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Kinetic studies of complex formation in the system consisting of cyclodextrin, iodine, and iodide have
been made by the temperature-jump method. By addiiion of a-cyclodextrin to the iodine-iodide solution, a
new relaxation in addition to that due to I¢*~, formation was observed, but not in the case of addition of 8-
cyclodextrin. The reciprocal relaxation time is independent of the iodine concentration, but increases with
increase of both iodide and a-cyclodextrin concentration, with a tendency to reach a constant value at their
high concentrations. From these concentration dependences of the relaxation time, the observed relaxation was
assigned to the conformational change of the complex between a-cyclodextrin and iodide ion, and the rate
constants were estimated to be 5.9X10% and 1.2X10%s~! for the forward and backward processes, respectively.
A rationalization for the difference between a-cyclodextrin and B-cyclodextrin in this complex formation is
proposed in terms of the molecular structure of cyclodextrin.
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The cyclodextrins are well known for their ability to
form inclusion complexes with a variety of guests,1~d
and the main driving forces of the complex formation
have been attributed to hydrogen bonding,? hydro-
phobic interaction,® and van der Waals forces® depend-
ing on the nature of the guest molecules. Kinetic
studies™® of the inclusion complex formation of
cyclodextrin have revealed the importance of the con-
formational change of cyclodextrin and the break-
down of the water structure around guest substances.
However, the details of the reaction mechanism are
still obscure especially with respect to the effect of the
structure of cyclodextrin.

Meanwhile, Noltmeyer and Saenger!® have report-
ed that the a-cyclodextrin-iodine complex has the same
structure as the amylose-iodine complex. This fact
motivated us to start some kinetic studies of the com-
plex formation of the cyclodextrin with iodine in con-
nection with our previous studies on the amylose-
iodine complex formation.!? In the preliminary tem-
perature-jump experiment, an addition of a-cyclodex-
trin to the iodine-iodide solution gives rise to new
relaxation besides that which was observable without
cyclodextrin.’? The present work was undertaken to
clarify the mechanism of the new relaxation with
use of both a- and B-cyclodextrins.

Experimental

Materials. The a- and B-cyclodextrins were purchas-
ed from Nakarai Co., and used as received. Iodine and po-
tassium iodide were of reagent grade and used without fur-
ther purification.

Measurements. Kinetic measurements were carried
out by a temperature-jump method!® with detection of trans-
mittance at 500 nm which corresponds to the absorption
band of iodine. The ionic strength of the solution was kept
at 0.023 M to attain a rapid temperature rise within 0.75
us. Spectrophotometric measurements were made on a
Union Giken SM-401 spectrophotometer. All the experi-
ments were carried out at 25 °C.

tt 1 M=1 mol dm-3.

Results and Discussion

A typical relaxation curve observed in a solution
containing a-cyclodextrin, iodine, and iodide is shown
in Fig. 1. This relaxation becomes predominant with
increase of a-cyclodextrin concentration, and is obvi-
ously different from that observed in the iodine-
iodide solution in both the relaxation time and the
direction of the relaxation signal.!? The present re-
laxation spectra show a decrease of iodine concentra-
tion and was characterized by a single relaxation.
In order to simplify the analysis, the kinetic experi-
ments were undertaken by changing the concentration
of one species while keeping those of the other two con-
stant. The plots of the reciprocal relaxation time,
71 against the total concentration of a-cyclodex-
trin, iodine, and iodide are shown in Figs. 2, 3, and 4.
As shown in these figures, the value of 77! increases
with concentration of a-cyclodextrin and iodine,
showing a trend to level off at high concentration, but
it is independent of that of iodine. In contrast to the
a-cyclodextrin, the addition of B-cyclodextrin to the
iodine-iodide solution did not give rise to any new re-

Fig. 1. Typical relaxation curve for the solution con-
taining «-cyclodextrin, potassium iodide, and iodine
at 25°C; [«-CD]=6.0x10-* M, [KI]=2.3x10-2M,
[I,]=6.0 x 10-3 M ; sweep 2 us/division and A=500 nm.
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Fig. 2. Dependence of the reciprocal relaxation time

on the a-cyclodextrin concentration at constant [I,]=-
5.0x10*M and [KI]=2.3x10-2M at 25 °C.
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Fig. 3. Dependence of the reciprocal relaxation time
on the potassium iodide concentration at constant
[I,1=5.0x10-% and [«-CD]=5.0x10-3M at 25 °C.

laxation, which is indicative of the specificity of the
present relaxation to a-cyclodextrin,

In the solution containing the a-cyclodextrin, io-
dine, and iodide, according to the investigations re-
ported so far,”-13-19 the following reactions are at
least expected to proceed,

I- 4+ I, == I~ Ky, (1)
A~ == I2- Ky, (I1)
CD + I- == CDI Kui, (I1I)

where CD and CDI denote the free a-cyclodextrin
and the complex of a-cyclodextrin and iodide, re-
spectively. Among these three reactions, the relaxa-
tions due to the reactions I and I, which are much faster
than the present relaxation, have been already inves-
tigated kinetically by the temperature-jump meth-
0d.13:19  As for the reaction III, the kinetic studies
have not been performed successfully because of the
existence of relaxation due to the conformational
change of a-cyclodextrin.”? Accordingly, we first ex-
amined reaction III, and also the complex formations
of a-cyclodextrin with Ip, Is~, or I¢?~ as origin of the
present relaxation, but failed to explain all the con-
centration dependences of the relaxation time in Figs.
2, 3, and 4. By reference to the concentration depend-
ence of relaxation time in Figs. 2 and 3 specific to the
intramolecular process following the fast binding pro-

Cyclodextrin Iodide Complex Formation 679

8 T T
_ 6 ]
'm
mg —0- O n Ve ¥
_\1. = O
M

2 F 4

0 1 1 1

0 4
[10/10° M

Fig. 4. Dependence of the reciprocal relaxation time on
9

the iodine concentration at constant [KI]=2.3x 10-2
M and [«-CD]=4.0x10-% M at 25 °C.
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Fig. 5. Plots of -1 vs. the concentration term F in the
Eq. (1). The circles correspond to those in Figs. 2,
3, and 4.

cess, we analyzed the kinetic data with the reaction
scheme as follows:
K,
K, k2
CD 4+ 1I- =— CDI’ = CDI”.
k-2

Iv)

This reaction is a modification of reaction III and
the binding process of iodide ion to a-cyclodextrin is
followed by the intramolecular process of the com-
plex. If the reactions I and II and the first step of reac-
tion IV are faster than the second step, the relaxation
time for the second step can be finally represented by

Tl = Rk F 4 ko, (1)
with
K,([CD+1I-(1+K;(I-+ 1,4 CD))]
K([CD+I-(14+K(I-+1,+CD))]+1 °

The derivation of this equation will be described in
the appendix section. The value of Ki, 2.1+0.3 M1,
was determined so as to obtain a best linear relation-
ship between the observed 7—! and the concentra-
tion term F, in the Eq. 1. The final results are shown
in Fig. 5. The values of k2, (5.9£0.5)X105s-1, and
k-2, (1.240.5)X105 571, were obtained from the slope
and intercept of the straight line, respectively. Using

F= ()
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these values of Ki and Ks=kz/k_2, the overall bind-
ing constant of reaction IV, Kv=K;(1+Kz3), was found
to be 13+2 M~1. The good agreement of this value with
the binding constant obtained statically by the con-
ductometric method (12.4 M~1)19 gives proof of the
validity of an assignment of the present relaxation to
reaction IV. Furthermore, it was recognized from
the spectrophotometric experiments that the addition
of a-cyclodextrin to the iodine-iodide solution re-
sults in the increase in Iz concentration and the de-
crease in I3~ concentration in solution. This spectro-
photometric result implies the complex formation
of a-cyclodextrin with I~ rather than Ig, Is~, and I¢?-,
supporting the present assignment of the kinetic data.

The apparent difference in the kinetic behavior
observed in the present studies for the a-cyclodex-
trin and B-cyclodextrin can be discussed from the
viewpoint of the molecular structure of cyclodextrin.
For a-cyclodextrin, a conformational change in the
inclusion complex formation was proposed by X-
ray crystallographic studies,'® while there is no evi-
dence of such conformational change for the B-cyclo-
dextrin. Accordingly, at the present stage, the sec-
ond process of reaction IV can be ascribed to a confor-
mational change resulting from the ‘‘strained’’1®
structure of a-cyclodextrin.

In conclusion, the present work clarifies that, in
contrast to the polyiodide chain structure proposed
by Noltemeyer and Saenger!® for the a-cyclodextrin-
iodine complex in the solid state, a-cyclodextrin binds
predominantly with I-rather than Iz, Is~, or Ie2~ in solu-
tion. Furthermore, the difference observed in the
present kinetic experiments on the a- and S-cyclodex-
trins was ascribed to the “strained” conformation of
a-cyclodextrin.

Appendix

If reactions I, II, and the first step in IV in the text are
much faster than the second step of reaction IV, the follow-
ing relationships can be derived from the mass balance and
the mass conservation laws;

Ki(I-AL+ LAIY) = Al (A1)
2K I,- Al = Al -, (A2)
K,(I-ACD+ CDAI-) = ACDY’, (A3)
AI- + AL~ + 2AI2- + ACDI’ + ACDI” =0,  (A4)
AL + Al + 2AI2- = 0, (A5)
ACD + ACDI’ + ACDI” = 0. (A6)

The rate equation for the second step of reaction 1V is

dACDI”

57— = hACDI' — k_,ACDL",

(A7)
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Combining the Eqs. A1—A6, the Eq. A7 is converted into
the next equation
dACDI”

—— = — (bF+k-) ACDI",

(A8)

with
K (I-+CD) + (1+4KyI,) K K, I-(I-+ 1,4+ CD)
14+ K,(I-4-CD) + K;K,1-(I-+ 1, + CD) (1 + 4Ky 1;-)
(A9)

Accordingly, the relaxation time can be represented by

! = k,F + k.
Under the present experimental conditions, Eq. A10 can
be rewritten in good approximation as
K,{CD-+1I-(1+ K(I-+ 1,4+ CD))}
+ K {CD +I-(1+K{(I-+1I,+CD))}

+ k-,.

Tl =k I

(A11)
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