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In aqueous solution, the interactions of 2,4- and 2,5-diphenyloxazole (2,4- and 2,5-DPO) with �- and �-cyclodex-
trin (�- and �-CD) have been examined by means of absorption and fluorescence spectroscopies. �-CD forms a 2:1
host–guest inclusion complex with 2,4-DPO, whereas �-CD forms a 1:1 inclusion complex with 2,4-DPO. Equilibrium
constants for the formation of these inclusion complexes have been evaluated. Upon the addition of alcohol to 2,4-DPO
solution containing �-CD, the 2:1 �-CD–2,4-DPO inclusion complex accommodates alcohol to form a 2:2:1 �-CD–al-
cohol–2,4-DPO inclusion complex. The equilibrium constant for the formation of the 2:2:1 inclusion complex increases
as the alkyl chain of the alcohol is lengthened from 1-pentanol to 1-heptanol. A similar trend in the magnitude of the
equilibrium constant has been observed for diols (1,9-nonanediol and 1,10-decanediol). In contrast to 2,4-DPO, 2,5-DPO
forms a 1:1 �-CD–2,5-DPO inclusion complex at a low concentration of 2,5-DPO. At a high concentration of 2,5-DPO,
excimer fluorescence of 2,5-DPO has been observed in the presence of �-CD. From simulations of excimer fluorescence
intensity as a function of �-CD concentration, the excimer fluorescence is ascribed to both a 1:2 �-CD–2,5-DPO inclu-
sion complex and a 2:2 �-CD–2,5-DPO inclusion complex.

Cyclodextrins (CDs), which are cyclic oligosaccharides,
have more than five D-glucopyranose residues.1 There is a hy-
drophobic cavity in the molecular center of CDs. An organic
molecule of appropriate dimensions can be incorporated into
the CD cavity to form a 1:1 host–guest inclusion complex.
�-CD, which is composed of eight D-glucopyranose residues,
has a cavity wider than those of �- and �-CD, which are com-
posed of six and seven D-glucopyranose residues, respectively.
In some cases therefore, �-CD forms a 1:2 host–guest inclu-
sion complex besides a 1:1 inclusion complex; 1:2 �-CD–
guest inclusion complexes have been observed for Methyl Or-
ange, Methylene Blue, Pyronine B, thionine, 2-dibenzofuranol,
etc.2–6 In addition to 1:2 inclusion complexes, �-CD forms 2:2
host–guest inclusion complexes,7–12 which are produced by
association of the 1:1 inclusion complexes, although �-CD
also forms a 2:2 inclusion complex.13–15

The position of a substituent in a guest molecule affects the
equilibrium constant for the formation of an inclusion complex
with CD. Because of steric hindrance and/or different orienta-
tion in incorporating a guest molecule into a CD cavity, the
equilibrium constants for positional isomers are different from
each other. For o-, m-, and p-chlorocinnamic acid and o-, m-,
and p-methoxycinnamic acid, the equilibrium constants of �-
CD are 761, 1110, 595, 61, 451, and 658mol�1 dm3, respec-
tively.16 For 3- and 4-methylphenylacetate, the equilibrium
constants of �-CD are 11:9� 1:4 and 40:4� 1:7mol�1 dm3,
respectively.17 In the case of 3- and 4-methoxyphenylacetate,
the equilibrium constants of �-CD are 38:0� 1:1 and 69:3�
1:6mol�1 dm3, respectively.17

In heterocyclic compounds, there may be isomers due to the
different position of the heteroatom(s). In the case of benzo-
quinolines, the position of a nitrogen atom in the three fused

benzene rings likely affects the interactions with CDs. Recent-
ly, we have investigated the inclusion behavior of three benzo-
quinoline isomers by CDs.18 �-CD forms 1:1 inclusion com-
plexes with benzo[ f]quinoline and phenanthridine, while a
benzo[h]quinoline solution becomes turbid in the presence of
�-CD. Excimer fluorescence has been observed only for the
2:2 �-CD–benzo[ f]quinoline inclusion complex, which is
formed by the association of 1:1 �-CD–benzo[ f]quinoline in-
clusion complexes. In addition to the difference in magnitude
of the equilibrium constant for the formation of the 1:1 inclu-
sion complex, the 1:1 inclusion complexes of benzo[ f]quino-
line and phenanthridine behave differently towards their asso-
ciation.

2,5-Diphenyloxazole (2,5-DPO) is a fluorescent compound,
which is often used for scintillation counting. Agbaria and Gill
have reported that 2,5-DPO emits excimer fluorescence in the
presence of �-CD.19,20 They have suggested that a 1:2 �-CD–
2,5-DPO inclusion complex is formed, and that the 1:2 inclu-
sion complexes aggregate to form extended linear beads. Exci-
mer fluorescence has been ascribed to the 1:2 �-CD–2,5-DPO
inclusion complex and its aggregate in �-CD solution.19,20

2,4-Diphenyloxazole (2,4-DPO) is a positional isomer of
2,5-DPO. Two phenyl groups in 2,5-DPO are located on both
sides of an oxygen atom in an oxazole ring, respectively,
whereas two phenyl groups in 2,4-DPO are located on both
side of a nitrogen atom in an oxazole ring, respectively
(Chart 1). Consequently, the two DPO molecules are nearly
the same molecular shape, differing in the position of an oxy-
gen atom and a nitrogen atom or interchanging the positions of
these hetero-atoms.

To our knowledge, there have been no studies in which the
complexation of CD with 2,4-DPO has been examined. We
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have been interested in the interactions of �-CD with the two
DPO isomers, because it has been suggested that a single �-
CD molecule can accommodate two 2,5-DPO molecules.
Thus, we have examined the inclusion modes of �-CD towards
2,4-DPO. Two �-CD molecules have been found to accommo-
date a single 2,4-DPO molecule. To compare the interactions
between �-CD and DPOs, we have also examined the com-
plexation of �-CD and 2,5-DPO through the excimer fluores-
cence of 2,5-DPO. We have further investigated the effects
of alcohols on the formation of the inclusion complex of
�-CD with 2,4-DPO.

Experimental

�-Cyclodextrin (�-CD), which was purchased from Wako Pure
Chemical Industries, Ltd., was used as received. �-Cyclodextrin
(�-CD), which was purchased from Nacalai Tesque, Inc., was
twice recrystallized from water. 2,4-Diphenyloxazole (2,4-DPO)
and 2,5-diphenyloxazole (2,5-DPO), which were obtained from
Tokyo Chemical Industry Co., Ltd., were used as received. 1-Pen-
tanol and 1-hexanol, purchased from Wako Pure Chemical Indus-
tries, Ltd., were used without further purification. 1-Heptanol,
1,9-nonanediol, 1,10-decanediol, and 1,12-dodecanediol, obtained
from Tokyo Chemical Industry Co., Ltd., were used as received.
Aqueous solutions of 2,4-DPO and 2,5-DPO, which were used
for the preparation of sample solutions, were prepared by sub-
merging their crystals in water for a few days in the dark. The con-
centrations of 2,4- and 2,5-DPO were estimated under the assump-
tion that their molar absorption coefficients in water are the same
as those in methanol.

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. The fluorescence spectra were
corrected for the spectral response of the fluorometer. Spectro-
scopic measurements were made at 25� 0:1 �C.

Results and Discussion

Inclusion of 2,4-DPO by �-CD. Figure 1 shows absorp-
tion spectra of 2,4-DPO (2:8� 10�6 mol dm�3) in aqueous
solutions containing several concentrations of �-CD. Upon
the addition of �-CD, the absorbance of 2,4-DPO in aqueous
solution is slightly increased over the wavelength range exam-
ined, suggesting interaction of �-CD with 2,4-DPO.

Figure 2 depicts fluorescence spectra of 2,4-DPO (2:8�
10�6 mol dm�3) in aqueous solutions containing various con-
centrations of �-CD. When �-CD is added to 2,4-DPO solu-
tion, the 2,4-DPO fluorescence is reduced in intensity. At the
same time, the intensity of a shoulder at about 370 nm surpass-
es the intensity of a peak at 390 nm, the fluorescence band
being maximized at 365 nm at a �-CD concentration of
1:0� 10�2 mol dm�3, because the fluorescence maximum at

390 nm in the absence of �-CD is significantly decreased in
intensity compared to the shoulder at about 370 nm.

When �-CD forms a 1:1 inclusion complex with 2,4-DPO,
the equation (double reciprocal plot) holds for the fluorescence
intensity:

1=ðIf � If
0Þ ¼ 1=aþ 1=ðaK½�-CD�Þ: ð1Þ

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

and absence of �-CD, respectively, and a, K, and [�-CD] are
instrumental constants including the fluorescence quantum
yields of free 2,4-DPO and the 1:1 inclusion complex, the
equilibrium constant for the formation of the 1:1 �-CD–2,4-
DPO inclusion complex, and the �-CD concentration, respec-
tively. Figure 3a exhibits a double reciprocal plot for the fluo-
rescence intensity of 2,4-DPO (2:8� 10�6 mol dm�3) in aque-
ous solution containing �-CD. The plot does not show a
straight line, indicating that the �-CD–2,4-DPO inclusion
complex does not have a 1:1 stoichiometry concerning �-CD
and 2,4-DPO. There may be a possibility that a 2:1 �-CD–
2,4-DPO inclusion complex ((�-CD)2�2,4-DPO) is formed,
because 2,4-DPO is long in molecular shape.

Chart 1.

Figure 1. Absorption spectra of 2,4-DPO (2:8� 10�6

mol dm�3) in aqueous solutions containing several con-
centrations of �-CD. Concentration of �-CD: (1) 0, (2)
3:0� 10�3, and (3) 1:0� 10�2 mol dm�3.

Figure 2. Fluorescence spectra of 2,4-DPO (2:8� 10�6

mol dm�3) in aqueous solutions containing various con-
centrations of �-CD. Concentration of �-CD: (1) 0, (2)
3:0� 10�3, (3) 5:0� 10�3, and (4) 1:0� 10�2 mol dm�3.
�ex ¼ 295 nm.
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2�-CDþ 2,4-DPO �
K1

(�-CD)2�2,4-DPO: ð2Þ

Here, K1 is the equilibrium constant for the formation of the
2:1 �-CD–2,4-DPO inclusion complex. In this case, a plot of
1=ðIf � If

0Þ against 1/[�-CD]2 should exhibit a straight line.

1=ðIf � If
0Þ ¼ 1=bþ 1=ðbK1½�-CD�2Þ; ð3Þ

where b and K1 are instrumental constants including the
fluorescence quantum yields of free 2,4-DPO and the 2:1 �-
CD–2,4-DPO inclusion complex, and the equilibrium constant
for the formation of the 2:1 �-CD–2,4-DPO inclusion com-
plex, respectively. Figure 3b shows a plot based on eq 3,
which exhibits a straight line, indicating that the 2:1 �-
CD–2,4-DPO inclusion complex is produced. From the plot
shown in Figure 3b, the K1 value is evaluated to be 61000
mol�2 dm6. Because �-CD has the widest cavity among �-,
�-, and �-CDs, two guest molecules are likely accommodated
within the �-CD cavity rather than a single guest molecule
being accommodated within two �-CD cavities. For 2,4-
DPO, however, two �-CD molecules are bound to a single
2,4-DPO molecule, forming the 2:1 �-CD–2,4-DPO inclusion
complex.

The 2:1 �-CD–2,4-DPO inclusion complex would be
formed stepwise through the formation of the 1:1 �-CD–2,4-
DPO inclusion complex. However, the data of the observed
fluorescence intensity exhibit very good linearity for the plot

of 1=ðIf � If
0Þ against 1/[�-CD]2 as shown in Figure 3b. Con-

sequently, the 2:1 �-CD–2,4-DPO inclusion complex is
formed as if the formation proceeds in a single step, probably
because the equilibrium constant of the formation of the 2:1
inclusion complex from the 1:1 �-CD–2,4-DPO inclusion
complex and additional �-CD is very large.

We next examined the interactions of �-CD with 2,4-DPO.
The formation of a 1:1 inclusion complex of �-CD with 2,4-
DPO was confirmed from the linearity of a double reciprocal
plot for the 2,4-DPO fluorescence intensity. The equilibrium
constant (K) for the formation of the 1:1 �-CD–2,4-DPO in-
clusion complex was estimated to be 760� 100mol�1 dm3,
which is close to the equilibrium constant (685mol�1 dm3)
of naphthalene.13 Although 2,4-DPO is almost a linear mole-
cule, its shape is slightly bent. Consequently, an additional
�-CD molecule may not bind a 2,4-DPO molecule located
within the �-CD cavity, probably because there is steric hin-
drance from the �-CD molecule bound to the 2,4-DPO mole-
cule. Two �-CD molecules having a wide cavity, however,
may accommodate a single 2,4-DPO, facing each other.

Effects of Alcohols on the Incorporation of 2,4-DPO into
the �-CD Cavity. Harada et al. have reported that inclusion
complexes are formed between poly(ethylene glycol) and not
�-CD but �-CD.21 Poly(propylene glycol), which has methyl
side chains, forms inclusion complexes with �-CD and �-
CD, although �-CD does not form inclusion complexes with
poly(ethylene glycol) of any molecular weight. In addition, it
has been reported that 1,10-diheptyl-4,40-bipyridyl dibromide
scarcely forms an inclusion complex with �-CD, due to the
�-CD cavity being too large to closely include a hydrophobic
heptyl-chain of 1,10-diheptyl-4,40-bipyridyl dibromide.22 In
this study, therefore, we have neglected the formation of an
inclusion complex of �-CD with alcohol.

Figure 4 illustrates absorption spectra of 2,4-DPO
(1:4� 10�6 mol dm�3) in aqueous solution containing �-CD
(3:0� 10�3 mol dm�3) and various concentrations of 1-penta-
nol (PeOH). As the PeOH concentration is increased, the
absorption peak at around 275 nm decreases, suggesting the
formation of an inclusion complex of �-CD with PeOH and
2,4-DPO. Figure 5 exhibits fluorescence spectra of 2,4-DPO

Figure 3. (a) Plot of 1=ðIf � If
0Þ against 1/[�-CD] for 2,4-

DPO in aqueous solution containing �-CD. (b) Plot of
1=ðIf � If

0Þ against 1/[�-CD]2 for 2,4-DPO in aqueous
solution containing �-CD. [2,4-DPO] = 2:8� 10�6

mol dm�3. � ex ¼ 295 nm. �obs ¼ 380 nm.

Figure 4. Absorption spectra of 2,4-DPO (1:4� 10�6

mol dm�3) in aqueous solutions containing �-CD
(3:0� 10�3 mol dm�3) and various concentrations of
PeOH. Concentration of PeOH: (1) 0, (2) 2:76� 10�3,
(3) 9:20� 10�3, and (4) 2:76� 10�2 mol dm�3.
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(1:4� 10�6 mol dm�3) in �-CD (3:0� 10�3 mol dm�3) solu-
tion containing various concentrations of PeOH. When the
PeOH concentration is raised, the fluorescence intensity is re-
duced. This spectral change is similar to that for the increase in
the �-CD concentration in the absence of PeOH (Figure 2).
The fluorescence spectral change (Figure 5) as well as the ab-
sorption spectral change (Figure 4) indicates the formation of
the inclusion complex among �-CD, PeOH, and 2,4-DPO. To
determine the stoichiometry of the ternary �-CD–PeOH–2,4-
DPO inclusion complex, we applied a continuous variation
method using the fluorescence intensity, keeping the sum
(C0) of the concentrations of �-CD and PeOH at 1:0� 10�2

mol dm�3 (Figure 6). In Figure 6, the open circles show the
observed fluorescence intensity of 2,4-DPO. The upper curve
(solid curve) exhibits the fluorescence intensity calculated un-
der the assumption that the ternary inclusion complex among
�-CD, PeOH, and 2,4-DPO is not formed (only the 2:1 �-
CD–2,4-DPO inclusion complex is formed). The closed circles
show the change in the fluorescence intensity, which is the
difference between the calculated fluorescence intensity (the
value on the upper curve) and the observed fluorescence inten-
sity (open circle).

Because the absorbance at excitation wavelength is very
small in this study, the fluorescence intensity is proportional
to the concentration of the fluorescent species. Taking into ac-
count the �-CD cavity size and the dimensions of the alkyl
chain of PeOH, it is likely that the �-CD–PeOH–2,4-DPO
inclusion complex contains one or two PeOH molecules,
because two �-CD molecules are included within the 2:1 �-
CD–2,4-DPO inclusion complex. Under the assumption that
two PeOH molecules are included in the ternary �-CD–
PeOH–2,4-DPO inclusion complex, therefore, the stoichiomet-
ric ratio of the ternary inclusion complex is 2:2:1 for �-CD,
PeOH, and 2,4-DPO. The fluorescence intensity (If

ic) of
the 2:2:1 �-CD–PeOH–2,4-DPO inclusion complex ((�-CD)2�
(PeOH)2�2,4-DPO) is proportional to the concentration of the
ternary 2:2:1 inclusion complex:

If
ic ¼ c½(�-CD)2�(PeOH)2�2,4-DPO�
¼ cK0½�-CD�2½PeOH�2½2,4-DPO�;

ð4Þ

where c is an instrumental constant and K0 is the equilibrium
constant for the formation of the ternary inclusion complex.
Assuming that the initial concentration ([2,4-DPO]0) of 2,4-
DPO is expressed as the sum of the concentrations of free
2,4-DPO and the 2:1 �-CD–2,4-DPO inclusion complex,
eq 4 is rewritten as

If
ic ¼ cK 0½�-CD�2ðC0 � ½�-CD�Þ2½2,4-DPO�0

=ð1þ K1½�-CD�2Þ:
ð5Þ

The calculated curve (dotted curve) for the fluorescence inten-
sity, which is normalized to the maximum value for the closed
circles in Figure 6, fits the observed data (closed circles),
suggesting that two PeOH molecules are included within the
�-CD–PeOH–2,4-DPO inclusion complex; the 2:2:1 �-CD–
PeOH–2,4-DPO inclusion complex is formed. The calculated
curve is maximized at a [�-CD]/([�-CD] + [PeOH]) value
of 0.36. It should be noted that this value does not show a
molar ratio of �-CD to PeOH in the �-CD–PeOH–2,4-DPO
inclusion complex.

Taking into account the 2,4-DPO concentration in the terna-
ry inclusion complex, the initial concentration of 2,4-DPO is
expressed as the sum of the concentrations of free 2,4-DPO,
the 2:1 �-CD–2,4-DPO inclusion complex, and the ternary
inclusion complex. In this case, the fluorescence intensity of
the ternary inclusion complex is represented by

Figure 5. Fluorescence spectra of 2,4-DPO (1:4� 10�6

mol dm�3) in aqueous solutions containing �-CD (3:0�
10�3 mol dm�3) and various concentrations of PeOH.
Concentration of PeOH: (1) 0, (2) 9:20� 10�4, (3)
2:76� 10�3, (4) 9:20� 10�3, and (5) 2:76� 10�2

mol dm�3. � ex ¼ 300 nm.

Figure 6. Continuous variation plot for the fluorescence
intensity of 2,4-DPO (1:4� 10�6 mol dm�3) in aqueous
solution containing �-CD and PeOH. The sum of the
concentrations of �-CD and PeOH has been fixed at
1:0� 10�2 mol dm�3. The upper curve (solid curve)
exhibits fluorescence intensity calculated under the as-
sumption that the �-CD–PeOH–2,4-DPO inclusion com-
plex is not formed. Open circles exhibit the observed
fluorescence intensity. Closed circles exhibit the change
in the fluorescence intensity, which is the difference be-
tween the calculated fluorescence intensity (the value on
the upper curve) and the observed fluorescence intensity
(open circle). The dotted and dashed curves are calculated
assuming that the 2:2:1 and 2:1:1 �-CD–PeOH–2,4-DPO
inclusion complexes are formed, respectively, and assum-
ing that the initial 2,4-DPO concentration is expressed
by the sum of the concentrations of free 2,4-DPO
and the 2:1 �-CD–2,4-DPO inclusion complex. � ex ¼
300 nm. �obs ¼ 375 nm.
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If
ic ¼ cK0½�-CD�2ðC0 � ½�-CD�Þ2½2,4-DPO�0

=ð1þ K1½�-CD�2 þ K0½�-CD�2½PeOH�2Þ:
ð6Þ

If 4:75� 109 mol�2 dm6 is used as the K 0 value (K 0 ¼ K1K2;
see below), the curve calculated with eq 6 has a maximum
at a [�-CD]/([�-CD] + [PeOH]) value of 0.36, which is the
same value as that calculated with eq 5, although the curve
calculated from eq 6 is slightly broadened in shape compared
to the curve calculated from eq 5.

If the ternary inclusion complex contains a single PeOH
molecule, the fluorescence intensity of the ternary inclu-
sion complex, under the assumption of [2,4-DPO]0 = [2,4-
DPO] + [(�-CD)2�2,4-DPO], is represented as

If
ic ¼ c0K00½�-CD�2ðC0 � ½�-CD�Þ½2,4-DPO�0

=ð1þ K1½�-CD�2Þ:
ð7Þ

Here, c0 is an experimental constant, and K00 is the equilibrium
constant for the formation of the 2:1:1 �-CD–PeOH–2,4-DPO
inclusion complex. The calculated curve for the fluorescence
intensity, which is normalized at the maximum value of the
closed circles, is exhibited as a dashed curve in Figure 6.
The dashed curve is maximized at a [�-CD]/([�-CD] +
[PeOH]) value of 0.46. As described above, this value does
not show a molar ratio of �-CD to PeOH in the �-CD–
PeOH–2,4-DPO inclusion complex. The dashed curve does
not fit the observed data (closed circles), supporting that the
�-CD–PeOH–2,4-DPO inclusion complex contains two PeOH
molecules.

(�-CD)2�2,4-DPOþ 2PeOH

�
K2

(�-CD)2�(PeOH)2�2,4-DPO:
ð8Þ

Here, K2 is the equilibrium constant for the formation of the
2:2:1 �-CD–PeOH–2,4-DPO inclusion complex. For a 2,4-
DPO solution containing �-CD and PeOH, the fluorescence
intensity is represented by

If ¼ d½2,4-DPO� þ e½(�-CD)2�2,4-DPO�
þ f ½(�-CD)2�(PeOH)2�2,4-DPO�

¼ ðd þ eK1½�-CD�2 þ fK1K2½�-CD�2½PeOH�2Þ½2,4-DPO�0
=ð1þ K1½�-CD�2 þ K1K2½�-CD�2½PeOH�2Þ; ð9Þ

where d, e, and f are instrumental constants including the
fluorescence quantum yields of free 2,4-DPO, the 2:1 �-CD–
2,4-DPO inclusion complex, and the 2:2:1 �-CD–PeOH–2,4-
DPO inclusion complex, respectively. The ratio of e to d,
e=d, at an excitation wavelength of 300 nm has been evaluated
to be 0.201 from a simulation, in which the fluorescence inten-
sity of a 2,4-DPO solution without PeOH has been plotted
against the �-CD concentration. Figure 7 exhibits the observed
fluorescence intensity of 2,4-DPO in �-CD (3:0� 10�3

mol dm�3) solution as a function of PeOH concentration and
the least-squares best fit simulation curve. In this simulation,
values of d, f , and K2 are parameters, while the e=d ratio
and the K1 value have already been obtained. The best fit sim-
ulation curve fits the observed data, suggesting that the 2:2:1
�-CD–PeOH–2,4-DPO inclusion complex is produced in 2,4-
DPO solution containing �-CD and PeOH. From the simula-
tion, the K2 value is estimated to be 7:78� 104 mol�2 dm6.

As in the case of PeOH, similar absorption and fluorescence
spectral changes have been observed for 2,4-DPO solution
containing �-CD and 1-hexanol (or 1-heptanol), indicating that
the ternary inclusion complex is formed for 1-hexanol (or 1-
heptanol). Consequently, the K2 values for 1-hexanol and 1-
heptanol have been evaluated from simulations similar to that
for PeOH. These K2 values are summarized in Table 1. With
an increase in the length of the alkyl chain of mono-alcohol,
the K2 value is increased. This finding suggests that the alkyl
chain of alcohol is incorporated into the �-CD cavity. This
is reasonable, because the alkyl chain is hydrophobic. Such
2:2:1 inclusion complexes have been reported for the systems
of �-CD–alcohol–4H-1-benzopyran-4-thione, �-CD–alcohol–
azulene, �-CD–alcohol–pyrene, �-CD–N,N-dimethylaniline–
perylene, etc.23–26

When diols, 1,9-nonanediol, and 1,10-decanediol, are
added to a 2,4-DPO solution containing �-CD (3:0� 10�3

mol dm�3), the 2,4-DPO fluorescence is enhanced. Although,
in contrast to mono-alcohol (PeOH etc.), the fluorescence in-
tensity is increased in the presence of the diol, a ternary inclu-
sion complex is most likely formed among �-CD, 2,4-DPO,
and the diol. Because, in the ternary inclusion complex, a hy-
droxy group in diol is in the neighborhood of a 2,4-DPO mole-
cule located within the �-CD cavities, the hydrophobicity
around a 2,4-DPO molecule within the �-CD cavities seems
to be slightly reduced. This may be responsible for the en-

Figure 7. Simulation for the observed fluorescence intensi-
ties (open circles) of 2,4-DPO (1:4� 10�6 mol dm�3) in
aqueous solution containing �-CD (3:0� 10�3 mol dm�3)
and PeOH. The best fit simulation curve, which has been
based on the scheme involving the formation of the
2:2:1 �-CD–PeOH–2,4-DPO inclusion complex, has been
calculated with the evaluated K1 value (61000mol�2 dm6),
the evaluated d=c value (0.201), an assumed K2 value of
7:78� 104 mol�2 dm6, and assumed c and e values of
138 and 49.6mol�1 dm3, respectively. �ex ¼ 300 nm.
�obs ¼ 375 nm.

Table 1. K2 Values for Various Alcohols

Alcohol K2/mol�2 dm6

1-Pentanol 7:78� 104

1-Hexanol 2:58� 105

1-Heptanol 3:83� 106

1,9-Nonanediol 7:38� 105

1,10-Decanediol 4:78� 107
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hancement in the fluorescence intensity of the ternary inclu-
sion complex containing diol. Figure 8 shows the observed
fluorescence intensities for 1,9-nonanediol as a function of
1,9-nonanediol concentration. A simulation similar to that
for PeOH has been done, and the best fit simulation curve is
also shown in Figure 8. From this simulation, the K2 value
for 1,9-nonanediol is estimated to be 7:38� 105 mol�2 dm6

(Table 1). Although the K2 value for 1,12-dodecanediol could
not be evaluated due to the small variation in the fluorescence
intensity (the small solubility in water), the K2 value for 1,10-
decanediol has been estimated to be 4:78� 107 mol�2 dm6

(Table 1). The large K2 value of 1,10-decanediol may imply
that a 1,10-decanediol molecule interacts with two �-CD
molecules bound to a 2,4-DPO molecule.

Inclusion of 2,5-DPO by �-CD. The sample preparation
for 2,5-DPO solution by Agbaria and Gill was as follows.19,20

(a) Ethanolic solution of 2,5-DPO was allowed to wet the wall
of a flask. (b) The solvent was vaporized, leaving the solute on
the wall. (c) The �-CD solution was poured in and incubated
for 2 h, so as to allow the sequestering of 2,5-DPO from
the wall. In their preparation method, the concentration of
2,5-DPO may be greater than the saturated concentration of
2,5-DPO in water because of the presence of �-CD.

As in the case of 2,4-DPO, we prepared sample solutions of
2,5-DPO, using aqueous 2,5-DPO solution, in which crystals
of 2,5-DPO were submerged in the absence of �-CD. The
2,5-DPO concentration of the sample solutions prepared ac-
cording to this method seems to be lower than that used by
Agbaria and Gill. The low concentration of 2,5-DPO in this
study may induce the inclusion behavior of 2,5-DPO different-
ly from the reported one.

As the �-CD concentration was increased, the absorption in-
tensity of 2,5-DPO (7:0� 10�6 mol dm�3) at the maximum of

305 nm decreased with an intensity enhancement of the ab-
sorption-band tail at longer wavelengths. The absorption spec-
tral change by the addition of �-CD has suggested the forma-
tion of an inclusion complex of �-CD with 2,5-DPO. When �-
CD is added to 2,5-DPO (7:0� 10�6 mol dm�3) solution, the
2,5-DPO fluorescence at 390 nm is reduced in intensity, ac-
companied by an appearance of a new, broad band at longer
wavelengths (Figure 9). The new band can be assigned to
the excimer fluorescence of 2,5-DPO.19,20 The excimer fluores-
cence is due to an inclusion complex between �-CD and
2,5-DPO. As the �-CD concentration is increased in dilute
(7:0� 10�7 mol dm�3) solution of 2,5-DPO, on the other hand,
the 2,5-DPO fluorescence is decreased in intensity without an
appearance of the longer wavelength band (Figure 10). This
finding indicates that the species responsible for the excimer
fluorescence is not formed at a low concentration of 2,5-
DPO. Figure 11 depicts a double-reciprocal plot for the fluo-
rescence intensities of dilute 2,5-DPO solutions containing
�-CD. The plot for the dilute 2,5-DPO solutions exhibits a
straight line, indicating that a 1:1 �-CD–2,5-DPO inclusion
complex is formed at low 2,5-DPO concentrations:

Figure 8. Simulation for the observed fluorescence intensi-
ties (open circles) of 2,4-DPO (1:4� 10�6 mol dm�3)
in aqueous solutions containing �-CD (3:0� 10�3

mol dm�3) and 1,9-nonanediol. The best fit simulation
curve, which has been based on the scheme involving
the formation of the 2:2:1 �-CD–1,10-nonanediol–2,4-
DPO inclusion complex, has been calculated with the
evaluated K1 value (61000mol�2 dm6), the evaluated
d=c value (0.201), an assumed K2 value of 7:38� 105

mol�2 dm6, and assumed c and e values of 115 and
98.3mol�1 dm3, respectively. � ex ¼ 300 nm. �obs ¼
375 nm.

Figure 9. Fluorescence spectra of 2,5-DPO (7:0� 10�6

mol dm�3) in aqueous solutions containing various con-
centrations of �-CD. Concentration of �-CD: (1) 0, (2)
1:0� 10�3, (3) 3:0� 10�3, and (4) 1:0� 10�2 mol dm�3.
�ex ¼ 330 nm.

Figure 10. Fluorescence spectra of 2,5-DPO (7:0� 10�7

mol dm�3) in aqueous solutions containing various con-
centrations of �-CD. Concentration of �-CD: (1) 0, (2)
1:0� 10�3, (3) 3:0� 10�3, and (4) 1:0� 10�2 mol dm�3.
�ex ¼ 300 nm.
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�-CDþ 2,5-DPO �
K
�-CD�2,5-DPO; ð10Þ

where �-CD�2,5-DPO is the 1:1 �-CD–2,5-DPO inclusion
complex. A K value of 280� 30mol�1 dm3 is evaluated from
the plot shown in Figure 11.

At a low DPO concentration, the stoichiometry of the �-
CD–DPO inclusion complex is 1:1 for 2,5-DPO, whereas it
is 2:1 for 2,4-DPO. The fact that the solubility of 2,5-DPO
is greater than that of 2,4-DPO seems to influence the inclusion
modes of DPOs; because of the high solubility of 2,5-DPO, the
hydrophobicity of 2,5-DPO seems to be less than that of 2,4-
DPO. This might lead to the formation of the �-CD–DPO
inclusion complexes of different stoichiometry for 2,4- and
2,5-DPO.

As the species responsible for the excimer fluorescence,
a 1:2 �-CD–2,5-DPO inclusion complex (and its aggregate)
has been suggested:19,20

�-CDþ 2(2,5-DPO) �
K3

�-CD�(2,5-DPO)2; ð11Þ

where K3 is the equilibrium constant for the formation of the
1:2 �-CD–2,5-DPO inclusion complex (�-CD�(2,5-DPO)2).
Because the absorbance of 2,5-DPO at an excitation wave-
length is small, the fluorescence intensity is approximately
proportional to the concentration of a fluorescent species of
2,5-DPO. In this scheme, therefore, the excimer fluorescence
intensity, If(excimer), is represented by

IfðexcimerÞ ¼ g½�-CD�(2,5-DPO)2�
¼ gK3½�-CD�½2,5-DPO�2;

ð12Þ

where g is an instrumental constant including the excimer
fluorescence quantum yield of the 1:2 �-CD–2,5-DPO inclu-
sion complex. Besides the equilibrium represented by eq 11,
there is an additional equilibrium (eq 10), which describes
the formation of the 1:1 �-CD–2,5-DPO inclusion complex,
in 2,5-DPO solution containing �-CD. Consequently, the con-
centration of free 2,5-DPO is obtained by solving the quadratic
equation:

2K3½�-CD�½2,5-DPO�2 þ ð1þ K½�-CD�Þ½2,5-DPO�
� ½2,5-DPO�0 ¼ 0:

ð13Þ

Because the K value for 2,5-DPO has already been evaluated,

the free 2,5-DPO concentration can be calculated assuming a
K3 value. The best fit simulation curve (dotted curve) for the
excimer fluorescence intensity, which is based on the scheme
involving the formation of the 1:2 �-CD–2,5-DPO inclusion
complex, is shown in Figure 12. This simulation curve does
not fit the observed excimer fluorescence data, indicating that
the excimer fluorescence is not due to the 1:2 �-CD–2,5-DPO
inclusion complex.

If the 1:2 �-CD–2,5-DPO inclusion complexes aggregate to
produce a 2:4 �-CD–2,5-DPO inclusion complex, both the 1:2
and 2:4 �-CD–2,5-DPO inclusion complexes would be respon-
sible for the excimer fluorescence. On the basis of this scheme,
we calculated the best fit simulation curve for the excimer flu-
orescence intensity. However, the best fit simulation curve was
similar in shape to that calculated for the scheme involving on-
ly the 1:2 �-CD–2,5-DPO inclusion complex as the species
emitting the excimer fluorescence; the best fit simulation curve
based on the aggregation of the 1:2 �-CD–2,5-DPO inclusion
complex could not reproduce the observed data.

In several systems, 2:2 CD–guest inclusion complexes
are responsible for excimer fluorescence in aqueous solution;
the �-CD–naphthalene system, the �-CD–pyrene system,
etc.7–10,13 When the 1:1 �-CD–2,5-DPO inclusion complexes
associate to form the 2:2 �-CD–2,5-DPO inclusion complex,

Figure 11. Plot of 1=ðIf � If
0Þ against 1/[�-CD] for 2,5-

DPO (7:0� 10�7 mol dm�3) in aqueous solution contain-
ing �-CD. �ex ¼ 300 nm. �obs ¼ 375 nm.

Figure 12. Simulation for the observed excimer fluores-
cence intensity of 2,5-DPO (7:0� 10�6 mol dm�3) in
aqueous solution containing �-CD. (a) The best fit simula-
tion curve (dotted curve) has been calculated on the basis
of the scheme involving the formation of the 1:1 and 1:2
�-CD–2,5-DPO inclusion complexes, using the evaluated
K1 value (280mol�1 dm3), an assumed K3 value of 2:29�
107 mol�2 dm6, and an assumed g value of 9:60� 107

mol�1 dm3. (b) The best fit simulation curve (dashed
curve) has been calculated on the basis of the scheme
involving the formation of the 1:1 and 2:2 �-CD–2,5-
DPO inclusion complexes, using the evaluated K1 value
(280mol�1 dm3), an assumed K4 value of 1:04� 104

mol�1 dm3, and an assumed h value of 4:04� 108

mol�1 dm3. (c) The best fit simulation curve (solid curve)
has been calculated on the basis of the scheme involving
the formation of the 1:1, 1:2, and 2:2 �-CD–2,5-DPO
inclusion complexes, using the evaluated K1 value
(280mol�1 dm3), assumed K3 and K4 values of 3:34�
106 mol�2 dm6 and 1:48� 103 mol�1 dm3, and assumed i

and j values of 1:69� 1010 and 2:39� 106 mol�1 dm3,
respectively. � ex ¼ 330 nm. �obs ¼ 500 nm.
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the excimer fluorescence is most likely due to the 2:2 inclusion
complex ((�-CD)2�(2,5-DPO)2),:

2(�-CD�2,5-DPO) �K4

(�-CD)2�(2,5-DPO)2; ð14Þ

where K4 is the equilibrium constant for the formation of
the 2:2 �-CD–2,5-DPO inclusion complex. In this scheme, the
excimer fluorescence intensity is represented by

IfðexcimerÞ ¼ h½(�-CD)2�(2,5-DPO)2�
¼ hK2K4½�-CD�2½2,5-DPO�2;

ð15Þ

where h is an instrumental constant including the excimer fluo-
rescence quantum yield of the 2:2 �-CD–2,5-DPO inclusion
complex. The concentration of free 2,5-DPO can be obtained
by solving the quadratic equation:

2K2K4½�-CD�2½2,5-DPO�2 þ ð1þ K½�-CD�Þ½2,5-DPO�
� ½2,5-DPO�0 ¼ 0: ð16Þ

The best fit simulation curve (dashed curve), which has been
calculated assuming a K4 value, is also exhibited in Figure 12.
As in the case of the first scheme in which the 1:2 �-CD–2,5-
DPO inclusion complex is responsible for the excimer fluores-
cence, the best fit simulation curve based on the formation of
the 2:2 inclusion complex does not reproduce the observed
excimer fluorescence intensities.

Thus, we have tried to simulate on the basis of a scheme,
in which both the 1:2 and 2:2 �-CD–2,5-DPO inclusion com-
plexes are responsible for the excimer fluorescence. In this
case, the excimer fluorescence intensity is given by

IfðexcimerÞ ¼ i½�-CD�(2,5-DPO)2�
þ j½(�-CD)2�(2,5-DPO)2�

¼ ðiK3 þ jK2K4½�-CD�Þ½�-CD�½2,5-DPO�2; ð17Þ

where i and j are instrumental constants including the excimer
fluorescence quantum yields of the 1:2 and 2:2 �-CD–2,5-
DPO inclusion complexes, respectively. The concentration
of free 2,5-DPO can be calculated by solving the quadratic
equation:

2ðK2K4½�-CD� þ K3Þ½�-CD�½2,5-DPO�2

þ ð1þ K½�-CD�Þ½2,5-DPO� � ½2,5-DPO�0 ¼ 0: ð18Þ

Figure 12 shows the best fit simulation curve (solid curve),
for which values of K3 and K4 are assumed to be 3:34�
106 mol�2 dm6 and 1:48� 103 mol�1 dm3, respectively. This
simulation curve well fits the observed fluorescence intensity
data, indicating that the excimer fluorescence is due to both
the 1:2 and 2:2 �-CD–2,5-DPO inclusion complexes.

Our conclusion that the excimer fluorescence is due to both
the 1:2 and 2:2 �-CD–2,5-DPO inclusion complexes is differ-
ent from the conclusion of Agbaria and Gill, who have
assigned the 1:2 �-CD–2,5-DPO inclusion complex (and its
aggregate) as the species emitting the excimer fluores-
cence.19,20 However, the 2,5-DPO concentration, which they
used, is probably higher than that in this study. At higher con-
centrations of 2,5-DPO, the concentration of the 2:2 �-CD–
2,5-DPO inclusion complex may be negligible relative to that
of the 1:2 �-CD–2,5-DPO inclusion complex. In addition,
there may be the possibility that the 1:2 inclusion complexes

aggregate at higher concentrations of 2,5-DPO. Consequently,
our conclusion concerning the species responsible for the
excimer fluorescence does not seem to be inconsistent with
the conclusion of Agbaria and Gill.

Conclusion

In aqueous solution, �-CD forms a 2:1 inclusion complex
with 2,4-DPO, whereas �-CD forms a 1:1 inclusion complex
with 2,4-DPO. Addition of alcohol to a 2,4-DPO solution con-
taining �-CD results in the formation of a 2:2:1 �-CD–alco-
hol–2,4-DPO inclusion complex. The equilibrium constant
for the formation of the ternary inclusion complex increases
with increasing length of the alkyl chain of alcohol (from
1-pentanol to 1-heptanol). The same is true for diols (1,9-non-
anediol and 1,10-decanediol). At a low 2,5-DPO concentration
such as 7:0� 10�7 mol dm�3, �-CD forms a 1:1 inclusion
complex with 2,5-DPO. At a high 2,5-DPO concentration such
as 7:0� 10�6 mol dm�3, on the other hand, excimer fluores-
cence is observed in the presence of �-CD. The excimer fluo-
rescence is due to the 2:1 �-CD–2,5-DPO inclusion complex
and the 2:2 �-CD–2,5-DPO inclusion complex.
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