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Iodine molecules, which are volatile, are expelled from an aqueous medium into the gaseous phase
by introducing an inert gas at a constant flow rate into the aqueous phase, and the amount of the released
iodine is measured as a function of aeration time. In the presence of a nonvolatile solute which associates
with molecular iodine, the releasing rate of the volatile solute is reduced with increasing degree of
the association between both the solutes in the aqueous medium. The method was applied to the case
of association of iodine with a-, 8-, or y-cyclodextrin; the formation constants of the three 1:1 complexes are
(1.530.1)X104, (1.510.2)X102, and 24+3 dm? mol-}, respectively, at 25.0 °C and low ionic strengths. The com-
plexation of iodine with iodide or bromide ion was also studied; the Is~ and I2Br~ formation constants are
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(6.5£0.1)X102 and 16x1 dm3 mol-1, respectively, at 25.0 °C and I=0.1(NaClOy).

The complex formation of cyclodextrin (CyD) with
molecular iodine in aqueous medium is well known
and association constants have been measured by the
spectrophotometric,!:? potentiometric,® and solubil-
ity methods. There are, however, considerable dis-
agreements among the literature values as seen in
Table 1.

A simple method for measuring association con-
stants between volatile and nonvolatile solutes in
aqueous medium has been presented and successfully
used to estimate 1:1 metal acetylactonate complex
formation constants.? The method is based on the
fact that a volatile solute present in an aqueous
solution can readily be driven out of the aqueous
phase by an inert gas stream and that the releasing
rate depends on the extent to which the volatile and
nonvolatile solutes associate with each other.

Here we have used the method to determine
formation constants of 1:1 complexes of iodine with
a-, B-, or y-CyDs. In order to check the reliability of
the estimated values, complex formation constants of
iodine with iodide or bromide ion have also been
determined by the same technique.

Experimental

Materials and Preparations of Sample Solutions. Solid
iodine of analytical reagent grade and cyclodextrins (a-, 8-,
and y-CyD from Nakarai Chemicals) of guaranteed grade
were used without further purification (y-CyD recrystallized
from water was also used). An aqueous iodine solution in
the order of 1X10-3M (1 M=1moldm™3), i.e., a nearly
saturated solution, was prepared by adding an excess
quantity of solid iodine to 1dm3 of 2X104M HCIO4
solution and stirring in a thermostated bath at 25 °C for a
few days. Suitable portions of this iodine solution were
taken out successively, and one part was used to determine
the I concentration by titration with a 4X10-3 M NazS203
standard solution using starch as an indicator and the
others were diluted with water to desired iodine concentra-

tions ranging from 105 to 10~*M to prepare CyD-free
sample solutions. Into the aqueous iodine solution was
dissolved a suitable amount of CyD, which had been dried
over phosphorus pentaoxide under vacuum, to prepare
sample solutions of known CyD concentrations. The
HCI1O4 concentration in the sample solution was as low as
2X10-6—2X10-5 M.

In runs where formation constants were to be estimated
for I-I- and I>-Br~ systems, sample solutions were
prepared by adding a suitable volume of an iodide or
bromide stock solution which had been prepared by
dissolving a dried reagent (KI, NaBr) in water. The ionic
strength of the sample solution was adjusted to 0.1 with
NaClOs.

Apparatus and Procedures. The apparatus used to
expel molecular iodine was essentially the same as the one
employed in a previous work.9

A 50 cm3 portion of sample solution was transferred into
a 2.5¢X25 cm cylindrical glass tube with a ground glass
joint, which was then immersed in a bath thermostated at
25.010.1 °C. A gas-inlet-type adaptor was mounted on the
cylindrical tube and N2 gas was dispersed through the
solution via a capillary glass tube at a constant flow rate of
60.0 cm3 min~1. The N2 gas flow rate was controlled by a
Stec Type Sec 400 mass-flow controllor, which was donated
by Standard Technology Co., Ltd. (Kyoto); an accuracy
within +1% is guaranteed for this devicee The N2 gas
leaving the sample solution was dispersed via a sintered
glass ball through an absorbent, 20cm3 of 5X10—4M
NagS203 solution, which was placed in a 15¢X18cm
cylindrical glass tube with a ground glass joint. After a
fixed time, the Nz gas stream was interrupted, the
absorption vessel was replaced by another one containing
the same volume of the absorbent, and the introduction of
Nz gas was resumed. This operation was repeated at
regular time intervals. The amount of iodine expelled
from the sample solution during the fixed time, 4Qm, i.e.,
the amount of I2 trapped in a single absorption vessel, was
determined by measuring the discoloration degree of
trisulfatocerium(IV) at 312nm according to the flow
injection analysis (FIA).

The principle of the analytical method is that the
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reduction of Ce(IV) by As(III) will be promoted in the
presence of iodide ion as a catalyst. The FIA manifold was
the same as the one previously used,® but the temperature
of the reaction coil where the catalytic reaction occurs was
set at 30°C and the absorbent, 5X107¢ M NazS203, was
employed as a carrier stream into which portions of a
sample solution were injected. Under these conditions, we
could detect iodide ions down to 1X10-8 M.

Results and Discussion

Formation Constants of Molecular Iodine with
Cyclodextrins. The stoichiometry of a-, 8-, or y-
CyD complex with molecular iodine has been
established to be 1:1,4:7-® and thus the reactions that
should be taken into account are

CyD +I; = CYD'IZ, Kass, (1)

Iz(aq) — Ix(gas), &, (2)

where K, is the association constant and k is the rate
constant for expulsion of iodine molecules from the
aqueous into gaseous phase. Here we assume that
the iodine present in the aqueous medium is in the
molecular form, that is, the hydrolysis of iodine,
I, +H20 =HIO+H++I-, is negligible, because of its
small hydrolysis constant of the order of 10-13.9

The iodine molecules expelled into the gaseous
phase are trapped successively by the absorbent, and
the total amount, Qr, is measured as a function of
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Fig. 1. The plots of In(Cy,— Q1,V~?) vs. ¢ in the absence
and presence of cyclodextrin. N, gas flow rate 60.0
cm® min-1; (a): Ceyp=0, Crp=1.18x10M, (b):
C,c;p=1.00x103M, C,=6.73x10-°M, (c):
Cpcyp=5.00x102M,  C1,=8.70x 105 M, (d):
C,.cyp=1.00x102M, C;,=9.20x 10-° M.
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aeration time, t. Here, we assume that the releasing
rate of Iz at a constant N2 gas flow rate is of first-
order dependence on the concentration of this species
present in the solution, and thus

dQuL V-1/dt = k[I1), (3)

where V' is the volume of the aqueous phase. We
have the mass-balance equations

Cop=[CyD] + [CyD-I3], (4)
Cr=[I2)+ QuV/-1 + [CyD. I3
= [Iz] + Qu V! +K.[CyD][I2], (5)

where Ccyp and Cr. are the total concentration of CyD
and that of iodine, respectively. Substitution of Eq. 5
into Eq. 3 yields

dng V-1/de= k(Ch_ le V-1)/(1 + Kass[ CyD]), (6)

which becomes, on integration and with QrL=0 at
=0,

In(Cr.— Qr V1) =—kt/(1 + Kas[CyD]) + In Cr.. (7)
Plots of In(CL.—Q1. V1) vs. t will give a straight line
Table 1. The a-, B-, y-Cyclodexetrin-Iodine

Association Constants at 25°C Determined
in This Work and the Literature Value

Ccyp®/mol dm™3 Cr?/moldm=3  K.s9/dm3 mol-!

a-Cyclodextrin

2.50X10~4 1.06X10-5 1.6X104
5.01X10~* 1.99X10-5 1.5X104
1.00X10-3 6.73X10-% 1.4X10¢

Average: (1.510.1)X10*
Literature K Value: (9.31£0.2)X1039, (2£1)X1049,
2X1039, 8.3X1039

B-Cyclodextrin

9.99X10—# 4.61X10-5 1.7X102
2.50X10-3 2.23X10-5 1.6X102
5.00X10-8 8.70X10-% 1.3X102

Average: (1.510.2)X102
Literature Kais Value: (1.510.5)X1039, 1.0X1022,

1.85X103w
y-Cyclodextrin
5.00X10-3 1.45X10~4 23
9.99X10-3 1.04X10—4 19
9.99X10-3 3.92X10-5 26
5.00X10-3» 9.20X10-5 28
1.00X10-2 9.20X10-5 24

Average: 24+3
Literature Ka Value: (3.510.5)X1029, 139

a) Total concentration of cyclodextrin. b) Total con-
centration of iodine. c¢) Association constant deter-
mined in this work (each value is an average of two
measurements obtained under the same Cpypand C1.con-
centrations. d) Ref. 1. €) Ref. 3. f) Cited in Ref. 3. g)
Ref. 4. h) Ref. 2. i) The cyclodextrin used was re-
crystallized from water.
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with a slope which corresponds to —k/(1+Kas [CyD])
or to —k in the absence of CyD solutes. Under the
conditions that the total concentration of CyD is
sufficiently large compared to the concentration of
the associated complex formed, that is, Ccyp»
[CyD-Iz], we can set [CyD] in Eq. 7 equal to Ccyp.

Figure 1 shows some plots constructed with the aid
of Eq. 7. These plots give straight lines over the
aeration time investigated, which indicates that the
releasing rate of Iz is of first-order dependence on the
concentration of this species present in the solution.
At a constant N2 gas flow rate of 60.0 cm3 min-1, the
constant, k, was evaluated to be (1.53%0.03)X10-2
min~! (an average from four replicated runs in the
absence of CyD). The association constants derived
for a-, B-, and y-CyD complexes with iodine from the
negative slopes of the straight lines are tabulated
together with Ccyp and Cr. in Table 1, where those
reported so far in the literature are also listed.

With a-CyD, the cavity size of which is 4.7—5.2 A,
an iodine molecule can suitably be fitted with a van
der Waals contact.® On the other hand, 8- and y-
CyDs provide much less stable complexes with the
guest owing to their large cavity sizes, 6.0—6.4 and
7.5—8.3 A, respectively.

The association constants obtained by the present
method are about 1.5 to 2 times as large as our
previous ones? determined through solubility mea-
surements. The disagreement, however, may be
taken as rather small if we take it into consideration
that quite different techniques were employed for the
two works. The K, value determined in this work
for the a-CyD complex is in reasonable agreement
with that recently reported by Diard et al.? as a result
of potentiometric measurements, while the values for
B- and y-complexes differ by one order of magnitude;
their association constants decrease every one order of
magnitude on going from a- to y-CyD, while our
values display a difference as much as two orders of
magnitude between a- and 8-CyD complexes.

It probably admits of no argument that the a-
complex has the association constant as large as
1X10¢ M-1. The association constant for 8- and y-
complexes, on the other hand, are still far from being
generally acceptable. This is partially attributable to
their relatively small association constants; the
spectrophotometric, potentiometric, and solubility
measurements are all desirable to be done under high
CyD concentrations to get reliable values, 8-CyD has
a limited solubility in water (ca. 10-2 M). In view of
its small association constant, some impurities which
may be present in y-CyD might cause serious errors
in the estimatin of K. of y-CyD-I.. There is
observed, however, no appreciable difference between
the results obtained from purified (recrystallized from
water) and untreated y-CyD specimens, as can be seen
from Table 1.

Association Constants of Iodine with Cyclodextrins
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In order to make it clear whether the present
method provides reasonable association constants as
small as 102 or 10, I>-I- and I:-Br— systems were
studied. The formation constant for the former
system has been measured by many investigators and
the latter is known for its small formation constant.

Formation Constants of Molecular Iodine with
Iodide or Bromide Ion. The reactions that should
be taken into account are

X-+1Iz = X, Kix, (8)
Iz(aq) — Iz(gas), &, 2)

where X- denotes either I= or Br- and KLx is the
formation constant. An equation that allows estima-
tion of the formation constant of I with I~ or Br—
can be derived in the same way as described in the
CyD-I; system:

In(Cu— Qu.V-1)=—kt/(1 + Kix[X~]) + In C. 9)

Experiments having been made under the condition
that the total concentration of X, Cx, is sufficiently
large compared to the concentration of the complex
formed, we can set [X~] in Eq. 9 equal to Cx. Some
examples of plots obtained with the aid of Eq. 9 are
shown in Fig. 2. The plots also give straight lines

-70 - . , d

In(Cy, - QV™)

-100

t / min

Fig. 2. The plots of In(Cyy— Q 1,V~1) vs. tin the absence

and presence of I~ or Br—. N, gas flow rate 60.0 cm?
min~1; (a): Cx=0, Cp=127%x10*M, (b): Ci=
5.00x 102 M, Cp,=123x10*M, (c): C;=1.00x
10-2 M, Cp,=8.37x10*M, (d) C;=2.00x10-2M,
C1;=9.01x10*M, (e): Cp,=2.00x102M, Cp=
2.96x 104 M, (f): Cg,=1.00x10*M, Cp,=2.31X
104 M.
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Table 2. I3~ and I:Br- Formation Constants
Determined at 25°C and I=0.1(NaClO,)
Cx? CrY K1x9
mol dm—3 mol dm—3 dm3 mol-!?
I+l & I~
2.50X10-3 1.20X10—4 6.4X102
2.50X10-3 1.26X10—4 6.5X102
5.00X10-3 1.23X10~4 6.6X102
1.00X10~2 8.37X10~¢ 6.4X102
1.25X10-2 1.25X10~4 6.6X102
2.00X10-2 9.01X10-4 6.3X102
Average: (6.510.1)X102

Br—+I; = I:Br-

5.00X10-2 2.91X10~ 15
1.00X10-19 2.31X10~ 16
Average: 16x1

a) Total concentration of halide ion. b) Total

concentration of iodine. c¢) Formation constant. d)
NaClO4 was not added; I=0.1(NaBr).

over the aeration time investigated. Formation
constants calculated from the slopes of the straight
lines for Is~ and I2Br- by using the k value
1.54X10-2 min~! determined with 0.1 M NaClOy are
listed in Table 2, together with Cr. and Cx.

To our knowledge, only three Kigs values have
been reported; 14.9M-1 by spectrophotometry,l®
12.2M-! from solubility,’? and 8.35 M-! through
solvent extraction.}? The present result, 16 M1, is in
reasonable agreement with the first one cited; because
of the lack of available literature values, it is difficult
at present to judge whether the agreement is acci-
dental or not.

With respect to K1, on the other hand, abundant
literature data are available which have been ob-
tained by spectrophotometric,’3:19 potentiometric,® 19
distribution,2:1® solubility,17-1® and conductimetric!¥
methods. Some representative values are arranged in
decreasing order of magnitude as follows: 768,19
761,17 7.3X102,149 7259 723,19 714,19 680,12 and 65417
M-1. If we choose 723 M—! as the most reliable K.
value in accord with the recommendation by Ramette
and Sandford,2® the present result, 6.5X102M-1, is
about 10% lower. As has been pointed out by many
investigators, the I3~ formation constant should be
determined under as low iodine and/or iodide con-
centrations as possible. The observed K. tends to
increase with increasing iodine and/or iodide con-
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centrations due to significant formation of higher
polyiodide species such as Is~ and Ig2~ in addition to
I3-.16.20 From this point of view, the present method,
which employs very low Iz and I- concentrations,
seems to provide rather a small I3~ formation
constant.

After all, the method proposed here can be used to
determine association constants with molecular
iodine, magnitudes of which are as small as the order
of 102 or 10.

The present work was partially supported by a
Grant-in Aid for Scientific Research No. 6054037
from the Ministry of Education, Science and Calture.
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