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In aqueous solutions, 6-deoxy-6-iodo-f-cyclodextrin (3-CDI) forms a 1 : 1 inclusion complex with naphthalene. The
naphthalene fluorescence is quenched upon the formation of the inclusion complex with S-CDI. The room-temperature
phosphorescence of naphthalene has been observed from aqueous naphthalene solutions containing both D-glucose and
[-CDIL Although the room-temperature phosphorescence has also been observed from aqueous naphthalene solutions
containing both D-glucose (5.0 g/5.0 mL) and B-cyclodextrin (1.0x 1072 mol dm™?), its intensity amounts to at most 9% of
that containing D-glucose (5.0 g/5.0 mL) and 5-CDI (1.0x 10~ mol dm ™). In addition to the high viscosities of D-glucose
solutions, the external heavy atom effects of $-CDI cause the appearance of the room-temperature phosphorescence. The
room-temperature phosphorescence quantum yield of naphthalene in D-glucose (5.0 g/5.0 mL) solution containing -
CDI (1.0x10~% mol dm—?) has been estimated to be 2.2x 1073, which is around 1.8% of the intrinsic phosphorescence
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quantum yield of naphthalene in ethanol at 77 K.

Cyclodextrins (CDs), which have a hydrophobic cavity in
.the molecular center, are cyclic oligosaccharides composed
of more than five D-glucose units.” CDs having six, seven,
and eight D-glucose units are called -, 8-, and y-CD, respec-
tively. In aqueous solutions, CDs and their derivatives ac-
commodate various kinds of aromatic compounds into their
cavities to form inclusion complexes. Due to the formation
of the inclusion complexes of CDs with guest molecules,
spectroscopic properties, such as electronic absorption, fluo-
rescence, and phosphorescence, of guest molecules are var-
ied to some extent.>~'? Fluorescence intensities of guests are
usually increased when the guests are incorporated into the
CD cavities. The CD cavities offer more hydrophobic envi-
ronments to the guests than the bulk water environment. In
addition, a guest molecule incorporated into the CD cavity
is protected from quenchers such as oxygen, thereby having
smaller quenching efficiency and even showing the room-
temperature phosphorescence of a guest.®10210411—16)

It is known that the heavy atom effects accelerate spin-
forbidden transitions such as intersystem crossing between
the excited singlet state and the triplet state. In ternary in-
clusion complexes, an additional heavy atom perturber, such
as bromo-substituted alcohol, which is co-included in the
CD cavity, has heavy atom effects on a non-halogenated
phosphorophore bound to the cavity, leading to the observa-
tion of room-temperature phosphorescence.!°'® The heavy
atom perturber is not limited to an additional guest molecule.
Femia and Cline Love have found that heptakis(6-bromo-
6-deoxy)-£-CD in N,N-dimethylformamide—water mixtures
acts on a bound guest as a heavy atom perturber.' In neat

water, it has been found that upon the formation of an inclu-
sion complex, 6-deoxy-6-iodo--CD (-CDI) increases the
room-temperature phosphorescence of 2-chloronaphthalene
compared to native -CD.!6?

Until recently, room-temperature phosphorescence in so-
lutions has been observed only from inclusion complexes of
f- and y-CD (derivatives). Furthermore, these inclusion
complexes, which emit room-temperature phosphorescence,
contain a single CD molecule. However, it has been found
that an inclusion complex between @-CD and 6-bromo-2-
naphthol also shows the room-temperature phosphorescence
of a guest in aerated aqueous solutions.'®*® In this system,
a 2:1 a-CD—6-bromo-2-naphthol inclusion complex emits
the room-temperature phosphorescence, but a 1 : 1 inclusion
complex does not emit it. For 2-chloronaphthalene, inclusion
complexes with a-CD do not have the room-temperature
phosphorescence even in deaerated aqueous solutions. In
aqueous solutions containing D-glucose, however, the2: 1 a-
CD-2-chloronaphthalene inclusion complex emits the room-
temperature phosphorescence of 2-chloronaphthalene.!? As
in the case of 6-bromo-2-naphthol, the room-temperature
phosphorescence of 2-chloronaphthalene has not been ob-
served from a 1 : 1 inclusion complex in D-glucose solutions,
although the high viscosities of the D-glucose solutions facil-
itate the emission of the room-temperature phosphorescence.

As stated previously, the room-temperature phospho-
rescence of 2-chloronaphthalene in aqueous solution without
D-glucose has been observed from a 1: 1 inclusion complex
with §-CDL.'* However, 2-chloronaphthalene has a chlorine
substituent which potentially exerts internal heavy atom ef-
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fects. Consequently, naphthalene, which has no such heavy
atom, is more appropriate for examining the external heavy
atom effects of f-CDI on the emission properties of a guest
incorporated into the cavity. For the exciplex fluorescence
of the anthracene—N,N-dimethylaniline system, it has been
reported that the number of internal heavy atoms affects the
exciplex fluorescence quantum yield.'” From the viewpoint
of the effects of the number of heavy atoms in inclusion com-
plexes, an examination of the properties of room-temperature
phosphorescence is interesting, since, in contrast to the -
CDI-2-chloronaphthalene system, only one heavy atom is
involved in the f-CDI-naphthalene system. Despite several
reports on the observation of room-temperature phospho-
rescence from CD inclusion complexes, there is so far little
data concerning room-temperature phosphorescence quan-
tum yield.'>'%9 To better understand the external heavy atom
effects of $-CDI, therefore, it is very important to evaluate
the room-temperature phosphorescence quantum yield of a
guest incorporated into the 3-CDI cavity. In addition to these
unresolved points, the viscosity effects on the room-temper-
ature phosphorescence from inclusion complexes in solu-
tion have not been examined except for the a-CD—-2-chloro-
naphthalene system.'®® Thus, we investigated the emission
properties of naphthalene in aqueous (D-glucose) solutions
containing -CDL.

Experimental

The synthesis of S-CDI has been described elsewhere.'®® -
CD obtained from Nacalai Tesque, Inc. was recrystallized twice
from water. Naphthalene purchased from Nacalai Tesque, Inc.
was recrystallized twice from ethanol. D-Glucose from Wako Pure
Chemical Industries, Ltd. was used without further purification.
Aqueous solutions of naphthalene were prepared by plunging pu-
rified naphthalene crystals into water in the dark for several days.
Aqueous D-glucose solutions of naphthalene were prepared using
a method similar to those of 2-chloronaphthalene.'®¥ With respect
to the aqueous D-glucose solutions, 5.0 mL of solutions contained
5.0 g of D-glucose unless otherwise stated. Concentrations of naph-
thalene were about 3.9x 10™> moldm™>. The viscosities of the D-
glucose (5.0 g/5.0 mL) solutions were 600 mPa s at 25 °C.

Absorption spectra were recorded on a Shimadzu UV-260 spec-
trophotometer. Fluorescence spectra were taken with a Shimadzu
RF-501 spectrofluorometer equipped with a cooled Hamamatsu R-
943 photomultiplier. Room-temperature phosphorescence spec-
tra were recorded on the fluorometer provided with a cylindrical
chopper. Fluorescence and phosphorescence spectra were cor-
rected for the spectral response of the fluorometer. Phospho-
rescence decay curves were obtained with a conventional flash
photolysis apparatus.'® Spectroscopic measurements were made at
2540.1°C, except for the low-temperature phosphorescence spec-
trum and phosphorescence decay measurements, which were done
at 77 K and at room temperature, respectively.

Results and Discussion

Fluorescence Properties of Naphthalene in Aqueous
Solutions Containing D-Glucose. Figure 1 shows absorp-
tion spectra of naphthalene in aqueous solutions in the ab-
sence and presence of D-glucose. When D-glucose is added
to aqueous naphthalene solution, the absorption peaks of
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Fig. 1.  Absorption spectra of naphthalene (3.9x107°

moldm ™) in aqueous solutions in the absence (spectrum
1) and presence (spectrum 2) of D-glucose (5.0 g/5.0 mL).

naphthalene are shifted to longer wavelengths. An increase
in the absorbance of the naphthalene absorption bands over
the wavelength range examined is probably due to a slightly
poor match in absorbance between sample and reference so-
lutions. Figure 2 shows normalized fluorescence spectra of
naphthalene in aqueous solutions in the absence and pres-
ence of D-glucose. As in the case of the absorption spectra
shown in Fig. 1, the fluorescence spectrum of naphthalene in
the presence of D-glucose is shifted to slightly longer wave-
lengths relative to that in the absence of D-glucose.

The fluorescence quantum yield (¢%) of naphthalene in
aqueous solution was evaluated to be 0.086 on the basis of
a ¢ value (0.546) of quinine sulfate in 1 mol dm—3 H,S0,
solution.’” Next, a ¢ value of naphthalene in D-glucose (5.0
g/5.0 mL) solution was measured as 0.17 by using an aqueous
naphthalene solution as a secondary standard. This ¢ value
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Fig. 2. Normalized fluorescence spectra of naphthalene
(3.9x 10~ mol dm"3) in aqueous solutions in the absence
(spectrum 1) and presence (spectrum 2) of D-glucose (5.0
2/5.0 mL). Aex =285 nm.
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for D-glucose solution is about two times greater than that
for an aqueous solution without D-glucose. The greater ¢
value is due to the increased viscosity of D-glucose solution.

Inclusion Complexes of f-CD with Naphthalene in
Aqueous D-Glucose Solutions.  Figure 3 illustrates nor-
malized fluorescence spectra of naphthalene in D-glucose
solutions with and without S-CD. Upon the addition of -
CD (1.0x10~2 mol dm~3), the naphthalene monomer fluo-
rescence is very slightly increased, and a new, broad longer-
wavelength emission appears, which is ascribed to the naph-
thalene excimer fluorescence. Furthermore, in the presence
of B-CD, the vibrational structures of the monomer fluo-
rescence are much sharper than that in the absence of -
CD. In aqueous solutions without D-glucose, similar spec-
tral changes have already been observed for the naphthalene
fluorescence.'® As in the case of aqueous naphthalene solu-
tions without D-glucose, the spectral and intensity changes in
the naphthalene monomer fluorescence for D-glucose solu-
tion is most likely due to the formation of a 1 : 1 f-CD-naph-
thalene inclusion complex:

K

B-CD+N == B-CD-N )

Here, N and -CD-N represent naphthalene and the 1:1
inclusion complex between -CD and naphthalene, respec-
tively, and K is the equilibrium constant for the formation
of the 1: 1 inclusion complex. Addition of $-CD to aqueous
naphthalene solution without D-glucose results in the appear-
ance of the naphthalene excimer fluorescence, which arises
from a 2 : 2 B-CD-naphthalene inclusion complex.!% Since
the presence of D-glucose does not essentially alter the inclu-
sion modes of CD,'s? the 2:2 -CD-naphthalene inclusion
complex, which is responsible for the naphthalene excimer
fluorescence, is most likely formed in aqueous solution con-
taining D-glucose:
K>
B-CD-N + $-CD-N == (8-CD-N), )
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Fig. 3. Normalized fluorescence spectra of naphthalene

(3.9%x107° mol dm™?) in aqueous D-glucose (5.0 /5.0 mL)
solutions in the absence and presence of 8-CD (1.0x 1072
mol dm ™). A =285 nm.
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Here, (-CD-N), stands for the 2:2 f-CD-naphthalene
inclusion complex, and K3 is the equilibrium constant for the
formation of the 2 : 2 inclusion complex.

Inclusion Complex of f-CDI with Naphthalene in
Aqueous and Aqueous D-Glucose Solutions.  When -
CDI (1.0x 1073 mol dm™3) was added to aqueous solution of
naphthalene, the monomer fluorescence of naphthalene was
reduced in intensity, indicating the formation of a 1:1 §-
CDI-naphthalene inclusion complex. In contrast to naphtha-
lene solutions containing £-CD, the new longer-wavelength
emission band did not appear, probably because the 5-CDI
concentration was about one-tenth of the -CD concentration
owing to the much lower solubility of -CDIin water. Atlow
concentrations of £-CDI, self-association of 1:1 inclusion
complexes, which causes the formation of the naphthalene
excimer, would not occur, because of the low concentration
of a 1:1 inclusion complex. From a double reciprocal plot
for the naphthalene monomer fluorescence,'% the K for -
CDI has been estimated to be 33090 mol ! dm? (Fig. 4).
This K; is about half those (685 and 630440 mol~' dm?) for
the parent 5-CD.!%2

A naphthalene molecule incorporated into the §-CDI cav-
ity is protected from attack by a quencher. Figure 5 shows
the result of the quenching experiment using KI in aque-
ous solutions with 8-CDI (1.0x 10~* mol dm™3). From the
Stern—Volmer plot in Fig. 5, an apparent Stern—Volmer con-
stant for a naphthalene solution containing £-CDI (1.0x 1073
moldm—3) is estimated to be 211 mol~!dm?3, which is
slightly smaller than that (240 mol~! dm?) for naphthalene
solution without £-CDL.!* This finding provides additional
evidence for the formation of the inclusion complex between
[-CDI and naphthalene. The fluorescence quenching by KI
also indicates that the fluorescence of naphthalene bound to
the -CDI cavity is not completely quenched by £-CDL

The absorption spectrum of naphthalene in aqueous D-glu-
cose solution with 8-CDI (1.0x 10~3 mol dm~3) was nearly
the same as that without 3-CDI, because the #-CDI concen-
tration was low. The monomer fluorescence of naphthalene
in aqueous D-glucose solution was quenched by $-CD], indi-
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Fig. 4. Double reciprocal plot for the naphthalene

" monomer fluorescence intensity in the f-CDI-naphthalene
(3.9%107° mol dm ™) system. Aex=285 nm. Aobsa=335 nm.
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Fig. 5. Stern—Volmer plot for the naphthalene monomer fluo-
rescence in aqueous 3-CDI (1.0x 1073 mol dm™3) solution
containing KI. Aex=285 nm. Agbsa=335.5 nm.

cating the formation of an inclusion complex between 3-CDI
and naphthalene. The locations of the spectral peaks and the
shape of the naphthalene monomer fluorescence were not
varied by the addition of S-CDI. As in the case of the
naphthalene solution without D-glucose, B-CDI (1.0x 1073
mol dm~3) did not induce the naphthalene excimer fluores-
cence, probably because the concentration of the 1: 1 inclu-
sion complex is very low owing to the low concentration of
[-CDL ,
Room-Temperature Phosphorescence of Naphthalene
in D-Glucose Solutions Containing #-CDI. Even when
aqueous naphthalene solution containing S-CDI was de-
gassed, the room-temperature phosphorescence of naphtha-
lene was not detected. However, the room-temperature
phosphorescence of naphthalene was observed from aque-
ous naphthalene solutions containing both S-CDI (1.0x 103
moldm~3) and D-glucose (5.0 g/5.0 mL), although a me-
chanical chopper had to be used to remove the intense naph-
thalene fluorescence from the naphthalene emissions. This
indicates that the high viscosity of D-glucose solution as
well as the presence of S-CDI induces the room-temperature
phosphorescence of naphthalene. Figure 6 depicts the room-
temperature phosphorescence of naphthalene in aqueous D-
glucose solution containing -CDI, together with the phos-
phorescence spectrum of naphthalene in ethanol at 77 K.
The room-temperature phosphorescence is shifted to longer
wavelengths by around 10 nm, with blurred vibrational struc-
tures, compared to the low-temperature phosphorescence.
Figure 7 illustrates the dependence of the room-tempera-
ture phosphorescence intensity of naphthalene in D-glucose
solution containing £-CDI (1.0x 10~ mol dm~3) on the ro-
tation rate of a chopper. At about 60 rps, the room-tem-
perature phosphorescence intensity reaches a plateau. Thus,
we tried to estimate the room-temperature phosphorescence
quantum yield (¢,) using the fluorescence (¢¢ = 0.086) of an
aqueous naphthalene solution as a standard. By use of our
apparatus, the apparent ¢, value of naphthalene in D-glu-
cose (5.0 g/5.0 mL) solution containing S-CDI (1.0x10~3
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Fig. 6. Normalized phosphorescence spectrum of naphtha-

lene (3.9x 10> mol dm ) in aqueous solution containing
D-glucose (5.0 g/5.0 mL) and -CDI (1.0 107> mol dm™?)
at 25 °C and that in ethanol at 77 K.
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Fig. 7. Dependence of the room-temperature phospho-

rescence intensity of naphthalene (3.9x 10~ mol dm~3) in
aqueous D-glucose (5.0 g/5.0 mL) solutions containing -
CDI (1.0x 107> mol dm~3) on the rotation rate of a chopper.
Aex =285 nm. Agpsa =510 nm.

moldm~3) was found to be 2.1x107*. In our phospho-
rometer, however, a cylindrical chopper cuts off the illu-
mination time of the excitation light by 11/18, so that the
integrated excitation light intensity is reduced to 7/18 ir-
respective of the rotation rate of the chopper. Therefore,
the apparent ¢, value has to be multiplied by 18/7, giving
5.4x107* as a corrected ¢, value. Furthermore, not all
naphthalene molecules associate with £-CDI, since the -
CDI concentration is relatively low. Under the assumption
that the K; for D-glucose solution is the same as that for
a solution without D-glucose and that the absorption spec-
tra of solutions with and without S-CDI are identical, the
corrected ¢, above obtained should be further multiplied by
(1+K,[5-CDI])/K [ B-CDI] (=4.03) as a correction factor.
Consequently, the finally corrected ¢, value for D-glucose
solution containing 5-CDI is 2.2x1073.

Although the room-temperature phosphorescence emis-
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sions of naphthalene were observed from D-glucose solu-
tions with and without 8-CD (1.0x 1072 moldm—3), these
intensities were less than 9% of that for D-glucose solution
containing B-CDI of 1.0x 1073 mol dm—3. This finding in-
dicates that the inclusion of naphthalene into the 5-CD cavity
causes little or no increase of the room-temperature phospho-
rescence, although the association of the 1:1 -CD-naph-
thalene inclusion complexes, which induces the naphthalene
excimer, may reduce the room-temperature phosphorescence
intensity of naphthalene. From these results, the external
heavy atom effects of S-CDI on the naphthalene emission
properties are definitely confirmed.

The ratio of the room-temperature phosphorescence inten-
sity of naphthalene in £-CDI (1.0x 10~ mol dm—3) solution
to that in 8-CD (1.0x 10~2 mol dm~3) solution is estimated
to be about 11. However, the concentration of the inclusion
complex of S-CDI is much lower than that of S-CD, since
the concentration of #-CDI is one-tenth of that of S-CD.
Therefore, the intrinsic intensity ratio for the room-tempera-
ture phosphorescence of naphthalene is greater than 11. For
the -CDI-2-chloronaphthalene system in aqueous solutions
without D-glucose, on the other hand, at least a 20% increase
of the room-temperature phosphorescence has been observed
compared to the f-CD—-2-chloronaphthalene system.'*® The
intensity ratio of the room-temperature phosphorescence is
about 1.2 for 2-chloronaphthalene, although the iodine atom
of $-CDI is a much stronger perturber than the chlorine atom
of 2-chloronaphthalene. A comparison of the intensity ratios
between naphthalene and 2-chloronaphthalene suggests that
the second heavy atom (an iodine atom of S-CDI) in the
inclusion complex makes a less effective contribution to the
increase in the room-temperature phosphorescence quantum
yield.

Langelaar et al. have measured the ¢, values of naphtha-
lene in ethanol to be 2x 1075 and 0.12 at 20 °C and 77 K,
respectively.?? Consequently, the ¢, value (2.2x1073) of
naphthalene in D-glucose solution with f-CDI is two or-
ders of magnitude greater than that in ethanol at 20 °C, and
is 1.8% of the intrinsic ¢, value at 77 K. For the a-CD-2-
chloronaphthalene system in D-glucose solution, the ¢, value
of the room-temperature phosphorescence is at least 19% of
the ¢, value at 77 K.'*¥ These results suggest that in the
inclusion complexes the internal heavy atom effects may be
more effective than the external heavy atom effects, although
the inclusion modes of @-CD and B-CDI are different. The
significantly small ¢, value of naphthalene compared to the
¢ value (0.17) for D-glucose solution is consistent with the
fact that the intense naphthalene fluorescence obscures the
room-temperature phosphorescence of naphthalene when a
chopperis notused. The room-temperature phosphorescence
lifetime of naphthalene in aqueous D-glucose solution con-
taining 8-CDI (1.0x10~> mol dm™?) has been found to be
0.40 ms, which is an order of magnitude less than that (3
ms)*? for naphthalene in ethanol at 20 °C. Using a rela-
tionship of k,=¢,/(7,¢r), where ky, 7,, and ¢r are the rate
constant for phosphorescence, the phosphorescence lifetime,
and the triplet quantum yield, respectively, the ratio of a &,

Bull. Chem. Soc. Jpn., 71, No. 7 (1998) 1553

value of naphthalene in aqueous D-glucose solutions con-
taining 8-CDI to that in ethanol is estimated to be 8.3x 10%
under the assumption that the ¢r value for aqueous D-glucose
solutions with #-CDI is identical to that for ethanol. The ¢r
value for ethanol solution at 20 °C is reported to be 0.71 or
0.80.22%% Because the ¢y value for solution containing [3-
CDI is likely to be greater than that for solution without £-
CDI owing to the external heavy atom effects of §-CDI, the
estimated k;, ratio may be slightly overestimated. However,
the error amounts to at most 30%, since the ¢r value is 0.71
(or 0.80) for ethanol. Consequently, the more than two orders
of magnitude greater ratio of the k, value definitely indicates
external heavy atom effects of 5-CDI on naphthalene bound
to the B-CDI cavity; the increase in k, greatly contributes
to the increase of the room-temperature phosphorescence of
naphthalene. ,

The ratio of the k;, value of naphthalene in a mixture of eth-
anol/methanol/propyl iodide (3.2:8: 1) to that in a mixture
of ethanol/methanol (4 : 1) has been reported to be 6.8.2% This
value is much smaller than the k, ratio (8.3x 10?) regarding
solutions with and without S-CDI. At 77 K, the phospho-
rescence lifetimes of naphthalene in EPA (diethyl ether/2-
methylbutane/ethanol =5 : 5 : 2) and propyl iodide have been
measured to be 2.6 and 0.076 s, respectively.”> Assuming
that the nonradiative rate constant is negligible to k,, the
ratio of k, in propyl iodide to that in EPA is calculated to
be about 34. From the results that the ratio of &, for §-
CDI solution to that for solution without S-CDI is one or
two orders of magnitude greater than the roughly estimated
kp ratio regarding neat solvents and the k;, ratio regarding
mixed solvents, the external heavy atom effects of 5-CDI on
the k, value of a guest molecule bound to the -CDI cavity
seem to be considerably greater than the external heavy atom
effects due to solvent. This may imply the close contact of
the guest molecule with an iodine atom of §-CDI compared
to an iodine atom of a solvent molecule.
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