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Abstract. The oxidation of iodide to I;” by oxygen dissolved in water containing HCIO4 has been
found to be accelerated by a-cyclodextrin (a-CD). Among a-, 3-, and v-CDs, o-CD is the most
effective mediator for the oxidation reaction of iodide by oxygen. The oxidation rate of iodide is first
order in the concentrations of o-CD and HCIQ,, whereas it is second order in the KI concentration.
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1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6, 7, and 8 D-glucose
units, which are designated as a-, 8-, and y-CD, respectively. Because such CDs
have a unique molecular architecture which is shaped like a truncated cone with a
hollow cavity, guest molecules of an appropriate size can be accommodated into
their hydrophobic cavities to form inclusion complexes [1, 2]. Due to the formation
of inclusion complexes, CDs often act as catalysts or as enzyme-like mediators in
various kinds of organic reactions [3—-8]. There have been few studies of inorganic
reactions in which CDs act as catalysts. In addition, to our knowledge, there is no
paper on CD-accelerated oxidation of inorganic compounds by oxygen dissolved
in solution, although the oxidation of the organic compounds 2,3-dihydroxyindole
and formic acid, is accelerated about 2 to 3-fold and modestly by CDs, respectively
[9-11].

Iodide has been reported to be oxidized by chromic acid, bromate, and iodate
[12, 13]. The initial rate for the oxidation of iodide by nitrous acid increases with O,
concentration [14]. In this oxidation reaction, nitric oxide is generated from nitrous
acid which is recovered through oxidation of nitric oxide by oxygen. However,
oxidation of iodide by oxygen has not been reported to date.

It is interesting to examine the interactions between CD and iodide from a view-
point of comparison with a starch—iodine complex because CDs are degradation
products of starch [15]. Aerated aqueous solutions are usually employed for most

* Part of this work was carried out at Department of Physics, Miyazaki Medical College, Miyazaki
889-16, Japan.



246 SANYO HAMAI

investigations on inclusion phenomena of CDs. Consequently, it is important to
know the behavior of oxygen dissolved in water. In this paper, we report on an
acceleration effect of o-CD on the oxidation of iodide by oxygen dissolved in water
containing HC1Oy4.

2. Experimental

Potassium iodide (Wako Pure Chemical Industries, Ltd.), HCIO4 (Wako Pure
Chemical Industries, Ltd.), and a- and y-cyclodextrins (- and y-CDs) (Nacalai
Tesque, Inc.) were used as received. 3-CD (Nacalai Tesque, Inc.) was recrystallized
twice from water.

Absorption spectra were recorded on a Shimadzu 260 spectrophotometer. The
absorbance, at 360 nm, of a sample solution in a 1-cm path quartz cell was followed
spectrophotometrically, immediately after mixing 0.1 mL of a 35% HCIO4 solution
and 3 mL of an aqueous solution containing both KI and CD. All the measurements
were performed at 25.0 + 0.2 °C.

3. Results and Discussion

Figure 1 shows absorption spectra of a 0.1 mol dm~3 KI solution containing 102
mol dm~3 a-CD before and after the addition of HCIO, (0.193 mol dm™3 in a
final concentration). In the absence of HClOy, an iodide solution containing only
-CD has no absorption peak above ~270 nm and is stable under our experimental
conditions. Upon the addition of HCIOj4 to the iodide solution with a-CD, new
absorption peaks at 287 and 354 nm appear, with the intensity increasing with
time. These bands are assignable to the absorption of I3 from the similarity to
literature data [16]. This finding indicates the oxidation of iodide to I3 in aqueous
solution containing both @-CD and HC]Oy4. In the presence of a-CD, however, I3
forms an inclusion complex with a-CD. In a mixture of water and ethanol (98/2,
v/v) containing both 3.0 x 107> mol dm~3 of I and 1.0 x 10~3 mol dm~3 of
KI, Iy was found to be a predominant species. An equilibrium constant, K, for
the formation of the inclusion complex (I; - @-CD) of I5” with a-CD and a molar
absorption coefficient, ¢, at 360 nm, for I3 - @-CD can be evaluated according to
the Benesi—Hildebrand relation [2(a), 17]:

/(A= A0) = 1/(e — )51+ 1/(= — c0) K15 ][o-CD] M

where A and Ay are the absorbances in the presence and absence of a-CD,
respectively, ¢, and ¢y are the molar absorption coefficients of I - a-CD and
I, respectively. [I5'] and [@-CD] represent the initial concentrations of I3 and
«-CD, respectively. From the absorbance change caused by the addition of a-CD
to the water/ethanol (98/2) solutions of I3, € at 360 nm and K were evaluated to
be 20 000 mol~! dm? em~! and 39 000 mol~! dm?, respectively. To analyze the
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Figure 1. Absorption spectra of an aqueous 0.1 mol dm > potassium iodide solution containing

1.0x10~2 mol dm ™ a-cyclodextrin in the absence (- - - - - - ) and presence ( ) of 0.193
mol dm ™~ HCIOx.

oxidation rates, these values for a water/ethanol (98/2) mixture were used as those
for aqueous solutions.

Figure 2 illustrates time courses of the absorbance at 360 nm for 0.14 mol dm >
potassium iodide solutions containing 0.193 mol dm ™3 HCIOQy in the absence and
presence of a-CD. The I3 concentration in the iodide solution containing both
a-CD and HCIO4 increases rapidly, while that containing HC1O, alone increases
very slightly, indicating that a-CD significantly accelerates the oxidation reaction
of iodide. In the oxidation of iodide, an initial period with a fast rate is followed
by a period with a constant but slower rate,

Nitrogen- and oxygen-bubbling effects on the oxidation of iodide are exhibited
in Figure 3. In an aerated jodide solution with 1.0 x 1072 mol dm ™~ @-CD and
0.193 mol dm~* HCIQy, the I3 concentration increases with time as previously
shown. However, upon nitrogen bubbling of the sample solution at point A, the
productionof I ceases. When after about 15 minutes oxygen is bubbled at point B,
I3 is again produced but at a rate considerably faster than that for the aerated sample
solution. Like the nitrogen bubbling at point A, the nitrogen bubbling at point C
also prohibits the I;” production. These experimental results evidently indicate that
iodide is oxidized by oxygen dissolved in a sample solution. Therefore, HC1O4 does
not act as an oxidizing agent for the oxidation of iodide. In the absence of HC1Oy, the
oxidation of iodide did not proceed even if a-CD was added to the iodide solution,
so that HCIO4 seems to act as an acid. In the absence of «-CD, similar oxygen-
and nitrogen-bubbling effects were observed, indicating that iodide is oxidized by
oxygen regardless of the existence of a-CD. In the presence of o-CD, hydrochloric
acid (0.194 mol dm~3) used in place of HCIO, also generated I3 at a rate about
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Figure 2. Time course of the absorbance, at 360 nm, for 0.14 mol dm™ potassium iodide
solutions containing (0.193 mol dm™> HCIO; in the absence (- - - @ - - ) and presence (—O—)
of 1.0 x 1072 mol dm™> a-cyclodextrin.

3-fold slower than that for HC1O;. In addition, the production of I;” was observed
in an «-CD solution containing hydriodic acid. These findings strongly suggest that
hydrogen iodide is involved in the oxidation reaction of iodide. Combined with
the fact that hydrogen iodide is a weaker acid than HClOy, it is most likely that
the small amount of hydrogen iodide that is generated by HClOy4 is oxidized by
dissolved oxygen in the presence of a-CD. Equilibrium constants for the formation
of inclusion complexes are affected by ions [18, 19]. The difference in reaction
rate between HC1O4 and hydrochloric acid is probably due to the difference in the
equilibrium constant for the formation of HI--CD in solutions containing HCIO4
and hydrochloric acid.

In the initial reaction period as shown in Figure 2, it is most likely that there
still remains a convection in a sample solution. Consequently, the initial period
with a faster reaction rate is observed because oxygen in the air over a sample
solution is effectively supplied for the oxidation of iodide in solution. Thus, we
devoted our attention to examine the pseudo-zero-order reaction after the initial,
fast reaction period. Figure 4 depicts the a-CD concentration dependence on the
reaction rate constant, k, for 0.1 mol dm~3 iodide/0.193 mol dm~3 HCIOy4 solu-
tions. As shown in Figure 4, the rate constant increases linearly with the a-CD
concentration. The rate constant for the solution with 1.0 x 1072 mol dm~3 a-
CD is 6.5 x 1072 mol dm~3 s~!, while that for the solution without a-CD is
1.3 x 1072 mol dm~3 s~!. Consequently, 1.0 x 1072 mol dm~3 a-CD acceler-
ates the Iy formation rate 5-fold compared to the solution without a-CD. This
acceleration effect of a-CD is greater than that (about 3-fold) for the oxidation of
2,3-dihydroxyindole by 5-CD [9]. Even in the presence of a-CD, the oxidation
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Figure 3. Recorded time course of the absorbance, at 360 nm, for an aqueous
0.1 mol dm™* potassium iodide solution containing 1.0 x 1072 mol dm™> a-cyclodextrin
and 0.193 mol dm~> HCIO,. Points A, B, and C represent the times where the nitrogen-,
oxygen-, and nitrogen-bubbling of the sample solution were made, respectively.

reaction of iodide is likely to proceed through two reaction paths; that involving
a-CD and that not involving a-CD. D-Glucose (6.0 x 1072 mol dm~3) instead of
a-CD (1.0 x 1072 mol dm™3) did not accelerate the oxidation of iodide, evidently
indicating that the formation of an inclusion complex of a-CD plays a critical role
in the reaction path involving a-CD. The acceleration effect of a-CD may be due
to the formation of a ternary inclusion complex of o-CD with hydrogen iodide
and oxygen, which acts as a reaction intermediate. The formation of the ternary
inclusion complex may increase the chance of a contact between iodide and an
oxygen atom, and promote the oxidation by oxygen. In addition, a-CD proba-
bly contributes, to some extent, to the iodide oxidation as a steric effector, which
facilitates a sterically appropriate arrangement between oxygen and a substrate
[20].

Irrespective of the existence of a-CD, the overall oxidation of iodide is likely
to be represented as

317 4+ 1/20; + 2HY — I; + H,0 2)

To deduce the reaction mechanism, the concentration dependences of HClIO,4 and KI
on the pseudo-zero-order rate for the formation of I (I; - @-CD) were investigated.
The 15 formation rate was found to be first order in [HC1O4] (Figure 5), whereas
it was second order in [KI] (Figure 6).

Taking these findings into account, the reaction processes for the oxidation of
iodide are tentatively proposed in Scheme 1, where HI-@-CD, HI-a-CD-O,, I, - a-
CD, and HI-@-CD-H;,0; represent an inclusion complex of a-CD with HI, that with
HI and O, that with I, and that with HI and H,O,, respectively. Although there is
an equilibrium among iodide, iodine, and triiodide, the equilibrium is significantly
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HI-a-CD-H203 + - ————~ I5-0-CD + OH- + Hp0 (9)
Scheme 1.

shifted to the formation of triiodide under our experimental conditions, so that any
iodine molecule generated is immediately converted to a triiodide ion. Furthermore,
the concentration of a free, uncomplexed triiodide ion can be neglected in the
presence of a-CD since an equilibrium constant for the formation of I3 - @-CD is
very large (39 000 mol~! dm?®). Assuming that Equation (6) is a rate-determining
process, the rate, d[I3 - a-CD]/dt, for the formation of I3 - a-CD is derived under
the conditions that k_; > k2[a-CD], k_3 > k3[O2], and k_3 > kq[I"|:

2keykeak3 kg [HT|[0-CD)[171*[05]/ k-1k_3
= k'[H"][a-CD][I"*[03] (10)

d[I; - a-CD]/dt
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Figure 4. Dependence of k on the a-cyclodextrin concentration for aqueous solutions contain-
ing KI (0.1 mol dm™>) and HCIO4 (0.193 mol dm ™).
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Figure 5. Dependence of %k on the HCIO4 concentration for aqueous solutions containing K1
(0.1 mol dm™>) and ov-cyclodextrin (1.0 x 10™2 mol dm™3).

where k' is 2k1kaksky/k_1k_3. The derived reaction rate is consistent with the
experimental results that the I formation rate is first order in the HC104 and a-CD
concentrations and second order in the KI concentration. From the plot for the
concentration dependence of a-CD (Figure 4), the value of £’ was estimated to be
2.06 mol~*dm'*s™!, using known values of 0.193,0.10,and 1.3 x 10~ mol dm 3
for (H*], [I"1, and [O,], respectively. Similar &’ values were also evaluated when
the plots for the concentration dependence of HC1O, and I~ were employed.
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Figure 6. Dependence of k on the KI concentration for aqueous solutions containing o-
cyclodextrin (1.0 x 1072 mol dm™>) and HC104 (0.193 mol dm™>).

There is the possibility that the catalysis by a-CD is due to its ability to include
O, in its cavity [21]. When HI-a-CD-O; exists, Equations (4) and (5) may be
replaced by the following equilibria, respectively.

0, + a-CD = 0y - a-CD an
and
0,-a-CD+HI=HI-a-CD-0; a2

However, the final rate equation has the same form as Equation (10), except for
the rate constants. a-CD forms an inclusion complex (I” - @-CD) with I™ although
an equilibrium constant (4 (I7)) for the formation of I” - -CD is very small [22].
Using 13 mol~! dm3 as K'(I7), the concentration of I~ - &-CD amounts to at most.
11.5% of the initial I~ concentration, even at the highest «-CD concentration of 1.0
x 1072 mol dm™3. If I - a-CD is related to the oxidation reaction, the oxidation
is likely to proceed through the formation of HI-a-CD. In this case, a derived rate
equation has the same form as that of Equation (10), with different rate constants.
The cavity diameters of - and y-CD are greater than that of a-CD. In the
presence of 0.193 mol dm~3 HClOs, - and v-CDs accelerated the oxidation
of iodide by only about 40 and 15% compared to «-CD, respectively, at CD
concentrations of 1.0 x 1072 mol dm~3. These findings are consistent with our
proposed reaction scheme where the inclusion complex of CD with hydrogen iodide
is formed. A small molecule, hydrogen iodide, is expected to be the most snug fit
in the cavity of «-CD among the three CDs. Consequently, the concentration of
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the a-CD inclusion complex with hydrogen iodide is significantly high, compared
to that with 8- and -CDs, resulting in the most prominent acceleration effect on
the oxidation of iodide.

4, Conclusion

We have found that oxygen oxidizes iodide to I3 in aqueous solutions containing
HC104. Addition of a-CD to the HCIOy4 solution of iodide accelerates the oxidation
of iodide. a-CD probably works as a mediator through the formation of a ternary
inclusion complex of a-CD with hydrogen iodide and oxygen. Of the three CDs,
a-CD has the most profound effect on the oxidation of iodide. This result is
consistent with the formation of the ternary inclusion complex of a-CD, hydrogen
iodide, and oxygen because a small hydrogen iodide molecule is likely to be most
favorably bound to the small cavity of a-CD. Since CDs accommodate a variety of
substrates to protect guests from other reagents, CDs are often used for retardation
or inhibition of oxygenation in the food industries, etc. Taking into account the
results in this work, in some cases, conversely, there is the possibility that oxidation
by oxygen dissolved in water is promoted by the addition of CDs.
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