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In aqueous solution, -CD forms a 1:1 inclusion complex with phenanthrene analogs (phenanthrene (Phen),
phenanthridine (Phent), and benzo[c]cinnoline (Bcc)). The equilibrium constants, K, for the formation of the 1:1
inclusion complex for the phenanthrene analogs have been evaluated from the fluorescence intensity change. The K
values for the phenanthrene analogs are in the range from 100 to 150 mol~!dm?>. The 1:1 inclusion complexes further
associate with an alkyltrimethylammonium cation (alkyl sulfate or alkanesulfonate) to form a 1:1:1 y~-CD—phenanthrene
analog—alkyltrimethylammonium cation (alkyl sulfate or alkanesulfonate) inclusion complex. The equilibrium constants,
K, for the formation of the 1:1:1 inclusion complex have been evaluated from a simulation for the fluorescence intensity
change. The K, value for the same alkyltrimethylammonium cation is decreased on going from Phen to Bcc. The K, value
of the phenanthrene analog is increased with the alkyl chain length of the alkyltrimethylammonium cation (alkyl sulfate
or alkanesulfonate). In the case of Phen, the K, value for an alkyltrimethylammonium cation is less than that for alkyl
sulfate or alkanesulfonate having the same alkyl group as the alkyltrimethylammonium cation.

Cyclodextrins (CDs) are cyclic oligosaccharides composed
of more than five D-glucopyranose residues.!> Commercially
available CDs having six, seven, and eight D-glucopyranose
residues are called a-, 8-, and y-CD, respectively. Because CD
has a relatively hydrophobic cavity, it accommodates an
organic molecule of appropriate dimensions to form an
inclusion complex. Usually, a CD molecule accommodates a
single guest molecule to form a 1:1 inclusion complex.® In
some cases, however, the CD cavity includes the same or
different kind of guest molecule to form a 1:2 CD-guest or
1:1:1 CD-guest 1—guest 2 inclusion complex.*!* Previously,
we have examined the formation of ternary inclusion com-
plexes of y-CD with sodium 1-pyrenesulfonate and an organic
ion having a long alkyl chain such as trimethyloctylammonium
bromide (or sodium 1-dodecyl sulfate).!! In a dilute solution of
1-pyrenesulfonate, y-CD forms a 1:1 inclusion complex with
1-pyrenesulfonate. The y-CD cavity, into which a 1-pyrene-
sulfonate molecule is incorporated, further accommodates a
long alkyl chain of an organic ion such as trimethyloctyl-
ammonium bromide to form a 1:1:1 inclusion complexes of
y-CD with 1-pyrenesulfonate and the organic ion.

There have been many studies of inclusion complexes of CD
with heterocyclic compounds such as indole derivatives.!>1¢
Heterocyclic compounds may exhibit behavior different from a
parent aromatic hydrocarbon toward the formation of inclusion
complexes with CDs, depending on the position and number of
heteroatoms. In the case of benzoquinolines, the position of a
nitrogen atom on the three fused benzene rings likely affects
the interactions with CDs. In a previous paper, we have
reported the inclusion interactions of three benzoquinoline
isomers with CDs.!” 1-CD forms 1:1 inclusion complexes with

benzo[ f]quinoline and phenanthridine, while a benzo[4]quino-
line solution becomes turbid in the presence of y-CD. Excimer
fluorescence has been observed from the 2:2 y-CD-benzo[ f]-
quinoline inclusion complex, which is formed by the associ-
ation of 1:1 y-CD-benzo[ f]quinoline inclusion complexes. In
addition to the difference in the magnitude of an equilibrium
constant for the formation of the 1:1 inclusion complex of CD,
the 1:1 inclusion complexes of benzo[ f]quinoline and phenan-
thridine behave differently toward their association. For the
benzoquinolines, a ternary inclusion complex of y-CD with
alcohol such as 1-pentanol has not been observed, although a
1:1:1 inclusion complex of y-CD with propylene oxide (or
tetrahydrofuran) has been observed. Taking into account the
diverse inclusion behavior of the benzoquinoline isomers, a
heterocyclic compound is expected to differently behave with
respect to the inclusion interactions with CD, compared to a
parent aromatic hydrocarbon. To our knowledge however, there
has been no study on the effects of the presence of a heteroatom
on an aromatic ring in forming an inclusion complex with CD.

In a series of studies on the formation of ternary inclusion
complexes of CDs, we have been interested in whether or not
a ternary inclusion complex is formed or not among CD, a
heterocyclic compound, and an organic ion having a long alkyl
chain, although CD forms a ternary inclusion complex with
a heterocyclic compound and neutral alcohol (or ether).'®!”
Surfactants, which have both a hydrophobic moiety and a
hydrophilic moiety within a single molecule, are used in
various fields, because surfactants affect the surface tension of
solution and form micelles at high concentrations. A long alkyl
chain is responsible for the hydrophobicity of cationic or
anionic surfactants. Consequently, it is valuable to examine the
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interactions of surfactants with long alkyl chains with a guest
molecule in ternary inclusion complexes of CD. When the
ternary inclusion complex of a heterocyclic compound is
formed, the effects of a heteroatom on the formation of the
inclusion complex may be clarified by a comparison with
the inclusion behavior of a parent compound having no
heteroatom.

The formation of inclusion complexes of phenanthrene with
B- and y-CDs has been investigated by means of a volatiliza-
tion-rate method and a fluorescence method.'®'® Thus, we
selected phenanthrene as a parent aromatic hydrocarbon with-
out a heteroatom. Phenanthridine and benzo[c]cinnoline were
selected as heterocyclic compounds derived from parent
phenanthrene; phenanthridine, and benzo[c]cinnoline have
one and two nitrogen atoms on the phenanthrene ring,
respectively (Chart 1).

Experimental

y-Cyclodextrin (y-CD), which was purchased from Tokyo
Chemical Industry Co., Ltd. was used as received. B-Cyclo-
dextrin (8-CD) purchased from Nacalai Tesque, Inc. was twice
recrystallized from water. Phenanthrene (Phen) obtained from
Tokyo Chemical Industry Co., Ltd. was recrystallized from
ethanol. Phenanthridine (Phent) and benzo[c]cinnoline (Bcc),
which were purchased from Tokyo Chemical Industry Co.,
Ltd., were recrystallized from hexane. Trimethyloctylammo-
nium bromide (TMOA), decyltrimethylammonium bromide
(DeTMA), dodecyltrimethylammonium chloride (DoTMA),
sodium 1-decanesulfonate (SDeS), and sodium 1-undecanesul-
fonate (SUnS), which were obtained from Tokyo Chemical
Industry Co., Ltd., were used as received. Sodium 1-dodecyl
sulfate (SDoS) purchased from Nacalai Tesque Inc. was used
without further purification.

Bull. Chem. Soc. Jpn. Vol. 84, No. 3 (2011) 291

0.6

0.5

0.4

HNWRARUOONOWO
LW A WN -

0.3

Absorbance

0.2 f

0.1

300 350 400 450 500
Wavelength/nm

Figure 1. Absorption spectra of Bee (4.9 x 107> mol dm™)
in aqueous solutions of various pH values. pH: (1) 0.83,
(2) 1.13, (3) 1.44, (4) 1.74, (5) 2.02, (6) 2.22, (7) 2.77,
(8) 3.05, and (9) 4.72.

The concentrations of TMOA, DeTMA, DoTMA, SDeS,
SUnS, and SDoS used in this study were less than their critical
micelle concentrations, respectively. The concentrations of
Phen, Phent, and Bec were estimated under the assumption that
their molar absorption coefficients in water are the same as
those in methanol, respectively. Buffers (6.7 x 10~*mol dm~>
of KH,PO4 and 2.7 x 10> mol dm~ of Na,HPO,4) of pH 7.3
were used for Phent solution.

The fluorescence quantum yields of Bcc were evaluated
relative to that of quinine sulfate in 1.0 mol dm™ H,S0,.2°

Absorption spectra were recorded on a Shimadzu UV-2450
spectrophotometer. Fluorescence spectra were taken with a
Shimadzu RF-501 spectrofluorometer equipped with a cooled
Hamamatsu R-943 photomultiplier or a Shimadzu RF-5300 PC
spectrofluorophotometer. The fluorescence spectra were cor-
rected for the spectral response of the fluorometers. Spectro-
scopic measurements were made at 25 4 0.1 °C.

Results and Discussion

pH Dependence of Absorption and Fluorescence Spectra
of Bee. Figure 1 shows the pH dependence of the absorption
spectrum of Bee (4.9 x 10> moldm™) in aqueous solution.
As a pH value of solution is increased from 0.83 to 4.72, an
absorption band at 312nm is increased in intensity, while an
absorption bands at 358 and 410 nm are reduced. An isosbestic
point is observed at 327 nm. These findings indicate that Bcc is
deprotonated in weakly acidic and neutral solution, while it is
protonated in strongly acidic solution. From the pH dependence
of the absorbance at 358 nm, the pK, value of Bcc has been
estimated to be 1.68 (Figure S1). Consequently, Bce in the
ground state exists as a neutral form in aqueous solution
without buffer. Figure 2 shows fluorescence spectra of Bcc
(2.5 x 107> mol dm—3) in solutions of various pHs. When a pH
value is increased from 0.83 to 2.02, the fluorescence is
enhanced. As the pH value is further increased, the fluores-
cence intensity is conversely decreased, accompanied by a
slight peak shift to shorter wavelengths. Because Bcc has two
nitrogen atoms, the pH dependence of the fluorescence
spectrum shows two-step protonation. Figure 3 depicts the
pH dependence of the fluorescence intensity at 490 nm. From
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Figure 2. Fluorescence spectra of Bec (2.5 x 107°
moldm™) in aqueous solutions of various pH values.
pH: (1) 0.83, (2) 1.44, (3) 2.02, (4) 2.74, and (5) 4.72.
Aex = 327 nm.
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Figure 3. pH dependence of the fluorescence intensity of
Bce observed at 490nm. The maximum fluorescence
intensity is normalized to 100. [Bcc]=2.5 x 1073
moldm ™. A, = 327 nm.

this pH dependence, the apparent pK,, * and pK,,™ values are
estimated to be 1.12 and 2.64, respectively. This indicates that
in the excited singlet state as well as the ground state, Bec in
aqueous solution exists in a neutral form.

Inclusion Complex of y-CD with Bee. Figure 4 exhibits
absorption spectra of Bec (2.5 x 107> mol dm™) in aqueous
solution containing various concentrations of )-CD. When
y-CD is added to Bec solution, the absorption peak at 312 nm is
decreased in intensity, suggesting the formation of an inclusion
complex of y-CD with Bce. The reason why the intensity of the
absorption peak is weakened is not clear at present. Figure 5
shows fluorescence spectra of Bec (2.5 x 107> moldm™) in
aqueous solution in the absence and presence of y-CD
(1.0 x 102mol dm™3). In the presence of y-CD, the fluores-
cence intensity is decreased, suggesting the formation of the
inclusion complex between y-CD and Bcce. The decrease in the
fluorescence of Bcee by the addition of y-CD may partly due to
the decrease in the absorbance at an excitation wavelength. The
fluorescence quantum yields of Bcc in water and cyclohexane
have been estimated to be 0.0065 and 0.0050, respectively.
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Figure 4. Absorption spectra of Bee (2.5 x 107> mol dm™)
in aqueous solutions containing various concentrations
of y-CD. Concentration of y-CD: (1) 0, (2) 1.0 x 1073,
(3) 3.0 x 1073, and (4) 1.0 x 10~2mol dm™>.
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Figure 5. Fluorescence spectra of Bec (2.5 x 107°
moldm™—3) in aqueous solutions containing various con-
centrations of p-CD. Concentration of »-CD: (1) 0,
(2 1.0x1073% (3) 3.0x1073, and (4) 1.0 x 1072
moldm ™. A, = 330 nm.

In addition to the decrease in the absorbance, therefore, the
decrease in the fluorescence intensity may partly be due to the
absence of the hydrogen bonding between water and Bce,
which is located within the y-CD cavity. When the inclusion
complex has a 1:1 stoichiometry concerning y-CD and Bcc, the
equation (double reciprocal plot) holds for the fluorescence
intensity:?!

1/Ug = If°) = 1/a+ 1/(aK,[y-CD]) (M

Here, I; and I are the fluorescence intensities in the presence
and absence of y-CD, respectively, and a, K;, and [y-CD] are
an instrumental constant including the fluorescence quantum
yields of free Bec and the 1:1 y-CD-Bcc inclusion complex,
the equilibrium constant for the formation of the 1:1 ~-CD-Bcc
inclusion complex, and the y-CD concentration, respectively.
Figure 6 shows a double-reciprocal plot for the fluorescence
intensity of Bec (2.5 x 10> moldm™) in aqueous solution
containing y-CD. The plot exhibits a straight line, indicating
that the ~-CD-Bcc inclusion complex has a 1:1 stoichiometry
concerning y-CD and Bcc.
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Figure 6. Double-reciprocal plot for the fluorescence in-
tensity of Bec (2.5 x 107> mol dm™>) in aqueous solutions
containing y-CD. A value of a correlation coefficient is
—0.987. Adex = 330 nm. Ayps = 490 nm.

y-CD + Bee = y-CD-Bee 2)
where y-CD-Bcec is the 1:1 y-CD-Bcec inclusion complex.
From the plot, the K; value for the formation of the 1:1 y-CD-
Bcc inclusion complex is evaluated to be 110 2= 30 mol~! dm?,
which is less than half of that (250 4 30mol~'dm?) of
benzo[ f]quinoline and is slightly less than that (150 %+
30mol~!dm?) of phenanthridine.!” The different numbers of
nitrogen atom and the different position of a nitrogen atom(s)
are likely responsible for the different K; values.

In Figure 5, the longer-wavelength tail is slightly enhanced
at a high concentration of y-CD. This may be due to the
excimer fluorescence of Bcc, which is arisen from a 1:2 or 2:2
y-CD-Bcc inclusion complex.

Effects of TMOA, DeTMA, and DoTMA on the For-
mation of Inclusion Complexes of Bee. Inclusion complexes
are formed between poly(ethylene glycol) and not B-CD
but @-CD.?? In addition, 1,1’-diheptyl-4,4’-bipyridyl dibromide
scarcely forms an inclusion complex with y-CD, due to the
y-CD cavity being too large to closely include a hydro-
phobic heptyl chain of 1,1’-diheptyl-4,4’-bipyridyl dibro-
mide.?® In the presence of ¥-CD of 1.0 x 10~2moldm~, a
change in the conductivity of DoTMA solution is less than 3%,
resulting in no evaluation of the equilibrium constant for the
formation of an inclusion complex of Y-CD with DoTMA."!
Consequently, we have neglected the formation of inclusion
complexes of y-CD with organic ions having a long alkyl
chain.

The 358-nm absorption band of Bcc in the presence of
DeTMA (0.005moldm™3) was slightly decreased by the
addition of y-CD. The spectral change in the 358-nm band
may suggest that an inclusion complex is formed among y-CD,
Bcee, and DeTMA. The addition of DeTMA to Bcc solution
without y-CD did not affect the absorption spectrum of Bec,
suggesting no formation of a binary complex of Bcc with
DeTMA. However, the absorption bands of Bcc in aqueous
solution containing ¥-CD (3.0 x 10~*moldm™) are slightly
decreased in intensity by the addition of DeTMA (Figure 7).
This finding suggests the formation of the ternary inclusion
complex of y-CD with Bec and DeTMA.
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Figure 7. Absorption spectra of Bec (2.5 x 107> mol dm™)

in aqueous solutions containing -CD (3.0 x 107

moldm™) and several concentrations of DeTMA.

Concentration of DeTMA: (1) 0, (2) 3.0 x 1073, and
(3) 1.0 x 107 2mol dm.

As in the case of the fluorescence intensity of Bcc in the
absence of DeTMA, the fluorescence intensity in the presence
of DeTMA (0.01 mol dm~3) was reduced as the 3-CD concen-
tration was increased. Taking into account the dimensions of
the y-CD cavity, a Bcc molecule, and a DeTMA molecule, the
ternary inclusion complex most likely has a 1:1:1 stoichiometry
concerning y-CD, Bcec, and DeTMA.

y-CD-Bec + DeTMA < y-CD-Bec+ DeTMA 3)
where K, is the equilibrium constant for the formation of
the 1:1:1 p-CD-Bcc-DeTMA inclusion complex (-
CD-:Bcc-DeTMA). Under our experimental conditions of low
Bee concentration, the fluorescence intensity of a relevant
species is proportional to its concentration. For Bce solution
containing y-CD and DeTMA, the fluorescence intensity, I, is
represented as

Iy = b[Bcc] + c[y-CD-Bcec] + d[y-CD+Bcc-DeTMA]  (4)

Here, b, ¢, and d are experimental constants including the
fluorescence quantum yields of free Bee, the 1:1 y-CD-Bcec
inclusion complex, and the 1:1:1 y-CD-Bcc-DeTMA inclu-
sion complex, respectively. In the absence of y-CD, the
fluorescence intensity of Bcc was found to be quenched by
DeTMA. The fluorescence quenching of Bce in the absence of
y-CD is due to the dynamic quenching by DeTMA, because
in the ground state a complex is not formed between Bce and
DeTMA. From the dependence of the fluorescence intensity of
Bece on the DeTMA concentration, the Stern—Volmer constant,
Kgv, was evaluated to be 11.6 mol~! dm® (Figure S2). The Kgy
value of Bec in aqueous solution containing NaBr was found
to be 9.3mol~! dm>. Consequently, the fluorescence quench-
ing of Bcc by DeTMA is due partly to a DeTMA cation,
although the fluorescence quenching is mainly caused by Br™.
Taking account of the fluorescence quenching of free Bec by
DeTMA, eq 4 is rewritten as

Ir = b[Bcec]/(1 + Ksy[DeTMA]) + c[y-CD-Bec]
+ d[y-CD-Bcc-DeTMA] (®)]
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Figure 8. Simulation for the observed fluorescence inten-
sities (open circles) of Bcc (2.5 x 10 moldm™3) in
aqueous solutions containing DeTMA (5.0 x 1073
mol dm~) and various concentrations of y-CD. A best fit
simulation curve (solid curve), which has been based on
the scheme involving the formation of the 1:1:1 y-CD-
Bec-DeTMA inclusion complex, has been calculated with
the evaluated K value (110 mol~!dm?), the evaluated ¢/b
value (0.856), an assumed K, value of 35.8 mol~' dm?, an
assumed b value of 2.10 x 108 mol~! dm?, and an assumed
d value of 0mol~!dm?>. A best fit simulation curve (dotted
curve), which has been based on the scheme not involving
the 1:1:1 y-CD-Bcc-DeTMA inclusion complex, has been
calculated with the evaluated K value (110 mol~!' dm?®), the
evaluated ¢’/b" value (=¢/b), and an assumed b’ value of
2.01 x 108 mol~"dm>. Aoy = 330 nm. Agps = 490 nm.

Using the already evaluated K, value, the ratio, ¢/b, could be
estimated to be 0.856 from a simulation of the fluorescence
intensity as a function of the )-CD concentration in y-CD
solution without DeTMA (Figure S3). Introducing the equi-
librium constants, eq 5 is given by

Iy = (b/(1 + Ksy[DeTMAY]) + cK[y-CD]
+ dK K[ y-CD][DeTMA])[Becly
/(1 + K\[y-CD] + K, K>[y-CD][DeTMA])  (6)

where [Bec]y is the initial concentration of Bcce. The values of
¢/b, Kgy, and K; have already been evaluated. Thus, we
simulated the observed fluorescence intensity for Bec solution
containing y-CD and DeTMA (0.005 mol dm—3) as a function
of the y-CD concentration. A best fit simulation curve (solid
curve), which has been calculated from eq 6, is shown in
Figure 8. The simulation curve reproduces the observed
fluorescence intensities. From the simulation, values of K>, b,
and d are estimated to be 35.8 (Table 1), 2.10 x 10%, and
0mol~!dm™3, respectively. A d value of 0 mol~! dm? indicates
that, within the ternary inclusion complex, DeTMA thoroughly
quenches the Bcce fluorescence. This result is reasonable.
Because a DeTMA molecule in the ternary inclusion complex
is in the neighborhood of a Bcc molecule within the y-CD
cavity, the quenching efficiency is expected to be significantly
high. This supports the formation of the 1:1:1 y-CD-Bce—
DeTMA inclusion complex. If the ternary inclusion complex
is not formed, the fluorescence intensity for Bcc solution
containing y-CD and DeTMA is represented by

Inclusion Complexes of Cyclodextrins

Table 1. The K, Values of Phen, Phent, and Bcc for TMOA,
DeTMA, DoTMA, SDeS, SUnS, and SDoS

K,®/mol~! dm?

Phen Phent” Bee
TMOA 380 30 15
DeTMA 510 270 36
DoTMA 4600 910 69
SDeS 2500 12 —9
SUnS 5500 510 —9
SDoS 20000 230 —

a) In pH 7.3 buffer. b) The errors are less than 30%. c) The K,
value could not be evaluated because of a small change in the
fluorescence intensity.

I = (' /(1 + Ksy[DeTMA])
+ K, [y-CDD[Beclp/(1 + K [y-CD]) @)

where b’ and ¢’ are experimental constants including the
fluorescence quantum yield of free Bec and that of the 1:1 -
CD-Bcc inclusion complex, respectively. The value of ¢’/b’ is
equal to the value of ¢/b already obtained. A best fit simulation
curve (dotted curve), which is based on the scheme of no
formation of the ternary inclusion complex, does not fit the
observed fluorescence intensity data, supporting the formation
of the 1:1:1 y-CD-Bcc-DeTMA inclusion complex (Figure 8).

In tetrakis(4-sulfonatophenyl)porphyrin (TSPP) solution
containing y-CD and TMOA or hexyltrimethylammonium
bromide (HTMA), a 1:1:1 ternary inclusion complex is formed
among -CD, TSPP, and TMOA (or HTMA).>* As previously
described, the formation of a 1:1:1 y-CD-1-pyrenesulfonate—
TMOA (or -DeTMA) inclusion complex has been reported. !
As in the cases of the complexes of y-CD-TSPP-TMOA (or
—HTMA) and y-CD-1-pyrenesulfonate-TMOA (or -DeTMA),
an alkyl chain of DeTMA is likely bound to the y-CD cavity
together with Bce.

Absorption and fluorescence spectral changes, which are
similar to those for DeTMA, respectively, were observed for
TMOA and DoTMA (Figures S4-S7). As in the case of
DeTMA, ternary inclusion complexes are most likely formed
for TMOA and DoTMA. The K, values for TMOA and
DoTMA were determined to be 14.7 and 69.3 mol~!dm?,
respectively, from simulations similar to that for DeTMA
(Figures S8 and S9). These K, values are summarized in
Table 1. The K, value increases as an alkyl chain in an
alkyltrimethylammonium ion is lengthened. The dependence of
K, on the length of an alkyl chain is similar to that in the
system of y-CD-1-pyrenesulfonate—alkyltrimethylammonium
ion.!!

Inclusion Complexes of y-CD with Phent and Phen.
From titration experiments using the absorbance and the
fluorescence intensity of Phent, the pK, value and the apparent
pK.* value of Phent have been reported to be 4.62 and 4.66,
respectively.!” Consequently, Phent in pH 7.3 buffer exists in a
neutral form. Upon the addition of -CD, the absorption bands
of Phent in pH 7.3 buffer have been shifted to longer
wavelengths, accompanied by a decrease in the absorption-
peak intensity (Figure S10). This suggests the formation of
an inclusion complex of y-CD with Phent. The fluorescence
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Figure 9. Fluorescence spectra of Phen (1.2 x 107°
moldm™) in aqueous solutions containing various con-
centrations of y-CD. Concentration of y-CD: (1) 0, (2)
1.0 x 1073, (3) 3.0 x 1073, and (4) 1.0 x 10~2mol dm™3.
Aex =290 nm.

intensity of Phent was reduced by the addition of y-CD,
suggesting the formation of the y-CD-Phent inclusion com-
plex.!” From the fluorescence intensity change, the K; value for
Phent has been evaluated to be 150 £ 30 mol~' dm3.!” This K,
value for Phent in pH 7.3 buffer is slightly greater than that
(110 & 30 mol~! dm®) for Bce in aqueous solution.

When y-CD was added to Phen solution, the absorption
bands were shifted to longer wavelengths, suggesting the
formation of an inclusion complex of Y-CD with Phen
(Figure S11). Figure 9 exhibits fluorescence spectra of Phen
in aqueous solution containing various concentrations of y-CD.
As the y-CD concentration is increased, the fluorescence
intensity is reduced, accompanied by slight shifts of the
fluorescence peaks to longer wavelengths and the sharpening of
the bands. The sharpening of the fluorescence bands indicates
that a Phen molecule in y-CD solution is located in a less polar
environment. Consequently, these findings indicate the forma-
tion of the inclusion complex of y-CD with Phen. From a
double-reciprocal plot, a K| value of 100 & 5mol~' dm? has
been evaluated for Phen (Figure S12). A straight line well fit to
the observed data indicates the formation of the 1:1 y-CD-Phen
inclusion complex. This K; value for Phen is slightly less than
that for Phent.

From the fluorescence intensity change, the K; value for the
formation of the 1:1 B-CD-Phen inclusion complex has been
evaluated to be 600 +30mol~'dm’ in this study. The K|
values of Phen with y-CD and B-CD have been reported to be
(7.7 £ 0.1) x 10% and (1.5 + 0.3) x 10> mol~! dm’, respective-
ly, which have been evaluated by means of a vaporization-rate
method.'® From the fluorescence intensity change, however, a
K, value for B-CD has been reported to be 170 mol~" dm?3."°
Because the p-CD cavity is most likely too wide to
accommodate a Phen molecule, the K; value for y-CD is
expected to be less than that for B-CD. The K; value
(600 % 30 mol~! dm?) evaluated in this study and the reported
K, value (170 mol~! dm?) for B-CD obtained from the fluores-
cence data suggest that the K; value for y-CD is less than a K
value of 600 or 170 mol~!dm® for B-CD. Consequently, a K
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value of 100 £ 5mol~!dm? for y-CD obtained in this study
seems to be reasonable, although a large K; value has been
estimated from the vaporization-rate method. At pH 7.3, the
K, value of Phen for y-CD has been evaluated to be
91 £ 19mol~'dm® from the fluorescence intensity change.
Taking into account the experimental errors, this K; value is
nearly the same as that (100 &= 5mol~!dm?) in water without
buffer. Consequently, there seems to be little or no effects of
buffer (salt) on the K; value.

Ternary Inclusion Complexes of Phent and Phen with
Alkyltrimethylammonium Cations. When TMOA was
added to Phent solution containing Y»-CD (3.0 x 1073
moldm™3), the absorption peaks of Phent were shifted to
longer wavelengths, suggesting the formation of a ternary
inclusion complex of »-CD with Phent and TMOA
(Figure S13). The fluorescence intensity of Phent in aqueous
solution containing TMOA was reduced by the addition of
y-CD (Figure S14). Consequently, simulations similar to that
for Bcc were made for Phent solutions containing an
alkyltrimethylammonium cation as a function of the y-CD
concentration (Figure S15). The K, values of Phent evaluated
for TMOA, DeTMA, and DoTMA are summarized in Table 1.
As in the case of Bece, the K, value of Phent is increased with an
increase in the length of an alkyl chain of an alkyltrimethyl-
ammonium cation. For the same alkyltrimethylammonium
cation, the K, value of Phent is greater than that of Bce. This
finding is most likely due to the hydrophobicity of Phent
stronger than that of Bcec. In the ternary inclusion complex of
y-CD-Phent-an alkyltrimethylammonium cation, the strong
hydrophobicity of Phent may cause the strong interactions of
Phent with an alkyl group of the alkyltrimethylammonium
cation located within the y-CD cavity.

The addition of TMOA to Phen solution without y-CD
resulted in no change in the absorption spectrum of Phen. In the
presence of Y-CD of 3.0 x 1073>moldm™, the absorption
peaks of Phen were shifted to longer wavelengths by the
addition of TMOA (Figure S16). This indicates the formation
of a ternary inclusion complex of y-CD, Phen, and TMOA. As
in the cases of Bce and Phent, the K, values of Phen were
estimated from simulations similar to those for Bcc and Phent,
using the fluorescence intensity change (Figure S17). The K,
values thus obtained are tabulated in Table 1. A trend in the
magnitude of the K, value of Phen is the same as those of Bce
and Phent; the longer the length of an alkyl chain of an
alkyltrimethylammonium cation is, the larger the K, value is.
For the same alkyltrimethylammonium cation, the K, value
follows the order Phen > Phent > Bcc. The K value represents
a measure of the affinity of the phenanthrene analog to an alkyl
group of the alkyltrimethylammonium cation. Because the
hydrophobicity is increased on going from Bec to Phen, the K,
value is increased in this order, although, in the ternary
inclusion complex, the orientation of the aromatic guest within
the y-CD cavity may be slightly different from each other; the
entropy changes for the formation of the 1:1:1 inclusion
complex are probably not too different for Phen, Phent, and
Bcc. In the ternary inclusion complex, a long alkyl chain of an
alkyltrimethylammonium cation is tightly bound to the void
space within the y-CD cavity accommodating a guest molecule
such as Phen. Consequently, the K, value may greatly reflect
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the hydrophobicity of the phenanthrene analog. In the
formation of the 1:1 inclusion complex of the analog, on the
other hand, the K; values are not too different from each other
due to the loose binding of the analog to the y-CD cavity.

To confirm the effects of the snug fit of the phenanthrene
analog to the CD cavity, we have estimated the K; values for
B-CD, of which diameter is less than that of y-CD. As
compared to the K value for y-CD, the K| value for 8-CD is
expected to more strongly depend on the hydrophobicity of a
guest; the K value for B-CD is expected to greatly vary with a
variation in the hydrophobicity of a guest molecule. In fact, the
K, values of B-CD for Bce, Phent, and Phen obtained in this
study are 280420, 370410, and 600 & 30mol~' dm?,
respectively (Figure S18). The K value for B-CD varies in a
range wider than the K; value for y-CD does. The wide
variation of the K value for B-CD reflects the snug fit of the
phenanthrene analogs to the S-CD cavity.

Ternary Inclusion Complexes of Phent and Phen with
Alkanesulfonates or an Alkyl Sulfate. SDeS, SUnS, and
SDoS are organic anions, which have a long alkyl chain. When
SDeS, SUnS, and SDoS were used instead of the alkyltri-
methylammonium cations, absorption and fluorescence spectral
changes of Phent (or Phen) were similar to those for the
alkyltrimethylammonium cations (Figures S19-S22). Conse-
quently, ternary inclusion complexes of SDeS, SUnS, and
SDoS are most likely formed. Thus, we investigated the
dependence of the K, value on the alkyl-chain length, using the
organic anions having a long alkyl chain. In contrast to the
organic cations such as TMOA, the organic anions such as
SDeS did not quench the fluorescence of the free phenanthrene
analogs. In the simulations of evaluating the K, value therefore,
we did not take into account the dynamic quenching of the
fluorescence of free Phent and free Phen by these organic
anions. Figure 10 shows the simulation for the observed
fluorescence intensity of Phent (3.3 x 107> moldm™) in
pH 7.3 buffer containing SDoS (3.0 x 10~*moldm™3) and
y-CD. From the simulation, a K, value of 228 mol™! dm’® has
been estimated. The results are summarized in Table 1
(Figure S23 for the simulation of the )-CD-Phen—SDeS
system). Except for SUnS in the case of Phent, the K, value
is increased on going from SDeS to SDoS; the K, value is
increased with an increase in the length of an alkyl chain. This
trend is the same as that for the alkyltrimethylammonium
cations. The K, value of Phen for the organic anion is greater
than that for the alkyltrimethylammonium cation with the same
alkyl chain, while the K, value of Phent for the organic anion
seems to be rather less than that for the alkyltrimethylammo-
nium cation. The reason for the different trends in the K, value
between Phen and Phent is not clear at present.

As in the cases of Phen and Phent, -CD forms 1:1:1
inclusion complexes with 1-pyrenesulfonate and the organic
anions such as SDeS.!! The K, values of 1-pyrenesulfonate for
the organic anions are two to three orders of magnitude less
than those for the organic cations such as DeTMA. For the
ternary inclusion complexes of 1-pyrenesulfonate, the electro-
static repulsion between anionic 1-pyrenesulfonate and anionic
an alkanesulfonate (SDeS) decelerates the formation of the
ternary inclusion complex. On the other hand, Phen and Phent
are present in a neutral form. No electrostatic interactions work

Inclusion Complexes of Cyclodextrins

50

0.004 0.006 0.008 0.01
[y-CD]/mol dm-3

0 0.002

Figure 10. Simulation for the observed fluorescence in-
tensities (open circles) of Phent (3.3 x 1073 mol dm~3) in
pH 7.3 buffer containing SDoS (3.0 x 10~#mol dm~3) and
various concentrations of -CD. A best fit simulation curve
(solid curve), which has been based on the scheme
involving the formation of the 1:1:1 y-CD-Phent-SDoS
inclusion complex, has been calculated with the evaluated
K value (150 mol~! dm?), evaluated ¢/b values (0.230), an
assumed K, value of 228 mol~! dm?, an assumed b value of
1.00 x 10" mol~!' dm?, and an assumed d value of 2.29 x
107 mol~'dm?. A best fit simulation curve (dotted curve),
which has been based on the scheme not involving the
formation of the 1:1:1 p-CD-Phent-SDoS inclusion
complex, has been calculated with the evaluated K; value
(150 mol~"dm?), and ¢’/b’ value (=c/b), and an assumed
b’ value of 1.04 x 10°mol~'dm?. A, =318nm. Ay =
368 nm.

between Phen (Phent) and the organic ions such as SDeS and
DeTMA. The K, values of Phen for SDeS and SDoS are
respectively about four and five times greater than those for
DeTMA and DoTMA, which have the same decyl and dodecyl
chain as SDeS and SDoS, respectively. The K, value of Phent
for SDoS is about four times less than that for DoTMA,
although the K, value of Phent for SDeS is about 22 times less
than that for DeTMA. In contrast to the case of 1-pyrenesul-
fonate,'! the relatively small difference in the K, value between
an organic cation and an organic anion may be ascribed to no
electrostatic interactions between Phen (Phent) and an organic
cation (or organic anion).

Conclusion

In aqueous solution, y-CD forms 1:1 inclusion complexes
with the phenanthrene analogs (Bcc, Phent, and Phen). The
equilibrium constants, K, for the formation of the 1:1 y~-CD-
phenanthrene analog inclusion complexes are in the range of
100 to 150 mol~" dm? for Bec, Phent, and Phen. On the other
hand, the K; values for S-CD are in the range of 280 to
600 mol~! dm?. This suggests that the fit of a guest to the CD
cavity affects the magnitude of the K; value for a phenanthrene
analog. The 1:1 y-CD-phenanthrene analog inclusion complex
further associates with an alkyltrimethylammonium cation,
alkanesulfonate, or alkyl sulfate to form a 1:1:1 inclusion
complex. The equilibrium constant, K5, for the formation of the
1:1:1 inclusion complex is increased with an increase in the
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length of an alkyl chain of the alkyltrimethylammonium cation
(or alkanesulfonate etc.). In addition, the magnitude of K,
strongly depends on the kind of the phenanthrene analog, while
the magnitude of K is not too different from each other. The K,
value of Phen for an alkyltrimethylammonium cation is less
than that for an organic anion such as alkyl sulfate having an
alkyl chain of the same length as that of the alkyltrimethyl-
ammonium cation.

Supporting Information

Titration curve, Stern—Volmer plot, absorption spectra,
fluorescence spectra, double-reciprocal plots, and simulations
for the fluorescence intensity of Bec, Phent, and Phen. This
material is available free of charge on the web at http://
www.cs].jp/journals/bcsj/.
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