM-β-CD
in pH 10.1 buffers.  The stoichiometries of the γ-CD–TCPP
and TM-β-CD–TCPP inclusion complexes are 1:1 and 2:1, re-
spectively.  The 2:1 TM-β-CD–TCPP inclusion complex is
quantitatively formed, because the K2 value is exceedingly
large (4.34 × 1018 mol−2 dm6).

TCPP also forms an organic cation–organic anion complex
with HB in pH 10.1 buffer, with K3 = 45000 ± 3000 mol−1

dm3.  When HB is added to TCPP solution containing γ-CD,
the 1:1:1 γ-CD–TCPP–HB inclusion complex is formed.  The
K4 value for the γ-CD–TCPP–HB inclusion complex has been
evaluated to be 7270 mol−1 dm3 from a simulation method us-
ing the fluorescence intensity.  On the other hand, the addition
of TM-β-CD instead of γ-CD does not result in the formation
of the ternary inclusion complex.  This finding suggests that
the cavity size critically controls the formation of the ternary
inclusion complex.
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