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Molecular states of 2,5-diphenyloxazole (PPO) were investigated in
ground mixtures with y-cyclodextrin (y-CD). Crystalline PPO grad-
ually became amorphous upon grinding in the presence of y-CD.
Solid-state fluorescence spectra of the ground mixtures showed that
the fluorescence emission peak due to PPO crystals was reduced in
intensity with an increasing duration of grinding. A new fluores-
cence peak attributed to PPO excimer appeared at a longer wave-
length. Results of the time-resolved fluorescence study indicated
that the cogrinding caused an increase in the portion of PPO excimer
in the y-CD ground mixture. On the other hand, only a small portion
of excimer was formed in ground mixtures with 8-CD, which has a
smaller cavity than y-CD. These results suggest that cogrinding of
PPO with y-CD caused two PPO molecules to be included in the
v-CD cavity, contributing to excimer formation.

KEY WORDS: fluorescence; grinding; cyclodextrin; 2,5-diphenyl-
oxazole; excimer; inclusion complex.

INTRODUCTION

The molecular states of a drug in solid dispersions are
closely related to its pharmaceutical characteristics, e.g.,
stability, solubility, and bioavailability, in solid preparations.
However, only a few spectroscopic methods are applicable
to the evaluations of pharmaceutical dispersions. Previous
analysis of the molecular states of drugs in solid dispersions
by infrared spectroscopy (1,2) and photoacoustic spectros-
copy (3) demonstrates the importance of the spectroscopic
approach.

Fluorescence analysis has been used to evaluate the
structure and dynamics of biomolecules and their aggregates
(4) and to study molecular interactions such as the inclusion
phenomena of cyclodextrin and guest compounds in solution
(5-10). Solid-state fluorescence analysis has been used to
study adsorbate on solid surfaces (11-19), dispersions in
rigid matrices at low temperatures (20-22), solid dispersions
in polymers (23), powdered solids (24), gels (25), and phar-
maceutical formulations (26). These studies demonstrated
that fluorescence can serve to investigate molecular state
and photochemistry in solid systems.
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Report

Fluorescence studies of 2,5-diphenyloxazole (PPO) are
of interest because the emitting excimer fluorescence has a
long lifetime in concentrated solutions (27). Agbaria and Gill
(28) prepared aggregates of the y-cyclodextrin (y-CD)/PPO
system and observed that a suspension of the aggregates
gave a marked excimer fluorescence, which they attributed
to the formation of a PPO/y-CD (2:1) inclusion complex. In
the present paper, solid-state fluorescence measurements
have been applied to y-CD/PPO ground mixtures to elucidate
the molecular behavior of PPO during the grinding process
and the mechanism of inclusion complex formation by co-
grinding with y-CD.

EXPERIMENTAL

Materials

2,5-Diphenyloxazole (PPO; Nacalai Tesque) was special
reagent grade. a-Cyclodextrin (a-CD; Nacalai Tesque), B-cy-
clodextrin (8-CD; Ando Kasei Co.), y-cyclodextrin (y-CD;
Nacalai Tesque), and microcrystalline cellulose (MCC; Avi-
cel PH-101, Asahi Chemical Ind. Co., Ltd.) were used after
drying for 3 hr at 110°C in a vacuum.

Preparation of Ground Mixtures

Physical mixtures (2.0 g) of PPO and CDs were ground
by means of a vibrational mill (Heiko Seisakusho TI-200)
made of tungsten carbide. The mixing molar ratio of PPO to
v-CD was varied from 0.10 to 20.

@ am

®)
m N . N ;
(C ) M

i M a

10 20 30
20 ()
Fig. 1. Changes caused in the powder X-ray diffraction pattern of

the y-CD/PPO (1:2) system by grinding. (a) Intact; (b) 1 min of
grinding; (c) 5 min of grinding; (d) 10 min of grinding.
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Fig. 2. Changes caused in the solid-state fluorescence spectrum of
the y-CD/PPO (1:2) system by grinding (A., = 352 nm). (a) Intact;
(b) 1 min of grinding; (c) 5 min of grinding; (d) 10 min of grinding.

Fluorescence Spectroscopy

An FP-770F spectrofluorometer (Japan Spectroscopic
Co., Ltd.), equipped with an attachment for solid-sample
measurement (FP-1060), was used for stationary measure-
ment.

Determination of Fluorescence Lifetime

Measurements of fluorescence lifetimes and relative
quantum yields were carried out using a single-photon count-
ing apparatus, NAES-1100 (Horiba, Japan). Quartz de-
mountable cells AB-20 (GL Sciences, Japan) were used for
powdered samples.

Powder X-Ray Diffractometry
A Rigaku Denki 2027 diffractometer was used. The mea-

surement conditions were as follows: target, Cu; filter, Ni;
voltage, 30 kV; current, 5 mA; and scintillation counter.
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RESULTS AND DISCUSSION

A physical mixture of y-CD and PPO at a molar ratio of
1:2 was ground with the vibrational mill. Figure 1 shows the
changes in the powder X-ray diffraction pattern caused by
grinding. Diffraction peaks due to PPO crystals, indicated by
arrows in Fig. 1, decreased in intensity with increasing du-
rations of grinding and, finally, disappeared after 10 min of
grinding, indicating the amorphization of PPO crystals by
cogrinding with y-CD. Solid-state fluorescence measure-
ments were carried out for the ground samples. Figure 2
shows the fluorescence emission spectra of the y-CD:PPO
(1:2) ground mixtures at an excitation wavelength of 352 nm.
It was reported that excitation at 358 nm yielded nearly pure
dimer fluorescence (28). In the solid sample, showing a
broadened excitation spectrum, however, monomer species
were considered also to be excited at 352 nm because no
significant difference in the shape of the emission spectrum
of PPO crystals was observed between the excitation wave-
length of 313 nm and that of 352 nm. To detect changes in
emission spectrum as a result of excimer formation, fluores-
cence measurements were carried out at an excitation wave-
length of 352 nm. In the emission spectrum of the physical
mixture, the fluorescence peak observed at 397 nm was re-
garded as being due to PPO crystals. Grinding with v-CD
reduced the intensity of this peak, accompanied by the ap-
pearance of a new fluorescence peak near 423 nm.

Fluorescence decay kinetics was also investigated for
each sample. The excitation and observation wavelengths
were 352 and 420 nm, respectively. As shown in Fig. 3, the
fluorescence decay curves of PPO before and after the co-
grinding with y-CD were markedly different. The individual
lifetimes of each component of PPO were determined by
deconvolution with two or three exponentials. The values
obtained of lifetimes and relative quantum yields are listed in
Table I. The short-lifetime component, whose lifetime was
about 1.0 nsec, was observed within a relative quantum yield
of 10% for each sample. Since this component has too short
a lifetime to be regarded as a fluorescence due to PPO mol-
ecules and its relative quantum yield increased with a de-
crease in PPO content (see Table II), this component was
considered a result of spurious fluorescence e.g., stray, re-
flective, or scattered light (29). The third component in the
ground sample had a long lifetime of more than 13 nsec, and
the relative quantum yield of this component increased with
the duration of grinding. Before grinding, the major compo-
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Fig. 3. Fluorescence decay curves of y-CD/PPO (1:2) systems (A, = 352 nm, A, = 420
nm). (a) Physical mixture; (b) ground mixture (15 min of grinding). (——) Fluorescence
decay curve; (+--+-- ) component 1; (~-—-—- ) component 2; (————) component 3.
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Table I. Changes of Fluorescence Lifetime (1) and Relative Quantum Yield (Q) of PPO by Cogrinding
with y-CD (Molar Ratio of y-CD:PPO = 1:2): A, = 352 nm, A, = 420 nm

T (nsec) 0, (%) T, (nsec)  Q, (%) T (nsec) Qs (%) Nl

Ground mixture
0 min® 0.856 1.8 2.79 90.3 16.1 7.9 1.52
1 min 1.11 8.4 4.16 71.2 13.5 20.4 1.18

2 min 0.913 7.8 4.08 64.7 15.7 27.5 0.940

5 min 0.873 9.0 4.16 41.3 17.5 49.7 1.46
10 min 0.909 9.6 4.29 33.3 17.8 57.1 1.06
15 min 0.849 10.0 4.08 33.2 17.7 56.8 1.10
PPO crystals 0.291 5.4 2.97 94.6 1.23
Aggregate 0.408 2.5 5.59 18.5 19.4 79.0 1.25
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@ A parameter for judging the goodness of fit; an ideal fit will yield a x2 value of unity.

& Grinding time.

nent was found at a relative quantum yield of 90.3% and had
a lifetime of 2.79 nsec, results consistent with those for PPO
crystals. After sufficient grinding, two fluorescence compo-
nents with lifetimes of 4 and 18 nsec were observed at rela-
tive quantum yields of about 33 and 57%, respectively. These
distinct changes in fluorescence feature suggest that the mo-
lecular states of PPO were drastically converted by cogrind-
ing with y-CD.

For solutions containing low concentrations of PPO in
cyclohexane, monomer fluorescent emission with a lifetime
of 1.6 nsec was observed near 335 nm (30). At high concen-
trations of PPO, however, another fluorescence emission ap-
peared at a longer wavelength, about 430 nm, and its lifetime
of 15.2 nsec was considerably longer, indicating excimer for-
mation of PPO in the concentrated solutions (30). Agbaria
and Gill (28) have reported that y-CD/PPO aggregates
showed a typical excimer emission with a lifetime of 16 nsec
at about 420 nm. They proposed the following structure
model for the aggregates. In aqueous solutions, PPO formed
a 2:1 (PPO:vy-CD) inclusion complex with y-CD showing
monomer emission at 370 nm, in which structure each of two
PPO molecules would penetrate from the opposite ends of a
v-CD cavity. At high concentrations, these complexes would
associate in the aqueous solutions to form aggregates in
which the unit complexes were linked coaxially by the over-
lapping of PPO moieties.

In the fluorescence spectra for PPO/y-CD dried aggre-
gates, Agbaria and Gill observed strong dimer emission as
well as PPO monomer emission (28). We investigated the
fluorescence decay kinetics of the dried aggregates prepared
according to their method. A fluorescent component which
had quite a long lifetime (1 = 19.4 nsec) was found at a
relative quantum yield of 79% as well as a minor component

with a lifetime of 5.59 nsec. It was considered that the third
component (1 > 13 nsec) in Table I corresponded to the
excimer emission of PPO. The second component, regarded
as being due to PPO crystals, had its lifetime elongated to
approximately 4 nsec after grinding. Since no X-ray diffrac-
tion peak was observed in the 10-min ground mixture (Fig.
1), PPO molecules may, after sufficient grinding, exist in the
molecular-dispersed state in y-CD cavities or in the intermo-
lecular hydrogen-bond network of y-CD (1,2). The monomo-
lecular species of PPO would provide the monomer emission
with a lifetime of about 4 nsec and, together with PPO crys-
tals, contribute to the second component.

Ground mixtures of PPO and y-CD were prepared at
various molar ratios (PPO/y-CD). Powder X-ray diffracto-
grams of the ground mixtures as a function of the PPO/y-CD
molar ratio are shown in Fig. 4. At a molar ratio of 20, where
there was an excess amount of PPO, a diffraction peak due
to PPO crystals was observed at a 20 of 14.5°. At other molar
ratios no diffraction peak due to PPO crystals was observed
after 15 min of grinding, indicating that all the PPO mole-
cules existed in an amorphous state. Fluorescence measure-
ments were carried out in the solid state for these samples at
an excitation wavelength of 352 nm (Fig. 5). The emission
peak at 397 nm, observed at molar ratios of 20.0 and 2.0,
gradually shifted toward 439 nm (dimer emission) with a de-
crease in PPO content to a molar ratio of 0.50 (PPO/y-CD).
With a further decrease in PPO content at a molar ratio of
0.10, the emission peak shifted back toward the initial
shorter wavelength (monomer emission). These results were
consistent with those obtained in the fluorescent decay ki-
netic study (Table II). The value of Q,/Q,, the ratio of the
relative quantum yield of excimer to that of monomer, had a
maximum value at a molar ratio of 0.50, suggesting that the

Table II. Fluorescence Lifetimes (7) and Relative Quantum Yields (Q) of PPO in Ground Mixtures (15
min of Grinding) with y-CD as a Function of Molar Ratio (PPO/y-CD): A, = 352 nm, A, = 420 nm

PPO/y-CD 1, (nsec) Q,(%) T,(nsec) Q,(%) 1 (nsec) Oy (%) X 05/0,
0.10 0.807 26.5 2.96 48.9 17.3 24.6 1.37 0.50
0.20 0.637 22.2 3.26 47.5 16.3 30.3 1.36 0.64
0.50 1.07 11.5 4.92 27.5 18.4 61.0 1.17 2.2
2.0 0.849 10.0 4.08 33.2 17.7 56.8 1.10 1.7

20 1.81 18.7 3.34 69.1 13.3 12.2 1.04 0.18
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Fig. 4. Powder X-ray diffraction patterns of ground mixtures (15
min of grinding) in the y-CD/PPO system at various molar ratios.
Molar ratio of PPO/y-CD: (a) 20; (b) 2.0; (c) 0.50; (d) 0.10.

excimer was formed extensively around this molar ratio. The
most likely explanation for these results is as follows. In
systems containing small amounts of PPO, PPO molecules
are scattered monomolecularly in the dispersion, so that a
monomer emission is predominant. An increase in PPO con-
centration allows two PPO molecules to be located within
the y-CD cavity, resulting in an increase in the PPO fraction
of possible excimer formation. Further, in systems contain-
ing a large excess of PPO, most of the PPO molecules were
in the crystalline state, showing intrinsically a monomer
emission.

The cavity sizes of B- and y-CD are 6.0-6.4 and 7.5-8.3
A in diameter, respectively (31). B-CD usually formed a 1:1
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inclusion complex with a variety of organic compounds be-
cause its cavity size was appropriate for the accommodation
of one molecule. We investigated the fluorescence properties
of a ground mixture of PPO with B-CD. The values for the
lifetime and relative quantum yield of PPO in the B-CD
ground mixture are listed in Table III. A long lifetime com-
ponent (1 = 13.5 nsec) was observed at a relative quantum
yield of 19.6% after 15 min of grinding, while the Q./Q, value
(0.35) was significantly lower than that of the y-CD-PPO
system. A long lifetime component was also observed for the
ground mixture of PPO with microcrystalline cellulose
(MCC), which has no ability to form inclusion complexes
(Table III). These results suggest that excimer formation was
possible in the hydrogen-bond network formed among cellu-
lose molecules. Since the cavity aperture of B-CD is too
small to accommodate a pair of PPO molecules, the long
lifetime fluorescence in the B-CD-PPO system should have
arisen from the excimer formed in the intermolecular hydro-
gen-bond network of B-CD molecules. On the other hand,
v-CD has a cavity large enough to accommodate two PPO
molecules. It seems reasonable to propose that the high Q/
@, value in the y-CD/PPO systems was due to the inclusion
formation of two PPO molecules in the y-CD cavity by co-
grinding, although the PPO excimer would also be formed, to
some extent, outside of the y-CD cavity in the same manner
as in the B-CD system.

The cavity size of y-CD is large enough to accommodate
a pair of PPO molecules from consideration of CPK molec-
ular modeling (28). In aqueous solution, however, the inclu-
sion complex of PPO and y-CD (2:1) showed only monomer
fluorescence, while the aggregate of the complex showed
pure excimer fluorescence. Agbaria and Gill speculated as
follows (28). Two PPO molecules would partly penetrate the

(@)

(b) (c)

=T T T

350 400 450 500

wavelength (nm)

(d)

(e)

350 400 450 500 350 400
wavelength (nm)

450 500

wavelength (nm)

Fig. 5. Solid-state fluorescence spectra of ground mixtures (15 min of grinding) in the
v-CD/PPO system at various molar ratios (A, = 352 nm). Molar ratio of PPO/y-CD: (a)

20; (b) 2.0; (c) 0.50; (d) 0.20; (e) 0.10.
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Table ITII. Fluorescence Lifetimes (r) and Relative Quantum Yields (Q) of PPO in Ground Mixtures (15
min of Grinding) with 8-CD and MCC: A, = 352 nm, A, = 420 nm

7 (nsec) Q) (%) Ty (nsec) 0, (%) 7 (nsec) Qs (%) X
B-CD/PPO (1:1) 0.803 23.6 3.73 56.8 13.5 19.6 1.13
MCC/PPO (5% wiw) 1.14 41.2 4.51 37.1 15.2 21.7 0.969

opposite site of the CD tunnel, namely, only a phenyl ring of
PPO would penetrate a CD cavity, while the oxazole ring
would stay in the water phase because of its hydrophilicity.
When the complexes associated to form the aggregate at a
high concentration, PPO pairs would be compelled to over-
lap by accommodation between adjacent y-CD molecules.

In the ground mixture of PPO and y-CD, some portion
of PPO molecules existed as the overlapping pair since ex-
cimer fluorescence of PPO was observed. It might be rea-
sonable to consider the following three possibilities. (i) The
v-CD cavity participates in the overlapping of PPO. (ii) In the
solid dispersion, providing an environment distinct from the
aqueous solution, hydration does not affect the stability of
the inclusion complex. (iii) The complex cannot establish the
highly ordered structure of the aggregate of PPO and vy-CD,
because the complexes in the ground mixture were disor-
dered and amorphized by the mechanochemical process. It
can be concluded that the inclusion of two PPO molecules in
the v-CD cavity took place during the process of cogrinding.
Thus, an overlapping pair of PPO molecules may be included
in a y-CD cavity, resulting in the emission of the excimer
fluorescence with a long lifetime.
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