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In aqueous solution, inclusion complexes of several naphthalenecarboxylate derivatives with «-, -, y-, and
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin (@-CD, B-CD, y-CD, and TM-B-CD) have been investigated by means of
absorption and fluorescence spectroscopy. B-CD and TM-B-CD form 1:1 inclusion complexes with methyl 2-
naphthalenecarboxylate (2NC), dimethyl 2,7-naphthalenedicarboxylate (27DNC), dimethyl 2,6-naphthalenedicarboxylate
(26DNC), and dimethyl 2,3-naphthalenedicarboxylate (23DNC). o-CD forms a 2:1 o-CD-2NC inclusion complex as
well as a 1:1 inclusion complex with 2NC. With 27DNC, «-CD forms a 1:1 inclusion complex alone, whereas o-CD
forms a 2:1 «o-CD-guest inclusion complex with 26DNC. y-CD forms 1:1 inclusion complexes with all the
naphthalenecarboxylate derivatives examined. In addition to the 1:1 inclusion complex, y-CD forms a 2:2 y-CD-guest
inclusion complex with 27DNC (or 26DNC) through the association of the 1:1 inclusion complexes. From the 2:2
inclusion complex, the excimer fluorescence of the guest has been observed. In the case of 23DNC, y-CD forms a 1:2 y-
CD—guest inclusion complex, from which no excimer fluorescence has been observed.

Commercially available cyclodextrins (CDs) are cyclic
oligosaccharides consisting of six, seven, and eight D-gluco-
pyranose residues, which are called a-CD, B-CD, and y-CD,
respectively.!> Due to a relatively hydrophobic cavity, CD
accommodates an organic molecule of appropriate dimensions
to form an inclusion complex. In most cases, 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.*~'
On the other hand, a long molecule can be incorporated
into two CD cavities, forming a 2:1 CD-guest inclusion
complex.'!13

A naphthalene ring snugly fits the B-CD cavity. It is too
bulky for a single o-CD molecule to thoroughly encapsulate a
naphthalene ring. Because «-CD is shallowly bound to a
naphthalene derivative to form a 1:1 inclusion complex, part of
a naphthalene derivative is extruded into the environment.
Consequently, an additional a-CD molecule may be bound
to the extruded part of the naphthalene derivative to form a 2:1
a-CD-guest inclusion complex. The formation of 1:1 and 2:1
a-CD—guest inclusion complexes has been reported for 2-
naphthol, 6-bromo-2-naphthol, naphthalene, 2-acetylnaphtha-
lene, 2-chloronaphthalene, and 2-methylnaphthalene.!*!° For
B-CD, 2:1 host—guest inclusion complexes have been suggest-
ed for acenaphthene, p-nitro(trifluoroacetanilide), and propan-
theline bromide.?*?> y-CD, which has a cavity wider than
those of a- and B-CD, forms 1:2 y-CD-guest inclusion
complexes with Methyl Orange, Methylene Blue, Pyronine Y,
Toluidine Blue, thionine, and Thioflavin T.*>732324 For a long
but slightly bent molecule such as 2,4-diphenyloxazole

(24DPO), y-CD forms a 2:1 y-CD-guest inclusion.?> On the
other hand, B-CD, whose cavity is narrower than the y-CD
cavity, forms not a 2:1 but a 1:1 S-CD-24DPO inclusion
complex. Consequently, inclusion modes of CD depend on the
shape of the guest molecule as well as CD.

For several naphthalene derivatives, it has been reported that
B-CD or y-CD forms 2:2 inclusion complexes, which are
produced by the association of 1:1 CD-guest inclusion
complexes.?®28 The 2:2 inclusion complexes may emit excimer
fluorescence, because two guest molecules of the same kind are
located in the neighborhood within the CD cavities.

Inclusion complexes of ®-, B-, and y-CD with methyl 2-
naphthalenecarboxylate (2NC) and dimethyl 2,3-naphthalene-
dicarboxylate (23ND) have been investigated by means of
fluorescence spectroscopy alone.”*32 Mendicuti et al. also
examined the formation of the inclusion complexes of «- and
B-CD with dimethyl 2,6-naphthalenedicarboxylate (26ND).3?
They have suggested that the stoichiometry of these inclusion
complexes is 1:1 except for a 2:1 w-CD-26ND inclusion
complex.>® 2-Hydroxypropyl-ct-, -B-, and -y-cyclodextrins
form 1:1 inclusion complexes with 2NC.3*

In a series of spectroscopic studies on the formation of CD
inclusion complexes, we have revealed that o-CD forms 1:1
and 2:1 host-guest inclusion complexes with 2-substituted
naphthalene such as 2-methylnaphthalene.'>'®!° From this
point of view, it may be expected that o-CD forms a 2:1
inclusion complex with methyl 2-naphthalenecarboxylate,
although only a 1:1 a-CD-2NC inclusion complex has been
suggested.?’ Dimethyl 2,7-naphthalenedicarboxylate (27ND),
whose inclusion complexes of CD have not been examined,
is long but slightly bent, although 23ND and 26ND are long
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but not bent molecules. The inclusion mode of CDs may be
affected by the slightly different molecular shapes of the
naphthalenedicarboxylates. Under some experimental condi-
tions, there may be a possibility that the association occurs
between 1:1 inclusion complexes of the monocarboxylate or
dicarboxylate of naphthalene, although a relatively bulky
methoxycarbonyl group(s) is substituted on a naphthalene ring.
Thus, we tried to examine the inclusion modes of a-, f-,
and y-CD for 2NC, 23ND, 26ND, and 27ND by means of
absorption spectroscopy as well as fluorescence spectroscopy.
In addition to -, B-, and y-CD, inclusion complexation with
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin has been exam-
ined.

Experimental

o-Cyclodextrin (a-CD) and heptakis(2,3,6-tri-O-methyl)- -
cyclodextrin (TM-B-CD), which were purchased from Nacalai
Tesque, Inc., were used as received. B-Cyclodextrin (8-CD)
obtained from Nacalai Tesque, Inc. was twice recrystallized
from water. y-Cyclodextrin (y-CD), which was purchased from
Tokyo Chemical Industry Co., Ltd. was used as received.
Methyl 2-naphthalenecarboxylate (2NC) obtained from Wako
Pure Chemical Industries, Ltd. was recrystallized from a
benzene—cyclohexane mixture. Dimethyl 2,3- and 2,7-naph-
thalenedicarboxylates (23DNC and 27DNC), which were
obtained from Tokyo Chemical Industry Co., Ltd. and Wako
Pure Chemical Industries, Ltd., respectively, were recrystal-
lized from benzene. Dimethyl 2,6-naphthalenedicarboxylate
(26DNC) obtained from Tokyo Chemical Industries, Ltd. was
used as received.

The concentrations of 2NC, 23DNC, 26DNC, and 27DNC in
aqueous solution were estimated under the assumptions that
their molar absorption coefficients in water are the same as
those in methanol, respectively.

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.
Spectroscopic measurements were made at 25 £ 0.1 °C.

Results and Discussion

Inclusion Modes of 2NC. Absorption and Fluorescence
Spectra of 2NC in the Presence of 3-CD: Figure 1a shows
absorption spectra of 2NC (1.1 x 107> mol dm™) in aqueous
solution containing various concentrations of 8-CD. Upon the
addition of B-CD to 2NC solution, the absorption peaks of
2NC are shifted to longer wavelengths, suggesting the
formation of an inclusion complex between B-CD and 2NC.
Figure 2a exhibits fluorescence spectra of 2NC (2.2 x 107°
mol dm™) in aqueous solution containing various concentra-
tions of B-CD. When B-CD is added, a fluorescence-band
shoulder at about 370nm is enhanced, and shifts to 368 nm,
accompanied by a reduction in the intensity of the original peak
at 389nm. This fluorescence spectral change indicates the
formation of an inclusion complex of B-CD with 2NC.
Because a naphthalene ring snugly fits the B-CD cavity, it is
expected that a 1:1 inclusion complex is formed between -CD
and 2NC.
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Figure 1. (a) Absorption spectra of 2NC (1.1 x 1073
mol dm~3) in aqueous solution containing various concen-
trations of B-CD. Concentration of B-CD: (1) 0, (2)
1.0 x 1073, (3) 3.0 x 1073, and (4) 1.0 x 107> moldm>.
(b) Absorption spectra of 2NC (1.2 x 107> mol dm™) in
aqueous solution containing various concentrations of «-
CD. Concentration of @-CD: (1) 0, (2) 1.0 x 1073, (3)
3.0 x 1073, (4) 5.0 x 1073, and (5) 1.0 x 10~>mol dm—>.

B-CD + 2NC ‘Kﬁl B-CD-2NC (1)

Here, K is the equilibrium constant for the formation of the 1:1
B-CD-2NC inclusion complex (8-CD-2NC). In this case, a
double-reciprocal plot for the fluorescence intensity should be
linear:

/(s = 1) = 1/a + 1/(aK,[y-CD]) 2

where I; and I are the fluorescence intensity of 2NC in the
presence and absence of B-CD, respectively, and a is an
experimental constant including the fluorescence quantum
yields of free 2NC and the 1:1 8-CD-2NC inclusion complex.
Figure 3 depicts a double-reciprocal plot for the fluorescence
intensity of 2NC in the presence of S-CD. This plot shows
a straight line, indicating that the 1:1 inclusion complex is
formed between B-CD and 2NC. From the plot, the K| value
for B-CD is evaluated to be 1700 & 100 mol~' dm® (Table 1),
which is slightly less than that (1965 4 159 mol~!dm?)
reported by Mendicuti et al.?’

Inclusional Complexation of 2NC with a-CD: Figure 1b
shows absorption spectra of 2NC (1.2 x 10> moldm™) in
aqueous solution containing various concentrations of a-CD.
As the o-CD concentration is increased, absorption peaks are
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Figure 2. (a) Fluorescence spectra of 2NC (2.2 x 107°

mol dm~3) in aqueous solution containing various concen-
trations of B-CD. Concentration of 8-CD: (1) 0, (2) 3.0 x
1074, (3) 1.0 x 1073, (4) 3.0 x 1073, and (5) 1.0 x 1072
mol dm ™. Ae = 295 nm. (b) Fluorescence spectra of 2NC
(2.2 x 107°moldm™) in aqueous solution containing
various concentrations of &-CD. Concentration of «-CD:
(1) 0, (2) 1.0 x 1073, (3) 3.0 x 1073, (4) 5.0 x 1073, and
(5) 1.0 x 1072 mol dm—3. Aex = 295 nm.

shifted to longer wavelengths, suggesting the formation of an
inclusion complex of a-CD with 2NC. It should be noted that
the absorption peaks are remarkably sharpened in the presence
of @-CD, compared to B-CD. The sharpening and shift of the
peaks suggest that 2NC in «-CD solution exists in a more
hydrophobic environment. The a-CD cavity, which is narrower
than the B-CD cavity, cannot encapsulate a naphthalene ring
deeply. Consequently, it is unreasonable that the absorption
spectral change shown in Figure 1b is due only to the
formation of the 1:1 a-CD-2NC inclusion complex. Such
dramatic absorption spectral changes of naphthalene deriva-
tives, which are in contrast to that in the presence of 8-CD, are
reported for 2-naphthol, 6-bromo-2-naphthol, naphthalene, 2-
chloronaphthalene, and 2-methylnaphthalene.'*!>17-1°  The
remarkable absorption spectral changes of naphthalene deriv-
atives are due most likely to the formation of a 1:1 «-CD-
naphthalene derivative inclusion complex followed by the
formation of a 2:1 «-CD-naphthalene derivative. Within the
two o-CD cavities, the environment of a naphthalene derivative
is more hydrophobic than that bound to a single S8-CD cavity.
This leads to the sharp absorption bands in the presence of -
CD compared to S-CD.
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Figure 3. Double-reciprocal plot for 2NC (2.2 x 1076
moldm™) in aqueous solution containing B-CD.
Aex = 295nm. Ay = 370nm.

Table 1. The K; Values of B-CD and TM-B-CD for 2NC,
27DNC, 26DNC, and 23DNC

Host Guest K, /mol~! dm?

,B-CD 2NC 1700 &= 100
27DNC 2460 %+ 80
26DNC 1670 + 40
23DNC 1680 =40

TM-B-CD 2NC 370 £ 20
27DNC 330 =20
26DNC 340 £ 10
23DNC 160 £+ 10

Figure 2b exhibits fluorescence spectra of 2NC (2.4 x 107°
moldm™) in aqueous solution containing various concentra-
tions of a-CD. Upon the addition of a-CD, the fluorescence
peak is shifted to shorter wavelengths, accompanied by an
enhancement of the fluorescence intensity. In addition, signifi-
cant fluorescence spectral change is observed by the addition of
a-CD, compared to B-CD. At an «-CD concentration of
1.0 x 102moldm™3, the fluorescence peak is blue-shifted
from 388 to 363 nm; a fluorescence peak shift of 25nm in -
CD solution is greater than that of 20nm in B-CD solution.
These findings suggest that a 2NC molecule within the o-CD
inclusion complex is located in a more hydrophobic environ-
ment than that within the 8-CD inclusion complex. Therefore,
the fluorescence spectral change as well as the absorption
spectral change in the presence of «-CD indicates the
formation of the 2:1 «@-CD-2NC inclusion complex ((a-
CD),-2NC).

-CD + a-CD-2NC 2 (@-CD), -2NC 3)
where K, is the equilibrium constant for the formation of the
2:1 a-CD-2NC inclusion complex. Because the 2NC concen-
tration is very low (the absorbance of 2NC solution is very
small), the fluorescence intensity of a relevant species is
proportional to its concentration. When the 2:1 a-CD-2NC
inclusion complex is formed, the fluorescence intensity, /, of
2NC solution containing «-CD is expressed as
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Table 2. Equilibrium Constants of @-CD and y-CD for 2NC, 27DNC, 26DNC, and 23DNC

Host Guest Ky/mol~'dm?  K,/mol~!dm’ K>’ /mol~% dm® Ks/mol~'dm®  K3'/mol~! dm?
a-CD  2NC 243% 254%
317% 446>
3759 3819
27DNC 300 + 50
26DNC (9.6 £0.3) x 10°
23DNCY
y-CD  2NC 560 + 20
27DNC 600 =+ 50 2.71 x 10°
26DNC 310 £+ 60 6.71 x 10°
23DNC 430 £ 60 31909
29709
25802
31800

a) From absorbance data. b) Aoy = 337.4nm, Agps = 375nm. ¢) Aoy = 295 nm, Agps = 375 nm. d) An equilibrium
constant could not be estimated. €) Ay =309nm, Ags=375nm, [23DNC]y=9.7 x 10~ moldm™.

) Aex =309nm, Agps =375nm,

[23DNC]y = 4.1 x 10> mol dm™.

g) Aex =309nm, Ay =390nm,

[23DNC]y = 9.7 x 10> mol dm™3. h) Aex = 320nm, Agps = 390 nm, [23DNC]y = 9.7 x 107> mol dm3.
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Figure 4. Simulation for the observed fluorescence inten-
sities (open circles) of 2NC (2.2 x 10™°moldm™) in
aqueous solutions containing various concentrations of o-
CD. A best fit simulation curve, which has been based on
the scheme involving the 1:1 and 2:1 a-CD-2NC inclusion
complexes, has been calculated with assumed values of K
(375 mol~!dm?), K, (381 mol~!' dm?), b (77.8 mol~! dm?),
¢ (96.4mol~! dm?), and d (102mol~" dm?). Ao, = 295 nm.
Agbs = 375 nm.

Ir = b[2NC] + c[a-CD-2NC] + d[(e-CD),-2NC]
= (b + cK;[-CD] + dK, K> [a-CD]*)[2NC],
/(1 + K [a-CD] + K K, [«-CDJ?) 4

where b, ¢, and d are experimental constants including the
fluorescence quantum yields of free 2NC, the 1:1 inclusion
complex, and the 2:1 inclusion complex, respectively. [2NC]y
is the initial concentration of 2NC.

Figure 4 illustrates the fluorescence intensity observed at
375nm, which has been excited at 295 nm, as a function of
the a-CD concentration, and a best fit simulation curve, which
has been calculated assuming values of b, ¢, d, K}, and K,

to be 77.8, 96.4, 102, 375, and 381 mol~!dm?>, respectively
(Table 2). We further simulated the fluorescence intensities
excited at 337.4nm, which is a peak wavelength of the 'L,
band of 2NC in the presence of ®-CD. From the simulation, the
K, and K, values were evaluated to be 317 and 446 mol~' dm?,
respectively. The K| and K, values obtained at an excitation
wavelength of 337.4nm were similar to those of 295nm,
respectively, supporting the existence of the 2:1 o-CD-2NC
inclusion complex. To further confirm the formation of the 2:1
inclusion complex, we simulated the absorbance at 337.4nm as
a function of the «-CD concentration. From the simulation, the
K, and K, values were estimated to be 243 and 254 mol~! dm?,
respectively, which have been similar to those obtained from
the simulations using the fluorescence intensity. The result
that the different methods gave similar K; and K, values,
respectively, confirms the existence of the 2:1 a-CD-2NC
inclusion complex.

A K, value of 202 + 17 mol~! dm? has been reported for the
formation of the 1:1 w-CD-2NC inclusion complex, although
the existence of the 2:1 a-CD-2NC inclusion complex has not
been suggested.?” Thus, under the assumption of the formation
of only the 1:1 a-CD-2NC inclusion complex, we estimated
the K, value to be 200 +20mol~'dm’ from a double-
reciprocal plot for the fluorescence intensity, of which
measurement was made at an excitation and observation
wavelength of 295 and 375nm, respectively. However, a K,
value of 27 £ 11 mol~'dm? was evaluated from the double-
reciprocal plot for the absorbance at 337.4nm. Under the
assumption of the formation of only the 1:1 inclusion complex,
the K; value obtained from the fluorescence intensity is not in
agreement with that obtained from the absorbance data. The
disagreement further confirms the formation of the 2:1 «-CD-
2NC inclusion complex.

Inclusion Complexes of 2NC with y-CD and TM--CD:
Absorption spectral change of 2NC by the addition of y-CD or
TM-fB-CD was similar to that by the addition of S-CD. This
suggests the formation of an inclusion complex of 2NC with -
CD or TM-B-CD. When y-CD was added, the fluorescence of
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2NC was reduced in intensity. Upon the addition of TM-8-CD,
the fluorescence spectral change was similar to that upon the
addition of B-CD. The fluorescence spectral change in the
presence of y-CD or TM-B-CD indicates the formation of an
inclusion complex with 2NC. From double-reciprocal plots for
the fluorescence intensity, the K; values for y~-CD and TM--
CD were evaluated to be 560 & 20 and 370 =+ 20mol ' dm?,
respectively. These K; values are less than that for S-CD.
Because the cavity of y-CD is wider than that of 8-CD, 2NC
does not snugly fit the y-CD cavity, resulting in the relatively
small K, value. The TM-B-CD cavity is deeper than the 8-CD
cavity. The interactions of a naphthalene ring of 2NC with the
inner wall of the TM-B-CD cavity may be weak compared to
B-CD, although 2NC interacts with methyl groups substituted
on the end(s) of the cavity. This would lead to the rather small
K, value of TM-B-CD.

Inclusion Modes of 27DNC. Inclusion Complexes of
27DNC with a-, 8-, and TM-B-CD: When -CD is added to
27DNC (4.2 x 10~°moldm~>) solution, absorption bands of
27DNC at 250 and 340 nm are very slightly shifted to longer
wavelengths (Figure Sla). At the same time, the 250-nm band
is slightly reduced in intensity. These findings suggest the
formation of an inclusion complex of a-CD with 27DNC. In
the presence of «-CD, the fluorescence intensity of 27DNC
(4.2 x 10°*moldm™>) is increased (Figure 5a), suggesting
the formation of the inclusion complex between «-CD and
27DNC. A double-reciprocal plot for the fluorescence intensity
exhibited a straight line, indicating a 1:1 stoichiometry for the
«-CD-27DNC inclusion complex. From the plot, a K; value of
300 & 50 mol~! dm? was evaluated for a-CD.

As the B-CD concentration is increased, the absorption
bands of 27DNC (4.3 x 10~%moldm~>) at 250 and 340nm
decrease in intensity, suggesting the formation of an inclusion
complex of B-CD with 27DNC (Figure S1b). Upon the
addition of B-CD, the fluorescence peaks of 27DNC (4.3 x
10~°mol dm™?) are intensified, accompanied by a slight peak
shift to shorter wavelengths (Figure 5b), indicating the for-
mation of an inclusion complex of B-CD with 27DNC. As in
the case of a-CD, a double-reciprocal plot for the fluorescence
intensity exhibited a straight line, indicating the formation of
the 1:1 B-CD-27DNC inclusion complex. From the plot, the K|
value for B-CD was evaluated to be 2460 =+ 80 mol~' dm?,
which is about eight times greater than the K; value
(300 £ 50 mol~' dm®) for @-CD. This implies that the S-CD
cavity deeply encapsulates a 27DNC molecule, while the a-CD
shallowly encapsulates one.

In the case of TM-B-CD, the absorption and fluorescence
spectral changes of 27DNC were similar to those for S-CD,
respectively, indicating the formation of an inclusion complex
of TM-B-CD with 27DNC. From the fluorescence intensity
change, a K; value of 330 & 20mol~' dm? was obtained for
TM-fB-CD. This K| value is about eight times less than that for
B-CD. Because the cavity of TM-B-CD is deeper than that of
B-CD, a naphthalene ring with two methoxycarbonyl groups,
which are substituted on a cis-like position with respect to the
longitudinal axis of the naphthalene ring, may not be deeply
incorporated into the TM-B-CD cavity: the interactions of the
naphthalene ring with the inner wall of the TM-B-CD cavity
may be weaker than those of the 8-CD cavity. This leads to the
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Figure 5. (a) Fluorescence spectra of 27DNC (4.2 x 1076
mol dm~3) in aqueous solution containing various concen-
trations of a-CD. Concentration of o-CD: (1) 0, (2) 1.0 x
1073, (3) 3.0 x 1073, and (4) 1.0 x 10 2moldm™>. Ay =
290nm. (b) Fluorescence spectra of 27DNC (4.2 x 107°
mol dm~3) in aqueous solution containing various concen-
trations of B-CD. Concentration of B-CD: (1) 0, (2)
1.0 x 1073, (3) 3.0 x 1073, and (4) 1.0 x 10~>mol dm3.
Aex =290 nm.

small K value for TM-B-CD. Similar trend that the K; value
for TM-B-CD is significantly less than that for B-CD is
observed for 2NC (Table 1).

Inclusional Complexation of 27DNC with p-CD:
Figure 6 depicts absorption spectra of 27DNC (4.2 x 107°
mol dm~) in aqueous solution containing various concentra-
tions of y-CD. With an increase in the )-CD concentration, the
absorption peaks are significantly reduced in intensity. In
addition, the absorption peaks at 250 and 340 nm are shifted to
shorter and longer wavelengths, respectively, suggesting the
formation of an inclusion complex of y-CD with 27DNC.
Figures 7a and 7b show fluorescence spectra of concentrated
(42 x 10°moldm™3) and dilute (4.2 x 107" mol dm™)
27DNC solution containing various concentrations of y-CD,
respectively. In the both solutions, the fluorescence intensity is
remarkably reduced by the addition of y-CD, compared to a-
and B-CD. For concentrated 27DNC solution, a new broad
fluorescence band appears in the longer-wavelength region,
whereas no new band at longer wavelengths appears for dilute
27DNC solution. Therefore, the new longer-wavelength band
is due most likely to the excimer fluorescence of 27DNC,
which arises from an inclusion complex between y-CD and
27DNC.
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Figure 6. Absorption spectra of 27DNC (4.2 x 107°
mol dm~3) in aqueous solution containing various concen-
trations of y-CD. Concentration of y-CD: (1) 0, (2) 3.0 x
1074, (3) 1.0 x 1073, (4) 3.0 x 1073, and (5) 1.0 x 1072
mol dm 3.

In dilute solution of 27DNC, only a 1:1 y-CD-27DNC
inclusion complex is most likely formed. In fact, a double-
reciprocal plot for the fluorescence intensity exhibits a good
straight line (Figure S2), indicating the formation of the 1:1 -
CD-27DNC inclusion complex. From the plot, a K; value of
600 & 50 mol~! dm? is estimated. The excimer fluorescence at a
high 27DNC concentration may be due to a 2:2 y-CD-27DNC
inclusion complex (y-CD),+(27DNC),), which is produced by
the association of the 1:1 y-CD-27DNC inclusion complexes,
or a 1:2 y-CD-27DNC inclusion complex (y-CD-(27DNC),),
which is produced by the association of the 1:1 -CD-27DNC
inclusion complex with an additional 27DNC molecule.

y-CD-27DNC + y-CD-27DNC g (y-CD),-(27DNC),  (5)
or

y-CD-27DNC + 27DNC Kﬁ} y-CD-(27DNC), (6)

Here, K3 and K3’ is the equilibrium constant for the formation
of the 2:2 y~-CD-27DNC inclusion complex and that of the 1:2
y-CD-27DNC inclusion complex, respectively.

When the 2:2 y-CD-27DNC inclusion complex is respon-
sible for the excimer fluorescence, the intensity of the excimer
fluorescence, I(excimer), is represented by

Ir(excimer) = e[(y-CD), - (27DNC);]
= ¢K2K;[y-CD]*[27DNC]? @)
where e is an experimental constant including the quantum
yield of the excimer fluorescence from the 2:2 inclusion
complex. Using an assumed K3 value, the concentration of free
27DNC can be calculated from the quadratic equation
concerning the concentration of free 27DNC.
2K/2K;[y-CDJ?[27DNC]?
+ (1 + K, [y-CD][27DNC] — [27DNC]o =0  (8)
where [27DNC], is the initial concentration of 27DNC.
Figure 8 exhibits the intensity of the excimer fluorescence at

450nm, and a best fit simulation curve (solid curve). The best
fit simulation curve has been calculated assuming the values of
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Figure 7. (a) Fluorescence spectra of concentrated 27DNC
(4.2 x 10~%mol dm~3) solution containing various concen-
trations of y-CD. Concentration of y-CD: (1) 0, (2) 3.0 x
1074, (3) 1.0 x 1073, (4) 3.0 x 1073, and (5) 1.0 x 1072
mol dm—3. A, = 290 nm. (b) Fluorescence spectra of dilute
27DNC (4.2 x 1077 mol dm~3) solution containing various
concentrations of y-CD. Concentration of y-CD: (1) 0,
) 30x107 (3) 1.0x 1073 and (4) 3.0x 1073
moldm™3. Ay =290 nm.

e and K5 to be 2.93 x 107 and 2.71 x 10°mol~" dm?, respec-
tively, because the K; value for y-CD has been already
evaluated. The best fit simulation curve well fit the observed
excimer-fluorescence intensities, indicating that 2:2 y-CD-—
27DNC inclusion complex is responsible for the excimer
fluorescence. The K?K; value, which is the equilibrium
constant for the formation of the 2:2 inclusion complex from
y-CD and free 27DNC, is calculated to be 9.76 x 10!
mol 3 dm”. This value is slightly greater than the K,2K; values
(1 x 1086 x 10" mol~3 dm°®) reported for 2-methylnaphtha-
lene, 1-chloronaphthalene, etc.20%3

If the 1:2 y-CD-27DNC inclusion complex is responsible
for the excimer fluorescence, its intensity is represented as

If(excimer) = f[y-CD-(27DNC),]
= fK1Ky'[y-CD][27DNC]? )
where f is an experimental constant including the quantum
yield of the excimer fluorescence from the 1:2 inclusion
complex. The concentration of free 27DNC can be calculated
from the quadratic equation, assuming a K3’ value.
2K K5'[y-CD][27DNC]?
+ (1 + K;[y-CD])[27DNC] — [27DNC], =0 (10)
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Figure 8. Simulation for the observed excimer fluorescence
intensities (open circles) of 27DNC (7.8 x 107 mol dm™)
in aqueous solutions containing various concentrations of
y-CD. A best fit simulation curve (solid curve), which has
been based on the scheme involving the 2:2 y-CD-27DNC
inclusion complex, has been calculated with an evaluated
K, value of 600mol~'dm? and an assumed K, value of
2.71 x 10°mol~! dm?. A best fit simulation curve (dotted
curve), which has been based on the scheme involving the
1:2 y-CD-27DNC inclusion complex, has been calculated
with an evaluated K; value of 600mol~'dm’ and an
assumed K’ value of 2.38 x 10°mol~" dm>. Aoy = 290 nm.
/lobs =450 nm.

In Figure 8, a best fit simulation curve based on the scheme, in
which the 1:2 -CD-27DNC inclusion complex is formed, is
exhibited as a dashed curve. The simulation curve does not
reproduce the observed fluorescence intensity data, indicating
that the 1:2 inclusion complex is not responsible for the
excimer fluorescence.

Inclusion Modes of 26DNC. Inclusion Complexes of
26DNC with a-, -, and TM-B-CD: Figures 9a and 9b show
absorption spectra of 26DNC in aqueous solution containing
various concentrations of -CD and S-CD, respectively. These
absorption spectral changes indicate the formation of inclusion
complexes of - and B-CD with 26DNC. As in the case of
2NC, the absorption spectral change in the presence of a-CD
is more drastic than that in the presence of B-CD, suggesting
that a 2:1 «-CD-26DNC inclusion complex is formed.
Figures 10a and 10b exhibit fluorescence spectra of 26DNC
in aqueous solution containing various concentrations of -
and B-CD, respectively. As in the case of the absorption
bands, the fluorescence bands in the presence of a-CD are
significantly sharpened compared to B-CD. This finding
indicates the formation of the 2:1 «w-CD-26DNC inclusion
complex. Similar fluorescence spectral changes of 26DNC for
a- and B-CD have been reported by Mendicuti et al.’
Figure 11a depicts a double-reciprocal plot for the fluores-
cence of 26DNC in «-CD solution. This plot shows a concave
curve, indicating that a stoichiometry of an o-CD-26DNC
inclusion complex is not 1:1. When the 2:1 o-CD-26DNC
inclusion complex ((@-CD),-26DNC) is formed, there is the
equilibrium:
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Figure 9. (a) Absorption spectra of 26DNC (4.6 x 1077
mol dm~?) in aqueous solution containing various concen-
trations of a-CD. Concentration of a-CD: (1) 0, (2) 5.0 x
1074, (3) 1.0 x 1073, (4) 2.0 x 1073, and (5) 1.0 x 1072
moldm™3. (b) Absorption spectra of 26DNC (4.5 x 1077
mol dm~?) in aqueous solution containing various concen-
trations of B-CD. Concentration of 8-CD: (1) 0, (2) 3.0 x
1073, and (3) 1.0 x 10~>mol dm .

K ’
20-CD + 26DNC = (-CD), -26DNC (an
In this case, the following equation holds for the fluorescence
intensity of 26DNC in solution containing -CD.

/(I — I°) = 1/d’ + 1/(d' Ky'[a-CDP?) 12)

where a’ is an experimental constant including the fluorescence
quantum yields of free 26DNC and the 2:1 o-CD-26DNC
inclusion complex. Figure 11b illustrates a plot of 1/(J; — I°)
against 1/[c-CD]?. This plot exhibits a straight line, indicating
the formation of the 2:1 w-CD-26DNC inclusion complex.
From the plot, the K5’ value is evaluated to be (9.6 £ 0.3) x
10° mol~2dm®, which is slightly greater than the reported one
((8.19 £ 0.59) x 10°mol~2dm®).3

In the inclusion complex, in which two CD molecules are
included, the secondary hydroxy-group ends of the two CD
cavities associate with each other through hydrogen bonds.>
Because the o-CD cavity is narrow, two o-CD molecules,
whose cavities accommodate a slightly bent 27DNC molecule,
may not associate with each other through hydrogen bonding.
Consequently, a 2:1 a-CD-27DNC inclusion complex would
not be formed. In the case of a linear 26DNC molecule,
however, two a-CD molecules, whose cavities accommodate a
26DNC molecule, most likely associate with each other to form
the 2:1 o-CD-26DNC inclusion complex.
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Figure 10. (a) Fluorescence spectra of 26DNC (4.6 x 1077
mol dm~3) solution containing various concentrations of
a-CD. Concentration of «-CD: (1) 0, (2) 5.0 x 1074,
(3) 1.0 x 1073, (4) 2.0 x 1073, (5) 4.0 x 1073, and (6)
1.0 x 102moldm™3. A =290nm. (b) Fluorescence
spectra of 26DNC (4.5 x 107" moldm™3) solution con-
taining various concentrations of -CD. Concentration of
B-CD: (1) 0, (2) 1.0 x 1073, (3) 3.0 x 1073, and (4)
1.0 x 1072 mol dm—3. Aex =290 nm.

For a 1:1 B-CD-26DNC inclusion complex, a K; value of
1670 + 40 mol~' dm?, which is less than the K; value for
27DNC, has been obtained from the fluorescence intensity
change. The K; value for 26DNC is slightly greater than the
reported one (1311 & 57 mol~' dm?).3* The fluorescence spec-
tral change of 26DNC in the presence of TM-S-CD is similar to
that in the presence of B-CD. The K; value for TM-$-CD has
been estimated to be 340 & 10 mol~! dm?, which is nearly the
same as that (330 &= 20 mol~! dm?®) of 27DNC.

Interactions of 26DNC with p-CD:  Figure 12 shows
absorption and fluorescence spectra of 26DNC (3.2 x 1076
mol dm™) in aqueous solution containing various concentra-
tions of y-CD. The absorption spectral change for )-CD, which
suggests the formation of an inclusion complex of y-CD with
26DNC, is similar to that for S-CD, although the significant
spectral-change is observed for y-CD compared to S-CD. Upon
the addition of a small amount of y-CD (below about 3 x
1073 mol dm™), the fluorescence intensity is reduced without a
peak shift, accompanied by an enhancement of the fluorescence
intensity in the longer wavelength region. At high concen-
trations of y-CD, the fluorescence peaks are shifted to shorter
wavelengths in spite of rather small decrease in the fluores-
cence intensity. The fluorescence spectral change reminds us
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Figure 11. (a) Double-reciprocal plot for 26DNC (4.6 x
10~7moldm~3) in aqueous solution containing ®-CD.
Aex =290nm. Ay = 362nm. (b) Plot of 1/(J; — I°) for
26DNC (4.6 x 1077 mol dm™) against 1/[@-CDJ?. A =
290 nm. Agps = 362 nm.

the existence of at least two kinds of inclusion complexes.
When the 26DNC concentration was decreased to 6.4 x
10~ mol dm™3, little or no fluorescence enhancement in the
longer wavelength region was observed by the addition of
y-CD, suggesting that only a 1:1 y-CD-26DNC inclusion
complex is formed in dilute 26DNC solution. Consequently,
the fluorescence band at the longer wavelength tail is most
likely assigned to the excimer fluorescence of 26DNC. From
the fluorescence intensity change for dilute 26DNC solution,
a K; value of 310 4 10mol~'dm® was obtained for y-CD
(Figure S3). This K; value is about half of that for 27DNC.
As in the case of 27DNC, a 2:2 y-CD-26DNC inclusion
complex may be responsible for the excimer fluorescence.
Figure 13 illustrates the excimer fluorescence intensity ob-
served at 460 nm as a function of the y-CD concentration, and a
best fit simulation curve (solid curve), which is based on the
scheme involving the 2:2 inclusion complex, calculated
assuming a K3 value of 6.71 x 10°mol~'dm?®. The best fit
simulation curve well fits the observed excimer fluorescence
intensities, indicating that the 2:2 y-CD-26DNC inclusion
complex is responsible for the excimer fluorescence. To
confirm the existence of the 2:2 inclusion complex, we have
further calculated a best fit curve (dotted curve), which has
been simulated according to the scheme involving the 1:2 -
CD-26DNC inclusion complex. However, the best fit simu-
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Figure 12. (a) Absorption spectra of 26DNC (4.4 x 1077
mol dm~2) solution 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 1072 mol dm~3. (b) Fluorescence
spectra of 26DNC (4.4 x 107" moldm~3) solution con-
taining various concentrations of y-CD. Concentration of
y-CD: (1) 0, (2) 1.0 x 1073, (3) 3.0 x 1073, (4) 5.0 x
1073, and (5) 1.0 x 1072moldm ™. A¢ = 290 nm.

lation curve based on the latter scheme does not reproduce the
observed excimer fluorescence data, supporting that the
excimer fluorescence is due to not the 1:2 but the 2:2 inclusion
complex.

Inclusion Modes of 23DNC. Inclusion Complexes of
23DNC with B8-CD and TM-B-CD:  Figure 14 displays
absorption and fluorescence spectra of 23DNC (9.7 x 1073 and
4.8 x 10> mol dm™ for absorption and fluorescence spectra,
respectively) in aqueous solution containing various concen-
trations of B-CD. When B-CD is added, the absorption peaks
are decreased in intensity, suggesting the formation of an
inclusion complex of B-CD with 23DNC. With an increase in
the B-CD concentration, the fluorescence band is shifted to
shorter wavelengths, indicating the formation of the inclusion
complex between B-CD and 23DNC. From the fluorescence
intensity change, the K| value of 23DNC for B8-CD has been
evaluated to be 1680 % 40 mol~! dm?, which is nearly the same
as those (1700 & 100 and 1670 & 40 mol~' dm®) of 2NC and
26DNC (Table 1). This result suggests that a naphthalene ring
of 2NC, 23DNC, and 26DNC is thoroughly encapsulated in the
B-CD cavity. The K; value of 23DNC is greater than the
reported one (1058.0 & 15.2 mol~! dm?).3
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Figure 13. Simulation for the observed excimer fluores-
cence intensities (open circles) of 26DNC (4.4 x 1077
moldm™3) in aqueous solutions containing various con-
centrations of y-CD. A best fit simulation curve (solid
curve), based on the scheme involving the 2:2 y-CD-
26DNC inclusion complex, has been calculated with an
evaluated K; value of 310 mol~! dm? of and an assumed K,
value of 6.71 x 10°mol~' dm>. A best fit simulation curve
(dotted curve), based on the scheme involving the 1:2 y-
CD-26DNC inclusion complex, has been calculated with
an evaluated K, value of 310mol~'dm® and an assumed
K, value of 2.23 mol~! dm?. A, = 290 nm. Agps = 460 nm.

For TM-B-CD, the K; value of 23DNC has been estimated
to be 160+ 10mol~'dm? which is about half of those
(370 20, 340410, and 330 £20mol~'dm®) of 2NC,
26DNC, and 27DNC (Table 1). We could not estimate the K
value of 23DNC for a-CD, because the fluorescence intensity
change was very small in the -CD concentration range of up
to 1.0 x 1072 mol dm™.

Inclusion Complexes of 23DNC with p-CD: Absorption
spectral change of 23DNC (9.7 x 107> mol dm~3) in aqueous
solution containing y-CD has been similar to that containing
B-CD, suggesting the formation of an inclusion complex
between y-CD and 23DNC. Figures 15a and 15b exhibit
fluorescence spectra of concentrated (9.7 x 10~> mol dm~3) and
dilute (1.1 x 10> moldm™) 23DNC solution containing y-
CD, respectively. The decrease in the fluorescence intensity of
concentrated 23DNC solution is much remarkable than that of
dilute 23DNC solution. When the y-CD concentration is raised
up to 1.0 x 1072 mol dm~3, the 370-nm band at a low 23DNC
concentration is sharpened compared to that at a high 23DNC
concentration. This finding suggests that at least two kinds of
inclusion complexes are present at a high concentration of
23DNC. Figure 16 shows the y-CD concentration dependence
of the fluorescence intensity, observed at 375 nm, for solutions
of different 23DNC concentrations. At the same Y-CD
concentration, the fluorescence intensity at a high 23DNC
concentration is weak to a large extent, compared to the
fluorescence intensity at a low 23DNC concentration. In dilute
23DNC solution, only a 1:1 y-CD-23DNC inclusion complex
is most likely formed. Thus, we first estimated the K; value of
23DNC for dilute 23DNC solution to be 430 & 20 mol~' dm*
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Figure 14. (a) Absorption spectra of 23DNC (9.7 x 1073
mol dm~3) solution containing various concentrations of
B-CD. Concentration of 8-CD: (1) 0, (2) 3.0 x 1074, (3)
1.0 x 1073, (4) 3.0 x 1073, and (5) 1.0 x 1072mol dm™.
(b) Fluorescence spectra of 23DNC (4.8 x 107> mol dm~3)
solution containing various concentrations of B-CD.
Concentration of B-CD: (1) 0, (2) 3.0 x 107, (3) 1.0 x
1073, (4) 3.0 x 1073, and (5) 1.0 x 1072 mol dm™>. A =
305 nm.

from the fluorescence intensity change. This K; value of
23DNC is comparable with those (560 £ 20, 310 + 60, and
600 + 50 mol~! dm?) of 2NC, 26DNC, and 27DNC (Table 2).
Besides the 1:1 -CD-23DNC inclusion complex, there may be
a 1:2 y~-CD-23DNC inclusion complex or a 2:2 y-CD-23DNC
inclusion complex at high concentrations of 23DNC, although
the excimer fluorescence is not observed in Figure 15a.

When the 1:2 p-CD-23DNC inclusion complex (-
CD-(23DNC),) is formed from the 1:1 y-CD-23DNC inclu-
sion complexes (y-CD-23DNC), the fluorescence intensity of
23DNC is represented by

Iy = g[23DNC] + h[y-CD-23DNC] + i[y-CD-(23DNC),]

= (g + hK,[y-CD] + iK K3'[ y-CD][23DNC])[23DNC]
(13)

Here, g, h, and i are experimental constants including the
fluorescence quantum yields of free 23DNC, the 1:1 y-CD-
23DNC inclusion complex, and the 1:2 y-CD-23DNC inclu-
sion complex, respectively. Under the assumption of a K3’
value, the concentration of free 23DNC can be calculated from
the quadratic equation, which is similar to eq 10. Figure 16
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Figure 15. (a) Fluorescence spectra of concentrated 23DNC
(9.7 x 107> mol dm—?) solution containing various concen-
trations of y-CD. Concentration of y-CD: (1) 0, (2) 3.0 x
1074, (3) 1.0 x 1073, (4) 3.0 x 1073, and (5) 1.0 x 1072
mol dm™3. A, = 309 nm. (b) Fluorescence spectra of dilute
23DNC (1.1 x 107> mol dm—3) solution containing various
concentrations of y-CD. Concentration of y-CD: (1) 0,
2 1.0x1073, (3) 3.0x 1073 and (4) 1.0 x 1072
moldm . A, = 309 nm.

exhibits best fit simulation curves, for which K3’ values at
4.1 x 107> and 9.7 x 10~>mol dm—3 of 23DNC are assumed to
be 2970 and 3190mol~'dm’, respectively. The best fit
simulation curves, which have been calculated on the basis
of the scheme involving the formation of the 1:2 inclusion
complex, well fit the observed fluorescence intensities observed
at 375nm. In addition, the K3’ values at different 23DNC
concentrations are nearly the same, supporting the formation of
the 1:2 y-CD-23DNC inclusion complex. To further confirm
the formation of the 1:2 inclusion complex, similar simulations
have been performed under the conditions that the fluorescence
intensities, excited at different wavelengths, have been ob-
served at 390 nm. The simulations for data excited at 309 and
320nm gave K3’ values of 2580 and 3180 mol~! dm?, respec-
tively. These K3’ values are very close to that obtained at an
observation wavelength of 375 nm, supporting that the 1:2 -
CD-23DNC inclusion complex truly exists.

If the 2:2 y-CD-23DNC inclusion complex ((y-CD);-
(23DNC),) is formed, the fluorescence intensity is given as

Iy = g'[23DNC] + /' [y-CD-23DNC] +{'[(y-CD); - (23DNC), ]

= (¢’ + 1 K,[y-CD]+i K,?K5[y-CDJ*[23DNC])[23DNC]
(14)
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Figure 16. Simulation for the observed fluorescence in-
tensities of 23DNC (: 1.1 x 107>, O: 4.1 x 107>, and @
9.7 x 10 moldm™) in aqueous solutions containing
various concentrations of y-CD. The fluorescence inten-
sities in the absence of )-CD have been normalized to 100.
Best fit simulation curves, based on the scheme involving
the 1:2 y-CD-23DNC inclusion complex, have been
calculated with an evaluated K, value of 430 mol~'dm?
and an assumed K3’ values of 2970 and 3190 mol~! dm? at
23DNC concentrations of 4.1 x 107 and 9.7 x 107
mol dm 3, respectively. Aoy = 309 nm. Ay = 375 nm.

where, g’, #’, and i’ are experimental constants including the
fluorescence quantum yields of free 23DNC, the 1:1 y-CD-
23DNC inclusion complex, and the 2:2 y-CD-23DNC inclu-
sion complex, respectively. Assuming a K3 value, the concen-
tration of free 23DNC can be calculated from the quadratic
equation, which is similar to eq 8. Best fit simulation curves
thus obtained fitted the observed fluorescence data, although
the residual was slightly large, compared to the best fit
simulation curves based on the scheme involving the 1:2 y-
CD-23DNC inclusion complex. However, the K3 values at
4.1 x 1075 and 9.7 x 10~ mol dm—> of 23DNC were 26.4 and
4.64 x 10*mol~!dm?, respectively. The disagreement of the
two K3 values at different 23DNC concentrations confirms no
formation of the 2:2 y-CD-23DNC inclusion complex.

In the 1:1 y-CD-23DNC inclusion complex, two methoxy-
carbonyl groups are most likely extruded into the water
environment. Consequently, the methoxycarbonyl groups ex-
truded from the y-CD cavity obstruct the association of the 1:1
inclusion complexes to form the 2:2 y-CD-23DNC inclusion
complex. Within the 1:2 y~-CD-23DNC inclusion complex, the
steric hindrance of the methoxycarbonyl groups most likely
prevents the overlapping of two naphthalene rings of 23DNC
molecules, leading to no observation of the excimer fluores-
cence.

Conclusion

B-CD and TM-B-CD form 1:1 inclusion complexes with
2NC, 27DNC, 26DNC, and 23DNC. For all the guests
examined, the K, value for B-CD is about five to ten times
greater than that for TM-B-CD. The inclusion mode of o-CD
depends on the shape of a guest molecule. 2NC, which has a
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substituent at C, on a naphthalene ring, forms the 2:1 «-CD-
2NC inclusion complex as well as the 1:1 inclusion complex.
26DNC, which has two substituents on C, and Cg (substituents
located on the line connecting C, and Cg), forms the 2:1 a-CD—
26DNC inclusion complex. On the other hand, 27DNC, in
which a methoxycarbonyl group on C7 is not located on the
line connecting C, and Cg, forms only the 1:1 o-CD-27DNC
inclusion complex. y-CD forms the 1:1 inclusion complex with
2NC. For long guest molecules (27DNC and 26DNC), 1:1
inclusion complexes associate to form the 2:2 inclusion
complex. In the case of 23DNC, however, the 1:1 y-CD-—
23DNC inclusion complex associates with an additional
23DNC molecule to form the 1:2 y-CD-23DNC inclusion
complex. In the p-CD-23DNC inclusion complex, two
substituents are likely extruded into the water environment
from the p-CD cavity. Due to the extruded substituents, two 1:1
inclusion complexes may not associate with to form a 2:2 -
CD-23DNC inclusion complex.

Supporting Information

Absorption spectra of 27DNC in aqueous solutions contain-
ing a- and B-CD, and double-reciprocal plots for 27DNC and
26DNC solutions containing y-CD. This material is available
free of charge on the web at http://www.csj.jp/journals/bcsj/.
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