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The degradation of Methyl Orange (MO) by singlet oxygen was inhibited by the addition of a-, 8-, and
v-cyclodextrins (CD’s) to an aqueous solution. The protective effect of the CD’s against the MO oxidation
decreased in this order; a->7v-> B-CD. From the relation between the rate constant of MO oxidation and the
free MO concentration, evaluated by using the formation constants of CD’s with MO, it was found that the MO
included by a- and y-CD’s is not decomposed by singlet oxygen, whereas the MO included by 8-CD is oxidized
by singlet oxygen. The inner cavity of a- or y-CD well fit for the inclusion of one or two MO molecules
respectively, and the access of singlet oxygen to the azo group of the included MO molecule is sterically
inhibited. The finding that 8-CD has smaller enthalpy and larger entropy changes relevant to the formation of
the MO-CD complex than those of a- and y-CD’s suggested the less tight inclusion of one MO molecule in the
cavity of B-CD. Such a loose inclusion of MO by B-CD resulted in the transient exposition of the azo group of
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the MO molecule to the bulk phase: the attack of the singlet oxygen on the azo group followed.

Cyclodextrins (CD’s) are oligosaccharides which are
capable of forming inclusion complexes with a variety
of guests by accommodating them in their relatively
nonpolar cavities.1:? The most promising fields for
the application of their inclusion complexes are the
pharmaceutical industry, the food industry, and the
production of organic chemicals in general.? One of
the most important potential applications of inclusion
complexes is the protection of guests against oxida-
tion.3-? The stability of incorporated unsaturated
fatty acids,t+® vitamins,3-4? and so on has been studied
by numerous workers. Irie et al., for example, reported
the protective effects of the CD’s against the oxidation
of guests by active oxygen, singlet oxygen, but the
protective mechanism was not made clear.®

In our previous studies, the photooxidations of
Methyl Orange (MO) sensitized by water-insoluble
tetraphenylporphyrin and water-soluble tetraphenyl-
porphyrintrisulfonic acid salt (TPPS) have been
studied under aerobic conditions in a variety of
micellar®-1® and liposomal solutions!¥ and mixed
organic solvents.? It was found that the oxidation of
MO is mediated by singlet oxygen;!? the photooxida-
tion proceeds predominantly through Type I1.1¥ MO
is capable of forming complexes with CD’s,4:16 and
MO is favorable for studies of the effects of CD’s on the
oxidation by singlet oxygen, In the present study, we
investigated the oxidation of MO photosensitized by
TPPS in the presence of CD’s, also, the protective
effects of CD’s on the oxidation are discussed in terms
of the inaccessibility of singlet oxygen to the MO
molecules which are included by the CD’s.

Experimental

The meso-a,B,v,6-tetraphenylporphyrintrisulfonic acid
salt tetrahydrate (TPPS) was purchased from Dojindo
Laboratories. The absorption bands and their molar
extinction coefficients in a 10 mM (1 M=1 mol-dm=3 in this

paper) buffer solution (pH 7.5) agreed with the reported
values.’® The TPPS in methanol was stored below 4°Cas a
stock solution. The MO was obtained from Wako Pure
Chemical Industries, Ltd. The 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris) was used as received. Doubly
distilled water was used to make all solutions.

The samlpe solution was prepared as follows. The
methanol of the TPPS stock solution was evaporated in
vacuo, after which the residue was dissolved in a 1 mM
Tris-HCI buffer solution containing 21 uM MO. The pH of
the aqueous solution was maintained at 7.3. Finally,al pM
TPPS solution was obtained.

Irradiation experiments were carried out by using a
Kondo-Sylvania 1 kW tungsten-halogen lamp. A Toshiba
KL-41 interference filter (transmittance characteristics; Amax=
412.0 nm and half wavelength=15.0 nm) was used to obtain
monochromic light. The intensity of the light incident
upon the reaction cell was 3.22X10!5 quanta-.s™!, as deter-
mined by ferrioxalate chemical dosimetry.’” The sample
solution contained in a quartz cell was kept at 25°C by
circulation of the thermostated water and was stirred well
with a magnetic stirrer during irradiations.

The absorption spectra of TPPS and MO in the aqueous
solution overlap each other in the region of 360—500 nm,
as 1s shown in Fig. 1. The decomposition of MO was
monitored with the decrease in the absorbance at 496 nm,
where the absorbance of TPPS is trivial. Since the ratio of
the extinction coefficient of MO at 412 nm to that at 496 nm
was is constant, the time course of the absorbance of MO at
412 nm was obtained from that at 496 nm. The absorption
spectra were measured by using a Shimadzu UV-265FW
spectrophotometer at 25 °C.

Results and Discussion

MO and TPPS were both decomposed with the
increase in the irradiation time, because both TPPS
and MO have strong absorptions at the excitation
wavelength (412 nm), as is shown in Fig. 1. The
decomposition of both dyes led to a change in the
amounts of photons absorbed by TPPS in a unit of
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of 21 uM MO in 1 mM Tris-HCI buffer solution (pH 7.3)
with 1.0 uyM TPPS (—) and without TPPS (-——-).
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Fig. 2. Time course of logarithm of absorbance of

MO at 412 nm (In Amo, @) and amounts of photons
absorbed by TPPS in a unit time (Q, O).

time (Q) during irradiation. Figure 2 represents the
plots of Q as a function of the irradiation time (¢).
Here, the Q values were evaluated by means of Eq. 1:19

_ . Areps
Q=h7 10

where A1=ArppstAmo. Here, A1, Arpps, and Amo are
the total absorbance and the absorbance of TPPS and
MO at 412 nm respectively. The Io quantity is the
intensity of light incident upon the cell, and L is the
light-path length of the cell. Fortunately, however, as
is shown in Fig. 2, the Q values scarcely changed
during irradiation, because a decrease in Arpps causes a
decrease in Q, but a decrease in Awmo results in an
increase in Q. As the change in the Q values was less
than 5% of the initial value after a 42-min irradiation,
the change in the Q value was not taken into account
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Fig. 3. The apparent rate contant k as a function of
the CD concentration. Symboles, @: a-CD, A: 8-CD,
and [J: v-CD.

in the present study.

As is shown in Fig. 2, there was a linear relationship
between In Amo and the irradiation time ¢ except for an
initial period of the irradiation time. The slope of the
straight line gave the apparent rate constant k. The
degradation rate of MO is given by:

d[MO;

TR k[MO];

(2)
and

In[MO}; = In[MO], — k¢, 3)

where [MO]r and [MOJo are the total and initial
concentrations of MO respectively.

Figure 3 shows the & values as a function of the CD
concentrations. The k values decrease with an increase
in the CD concentration, indicating that the additions
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of the CD’s result in protection against the MO
oxidation. The protective effects are, however,
different in the three CD’s decreasing in this order;
a->vy->pB-CD. It was been known that MO forms
inclusion complexes with various CD’s14:19 There-
fore, it may be considered that the formation of the
inclusion complex contributes to the protective effects
against the MO oxidation.

The formations of inclusion complexes between
CD’s and MO has been investigated by many workers.
Matsui et al. found the dissociation constant of the
MO-@-CD complex in 0.1 M H2SO4 (pH=1.2, ion
strength, u=0.5) at 25°C, but their experimental
conditions were quite different from ours.!® Hirai et
al. reported the dissociation constants of MO com-
plexes with B- and y-CD’s in a phosphate buffer
(pH=7.0, 1onic strength, 4u=0.1) at 20 °C.1® However,
no data on the dissociation constant of MO-a-CD
complex have been reported. Therefore, the formation
constants were measured under the present conditions.
Hirai and his coworkers suggested that the absorption
peak of MO shifts from 463 nm to a shorter wavelength
with an increase in the CD concentration and ascribed
the hypsochromic shifts to the formation of inclusion
complexes of MO with the CD.!® The formation
constants were determined by measuring these absorp-
tion changes. (TPPS does not interact with the. CD’s
because the absorption and fluorescence spectra and
the fluorescence yield of TPPS scarcely change
between the solutions with and without the CD’s.)

Hirai and his coworkers also suggested a- and 8-
CD’s form 1:1 (CD:MO in molar ratio) complexes,
while y-CD forms a 1:2 complex.1® If the concentra-
tion of MO is significantly smaller than that of CD,
the two formation constants Kn and Kp can be
represented by Egs. 4 and 5.19

In the case of a 1:1 complex (a- and B-CD’s),

_ [CD-MO] .
* = CDJMO] (#2)
and
1 1 1 1
'AA ~ [MOJAeKs [CD] = [MOJAe (4-b)
In the case of a 1:2 complex (y-CD),
_ [CD-(MO)]
Ke = cDIMOP (-2)
and
1 1 1 2 (5:b)

A4~ [MOPAeK. [CD] ' [MOJhe

Here, A4 and Ac are, respectively, the differences in the
absorbance and in the molar extinction of MO at
495 nm, between the solutions without and those with
CD’s. The concentration of the latter being significant-
ly higher than that of MO. In the case of y-CD, the
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formation of a 1:1 complex was ignored, because Ki1 is
much smaller than Kgp.!® The AA values at various
concentrations of CD were measured at 21 pM MO.
Figure 4 shows the 1/A4 values as a function of the
[CD] according to Egs. 4-b and 5-b: linear relations
were obtained. The formation constants evaluated
from the slopes and the intercepts to the ordinate are
given in Table 1. From the formation constants thus
obtained, the concentration ratio of the free MO to the
total MO were calculated at 10mM CD: they are
presented in Table 2. The concentration of the
included MO decreases in this order: a->f->vy-CD.
This order is different from that of the protective effect
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Fig. 4. The 1/AA values as a function of the CD con-
centration according to Egs. 4-b and 5-b. Symboles:
see Fig. 3.

Table 1. Formation Constants of the Inclusion
Complexes between MO and CD’s
at Various Temperatures

Krl Kf2
Temperature
———T— 103 M1 10" M—2
a-CD B-CD v-CD

15.0 1.47 2.63 2.82
20.0 1.13 2.34 2.35
25.0 0.855 2.10 1.89
30.0 0.704 1.89 1.2

Table 2. Concentration Ratio
of Free MO to Total MO

CD’s o B v
[Mo]ﬁeea)
W 0.012 0.015 0.31
T

a) At 10mM CD, 21 pM MO, and 25°C.
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of the CD’s against the MO oxidation, as is shown in
Fig. 3. On the assumption that only free MO is
decomposed by singlet oxygen, the decomposition rate
of MO is given by:

_ diMO},

P k/[102][MOltree, (6)

because the production processes of singlet oxygen are
much faster than the oxidation process of MO by
singlet oxygen®1® and the rate of reaching equili-
brium between free and included MO is much faster
than the degradation rate of MO. Here, k’ is the
second-order rate constant, while [MOJi. is the free
MO concentration.
Equation 6 may be rewritten as:
k,[102][M0]free

_ d[MO}; _ MO ;
@ - oy MOk )

As can be seen by comparing Eqs. 2 and 7, the
apparent rate constant k corresponds to &’ [1Oz][MOlr:

[Mo]free .
[MO};

”. [Mo]ﬁee
[MO]y

k = k'[1O2] (8)
where k”=Fk’ [1O2] and where k” is a constant, for the
complex formation of CD’s with oxygen is negligibly
small and [!O:] is independent of the CD .con-
centration.!'® As can be seen from Eq. 8, if only free
MO is decomposed by singlet oxygen, the k values may
be expected to be proportional to [MO]ee/[MOlr.
Figure 5 presents the plots of the k values against the
[MO]tree/[MO]r values calculated from the Kp or K
values in Table 1. Taking the small experimental
errors at the large values of [MO]w./[MO]r into
consideration (experimental errors: within £5%), the
correlation line was drawn, assuming the points in the
low CD concentrationto be accurate. In the o- and
v-CD’s, the straight line thus obtained passes through
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Fig. 5. The k values as a function of [MO]Je/
[MO]r. The [MO]ge/[MO]r values at 21 pM MO
were evaluated from the formation constants Kp
and Kp2 in Table 1. Symboles: see Fig. 3.
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both the point of origin and the experimental point
without the CD’s. This fact indicates that the MO
included by - and y-CD’s is not decomposed by
singlet oxygen and that only free MO is oxidized: On
the other hand, in the case of 8-CD, the plots deviate
upward from the experimental line of the a- and ~y-
CD’s. The line does not pass through a point of origin
and has a positive intercept on the ordinate, where all
MO molecules should be included by the CD’s. This
leads to the important consequence that free MO and
also the MO included by B-CD are appreciably oxidized
by singlet oxygen.

Griffiths et al. investigated the oxidation mechanism
of tautomeric azo dyes by singlet oxygen; they
suggested that the degradation of the azo dyes to be
ascribed to the attack of singlet oxygen as the azo
group in the dye molecules.2® The oxidation of MO by
singlet oxygen may also be considered to proceed in
accordance with their porposed mechanism.

The inner cavity of the a- or y-CD’s is suitable for
the inclusion of one or two MO molecules respectively.
The fitness of the MO in the cavities of a- and y-CD’s
is good, and the access of singlet oxygen to the azo
group of the MO molecule is sterically protected. On
the other hand, 8-CD has a sufficiently large inner
cavity to include a MO, molecule, while the cavity of
B-CD is too small to include two MO molecules. We
can write the complex formation reaction of B-CD
with MO by the following two step reaction,?? in the
cases of the a- and B-CD’s/MO system:

k1 k
MO + CD === [MO--CD] === MO-CD  (9)

where [MO...CD] and MO-CD are intermediate and
stable complexes respectively. Here, K is related to &1,
k-1, k2, and k-2 as follows:2) Kn=(k1/k-1)+(k1/k-1)X
(k2/k—2). In contrast to the a-CD complex, the kg value
of the MO-B-CD complex may be comparable the k—;
values, because the size of the cavity of B-CD is larger
than that of a-CD. Therefore, the lifetime of the
intermediate complex becomes longer. In other words,
the MO molecule in the MO-8-CD complex has a
hindered translational freedom in addition to the
rotational freedom.2? It may be expected that the
inclusion of a MO molecule in the cavity of 8-CD will
be loose. The thermodynamic parameters in unitary

Table 3. Thermodynamic Parameters Relevant to
the Inclusion of MO by CD’s in an Aqueous
Solution in a Unitary Change

AG® AH, ASo
CD’s
kcal mol-1 kcal mol-!? eu
o —5.4 —8.6 —11
B —4.5 —3.8 +2.5
% —99 —12 —8.1
a) At 25°C.



10 K. Mivajyma, H. KomaTsu, K. INoug, T. HANDA, and M. NAKAGAKI

changes based on the inclusion of a MO by CD’s are
presented in Table 3. The changes in the free-energy
(AGo), enthalpy (AHo), and entropy (ASo) were
calculated from the data in Table 1 by using:

AGo=—RTInKn (orKp), (10-a)

AHy = AGo + TASo (10-b)
and:

ASo = — (AGo/dT),. (10-c)

The formation constants, K and Ky, in Eq. 10-a are
expressed in the molarity scale and are shown in Table
1. R is the gas constant, and 7, the absolute
temperature. It may be seen that, in the inclusions of
MO by - and y-CD’s, the enthalpy change acts as a
dominant driving force and the ASo values are
negative. On the other hand, in the inclusion of MO
by B-CD, the enthalpy and entropy changes contribute
equally to the complex formation and the ASp value is
positive. The positive value of ASo for the B-CD
complex formation seems to be involved in the
appreciable liberation of high-energy water in the
cavity from the larger cavity of B-CD, as compared
with @-CD, because both form the 1:1 complex. These
thermodynamic quantities reflect the presence of an
unstable intermediate complex in the MO/B-CD
system.

Szejtli suggested that MO molecule is less tightly
included in the cavity of B-CD.2® By their NMR
measurements Suzuki and her colleagues found the
fast rotational motion of a MO molecule included in
the cavity of B-CD.2® These facts agree well with our
results. Thus, the loose inclusion of a MO molecule in
the cavity of B-CD gives rise to the transient exposition
(intermediate complex) of the azo group of the MO
molecule to the bulk phase, as shown in Fig. 6a. This
leads to the decomposition by the attack of singlet
oxygen on the azo gruop.

(@)

CH i
—N=N -@—SO:;
CH

kol |ky

b)
CH
o=l -3
CH;

Fig. 6. The loose inclusion of MO in the cavity of
B-CD.

(
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In the present study, it was found that the CD’s
sterically protect MO against the attack of active
singlet oxygen by including a MO molecule in their
cavities. The CD’s have been utilized to protect many
substances from oxidation. In this situation, not only
the formation constants but also the fitness between
the inner cavities of CD’s and the size of the guest
substrates must be taken into consideration.

References

1) M. L. Bender and M. Komiyama, ‘“‘Cyclodextrin
Chemistry,” Springer-Verlag, New York (1977).

2) J. Szejtli, “Cyclodextrins and Their Inclusion Com-
plexes,” Akademiai Kiado, Budapest (1982).

3) W. Schlenk, D. M. Sand, and J. A. Tillotson, J. Am.
Chem. Soc., 71, 3585 (1955).

4) K. H. Fromming and I. Weyermann, Arch. Pharmaz.,
305, 290 (1972).

5) J. Szejtli and Zs. Budai, Acta Chim. Acad. Sci. Hung.,
94, 383 (1977).

6) J. Szejtli and E. Banky-Elod, Dze Starke, 27, 368 (1975).

7) J. Szejtli and E. Banky-Elod, Die Starke, 30, 85 (1978).

8) T. Irie, M. Otagiri, K. Uekama, and F. Yoneda,
Nippon Kagaku Kaishz, 1983, 219.

9) M. Nakagaki, M. Sakai, and T. Handa, Chem. Pharm.
Bull., 32, 4241 (1984).

10) M. Nakagaki, K. Inoue, H. Komatsu, T. Handa, and
K. Miyajima, Chem. Pharm. Bull., 36, 1 and 2742 (1988).

11) T. Handa, H. Takeuchi, H. Takagi, Y. Kawashima,
H. Komatsu, and M. Nakagaki, J. Pharmacobio-Dyn., 10,
s-125 (1987); T. Handa, H. Takeuchi, H. Takagi, S.
Toriyama, Y. Kawashima, H. Komatsu, and M. Nakagaki,
Colloid Polym. Sci., 266, 745 (1988).

12) T. Handa, M. Sakai, and M. Nakagaki, Chem. Pharm.
Bull., 33, 2618 (1985).

13) H. H.Wasserman and W. Murray, “Singlet Oxygen,”
Academic Press, New York (1979).

14) F. Cramer and H. Hettler, Naturw:ss., 54, 625 (1967).

15) Y. .Matsui and K. Mochida, Bull. Chem. Soc. Jpn., 52,
2808 (1979).

16) R. F. Pasternack, P. R. Huber, P. Boyd, G. Engasser,
L. Francesconi, E. Gibbs, P. Frasella, G. C. Venturo, and L.
deC. Hinds, J. Am. Chem. Soc., 94, 4511 (1972).

17) J. G. Calvert and J. N. Pitts, “Photochemistry,”
Wiley, New York (1967), p. 784.

18) H. Hirai, N. Toshima, and S. Uenoyama, Bull. Chem.
Soc. Jpn., 58, 1156 (1985).

19) F. Cramer and M. Heinglein, Angew. Chem., 68, 649
(1956); Chem. Ber., 90, 2561 (1957); S. Yamaguchi, C. Miyagi,
and Y. Yamakawa, Nippon Kagaku Kaishi, 1975, 562.

20) J. Griffiths and C. Hawkins, J. Chem. Soc., Perkin
Trans. 2, 1977, 747.

21) A. Hersey and B. H. Robinson, J. Chem. Soc., Faraday
Trans. 1, 80, 2039 (1984).

22) 1. Tabushi, Y. Kiyosuke, T. Sugimoto, and K.
Yamamura, J. Am. Chem. Soc., 100, 916 (1978).

23) J. Szejtli, “Cyclodextrins and  Their Inclusion
Complexes,” Akademiai Kiado, Budapest (1982), p. 168.

24) M. Suzuki and Y. Sasaki, Abstracts of Papers, the
108th Annual Meeting of the Pharmaceutical Society of
Japan, Hirochima (1988), p. 720.



