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SYNOPSIS 

Transport of iodine by a charge-transfer mechanism through a bulk organic liquid membrane 
system containing calixarene based on donor-type carriers was studied. It was found that 
the transport of iodine is facilitated by n-donor carriers depending on the pH of the source 
phase. The color of iodine solutions on the source side turned from brown to colorless. The 
passage of iodine through the organic bulk liquid membrane was governed by donor-acceptor 
interaction between n-donor atoms in the carrier and u-acceptor (iodine atoms) and by the 
diffusion of an n-cr-type charge-transfer complex in the membrane followed to release by 
the Lewis acid-base interaction in the aqueous phase. The transport by the new carrier 
arises both from the different extraction equilibrium constants between the aqueous phase 
and donor-acceptor interaction with iodine and the carrier in the organic phase. 0 1996 
John Wiley & Sons, Inc. 

INTRODUCTION 

Calixarenes have gained an important place over 
the past two decades in host-guest chemistry be- 
cause of their ability to form complexes with ions 
and neutral organic molecules; they also have at- 
tractive structural properties for the construction of 
many biomimetic systems.' Calixarenes are cyclic 
oligomers made up by phenolic units. The cyclic 
structure suggests the potential use of calixarenes 
as specific receptors for metal ions.' Calixarenes may 
be functionalized by groups containing donor types 
of atoms which are able to form charge-transfer 
complexes with some acceptors. These interesting 
properties provoked our interest in the use of calix- 
arenes as a carrier for the transport of iodine and 
the elucidation of the possible interaction between 
the carrier and iodine by the charge-transfer mech- 
anism. 

The kinetics of charge-transfer complex forma- 
tion seem to depend strongly on the structure of the 
donor and acceptor as well as on the solvent. Charge- 
transfer complexes have attracted a considerable 
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role in chemical reactivity, pharmacology, molecular 
physics, biochemistry, and biophysics as well as in 
biological reactions of living There 
have been many studies of charge-transfer com- 
plexes which have been used for polymerization and 
copolymerization reactions, photoconductivity, for- 
mation and modification of liquid crystals, etc?-13 

In this study, some new derivatives of calixarenes 
(I,-EPO, I,-HPA, and 16-benzoyl) were obtained by 
the reaction of calixarenes with epichlorohydrin, 
monochloroglyoxime, and benzoylchloride. The de- 
rived calixarenes have donor properties. However, 
the transport of acceptors through charge-transfer 
complexes with donor types of carriers has not been 
studied in the liquid membrane systems. Preliminary 
experiments show that the donor types of calixarene 
derivatives are capable of transporting iodine. 

EXPERIMENTAL 

Materials 

All chemicals were obtained from Merck and were 
of analytical grade. Reagent-grade chloroform and 
carbon tetrachloride was used as the membrane sol- 
vent. 
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Preparation of Membranes 

The p-tert-butylcalix[4]aren and p-tert-butylca- 
lix[6]aren were prepared according to the Gutsche 
m e t h ~ d . ' ~ . ' ~  The functional calixarenes were ob- 
tained by the benzylation with benzoyl chloride as 
16-benzoyl, epoxidation with epichlorohydrin as I,- 
EPO, and glyoximation with monochloroglyoxime 
as I,-HPA according to the and the 
chemical structure of the synthesized materials are 
shown in Scheme 1. 

Table I 
Phase Solutions 

Composition of Source and Receiver 

Transport Experiments 

Transport experiments were performed in a conven- 
tional U-tube glass cell with magnetic stirring at room 
temperature. The solution compositions of source 
phase and receiver phase are listed in Table I. 

Aliquots (400 pL) of the aqueous solutions of both 
phases were withdrawn at appropriate intervals and 
then diluted by a factor of 25. The pH of both sides 
was monitored by using an Orion model 720 pH me- 
ter. The concentration of iodine on both sides of the 
membrane were measured by a UV-visible spectro- 
photometer (Shimadzu UV-16OA) at 420 nm. Each 
experiment was repeated at  least twice, and the re- 
sults were consistent within +lo%. 

RESULTS AND DISCUSSION 

Solutions containing the interacting electron donor 
( D )  and electron acceptor ( A )  species exhibit not 
only the absorption bands of D and A but most often 
also show a new band or bands which are assignable 
to charge-transfer transitions of the complex. The 
intensity of this band could be used as a measure of 
the concentration of the complex. The equilibrium 
or extraction equilibrium constant that involves the 

0 0 0 

'C=O 

Source solution. 10 mL 

pH 2-7, I = 0.2 with 100 mmol KCl 
5.5 mmol iodine in water 
50 mmol citric acid 
25 mmol Na2HP04 
The pH of buffer solution Concentration is adjusted 

in the desired pH range 

Receiver phase, 10 mL 

pH 10, I 0.2 with 100 mmol KCl 
100 mmol H,BOI 
100 mmol NaOH 

Membrane phase, 10 mL 

I,-EPO 13.29 mmol in CHC13 
14-HPA 7.8 mmol in CHCI, 
IG-benzoyl 7.5 mmol in CCl, 

formation of a charge-transfer complex from ( D )  
and ( A  ) can be represented schematically as shown 
in Scheme 2. 

Scheme 2 

An acceptor is taken from the source phase into 
the membrane to form a charge-transfer complex 
DA,  and the complex traverses the two boundary 
layers by diffusion to release A (receiver phase). 
The process is driven by the concentration gradient 

When the rate for complex formation and dis- 
sociation between carrier and iodine is fast (equi- 
librium assumption ) , the concentration of species 
at the interfaces are related through the overall ex- 
traction equilibrium constant, K,, . The symmetry 
assumption requires that all concentration gradients 
be equal at  the steady state.z3 A steady-state con- 
centration profile is shown in Scheme 3. 

The steady-state flux of A is given by Fick's lawz3: 

- 

cA,s cA, r -  
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Scheme 3 

where i indicates the interfacial concentration; JA , 
the transport of the acceptor; D ,  the diffusion coef- 
ficient; 1, the apparent thickness of the membrane 
(organic) phase; DA, and DA,, the concentration of 
the acceptor with the carrier between the source and 
receiver interfaces, respectively. The equilibrium 
assumption also provides a mass balance equation, 
since for the total concentration of the carrier, every 
point must be equal ( L o )  .23 As a result, 

The initial concentration is A, = 0 and that 
throughout the experiment is A, %- A,. When K,, is 
small, K,,A, 6 1 (and K,,A, 6 1 ) 2 3 ;  thus, 

As K,,A, increases, the term ( 1  + K,,A,) thus be- 
comes 

Some examples of the changes in concentration 
of iodine in the source phase and receiver phase with 
time for the three carriers are shown in Figure 1 .  
For all values in the source phase, the concentration 
of iodine on the receiver phase increased, whereas 
on the source phase, it was just the opposite. The 
solution on one side of the membrane is acidic or 
neutral, and the solution on the other side is alkaline. 

To clarify the charge-transfer mechanism of the 
iodine transport by carriers, a curve-fitting using 
the equations for transport was performed on the 
results of the transport experiment using the iodine 
in the source phase. The values of K,, shown in Ta- 
ble I1 were used for eq. ( 6 ) ,  and the experimental 

value of JA was used to determine ( D / l )  ( L o ) .  The 
results of the curve-fitting using eq. ( 6 )  is shown in 
Figures 2 and 3, which agrees with the experimental 
results. 

Iodine is an electron acceptor and a Lewis acid. 
Iodine, the most polarizable of the halogen mole- 
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Figure 1 Changes in concentration of iodine with time 
through organic liquid carriers membranes. Solid symbols: 
source phase; open symbols: receiver phase. 
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Figure 2 The curve-fitting of iodine transport by carrier 
I,-EPO. Effect of the initial pH on the source phase. Solid 
symbols: source phase; open symbols: receiver phase. 

cules, is violet in the solid and gas phases and is 
brown in nondonor solvents such as chloroform, 
water, acetone, or ethanol, all of which are Lewis 
bases. The color changes because the solvent-solute 
complex which is formed from the lone pair of donor 
molecules 0 or N atoms and a low-lying g* orbital 
of dihalogen has a strong optical absorption. The 
strong visible absorption spectra of I2 arise from 
transitions from filled to low-lying unfilled orbitals, 
providing a hint that the empty orbitals may be low 
enough in energy to serve as acceptor orbitals in 
Lewis acid-base complex formation. The transition 
responsible for the new absorption band is observed 
when a charge-transfer complex is formed. The or- 
bital from which the electron originates in the tran- 
sition is predominantly the lone-pair orbital; thus, 
transition occurs and the transition transfers an 
electron from the base to the acid. 

The general transport formula of the carrier-me- 
diated transport of an ion pair in a diffusion-limited 

process gives the relationship between the transport 
rate and the type of carrier. If two atoms of iodine 
are transported by two donor atoms of carrier I,- 
HPA, the transport rate by carrier I,-HPA is twice 
faster than that by carrier I,-EPO and 16-benzoyl. 
Only one iodine atom is probably transported by the 
carriers I,-EPO and 16-benzoyl, and the difference 
in the transport rate between the carriers also comes 
from the term of the extraction equilibrium con- 
stant, as shown in Table 11. As described above, the 
transport rate depends on the quantity of the donor 
atoms and may be conformation of the carrier, the 
electronegativity of the donor atoms, and the pH of 
the source phase. 

The transport flux of iodine was observed in the 
order I,-HPA > I,-EPO > 16-benzoyl, which is re- 
lated to donor atoms in the carriers. The transport 
flux of iodine by carrier I,-HPA is faster than that 
by carriers I,-EPO and 16-benzoyl. The case of I,- 
HPA, which has two donor atoms which are 0 and 
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Figure 3 The curve-fitting of iodine transport by carrier 
I,-HPA. Effect of the initial pH on the source phase. Solid 
symbols: source phase; open symbols: receiver phase. 
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Table I1 
Equilibrium Constants for Iodine Through 
Used Carriers 

Transport Flux and Extraction 

Carrier pH I,,,,, (mol L-' min-') K,, (L mol-') 

1,-HPA 5.3 3.96 x 10-3 2.540 
4.0 5.07 x 10-3 1.792 

I4-EPO 7.0 1.80 x 10-~ 1.578 
2.5 7.18 x 10-~ 1.088 

I,-benzoyl 3.0 4.50 x 10-4 0.991 
2.5 4.70 x 10-4 0.540 

N, plays a very important role in the transport of 
iodine. These n-donor-type atoms may interact with 
two iodine atoms, and the other carriers only may 
interact with one iodine atom. Therefore, it is ex- 
pected that  the efficiency of transport of iodine is 
affected by the quantity of the donor atoms of the 
carriers. 

The pH affects the iodine flux. Increasing the pH 
value of the source phase, the iodine flux increases. 
First, the iodide ion may react with the carrier mol- 
ecules through the oxygen and nitrogen atoms and 
a large number of iodine atoms seep into the organic 
phase from the aqueous phase and react with the 
carrier host molecules. This was experimentally 
confirmed, as shown in Table 11, which lists the ex- 
traction equilibrium constants and the transport flux 
of iodine by carriers from the aqueous solution to 
the chloroform solutions for I,-HPA and I,-EPO and 
carbon tetrachloride for 16-benzoyl under the same 
experimental condition. 

As shown in Table 11, the transport flux of iodine 
in the liquid membrane containing three carriers 
was facilitated markedly. It is known that the affinity 
of calixarenes for alkali metal cations increases with 
increasing size of the metal cations. Therefore, it 
may be expected that  the partly positive iodine, 
which might be a primary interacting part of the 
present host-guest system, could favorably interact 
with the binding site, the pseudocavity of the carrier, 
to  give a charge-transfer complex. The pseudocavity 
of the carrier consists of the oxygen n-donor 
atoms of epoxy and benzoyl groups and oxygen and 
nitrogen n-donor atoms of the amino groups. The 
partly positive iodine group of the guest is anchored 
in the n-donor atoms in the pseudocavity of the 
carrier by the charge-transfer interaction between 
I . . . .  ;t6. . . . .  0- or I . . . .  ?6.... . N- 
which is the interaction between acceptor and donor 
atoms. 

The  absence of the carriers in the transport of 
iodine was also conducted as a control experiment. 
In that  case, the transport of iodine was observed 
from the source phase to the organic phase according 
to  its distribution coefficient between the aqueous 
phase and the organic phase, but no transport was 
observed from the organic phase to the receiver 
phase. In comparison, the transport of iodine with- 
out carriers could be negligible. 

The primary observation of this study is that 
varying the pH in the source phase can significantly 
impact the transport rate of iodine through the ca- 
lixarene-based liquid membrane by the charge- 
transfer mechanisms. For example, the iodine 
transport at neutral pH was observed to  be more 
than that for lower pH on the source phase. To  an- 
swer the questions, we need to examine the transport 
mechanism in this system. In the general case, the 
charge-transfer model has to consider both the dif- 
fusion and reaction processes. The solution to this 
model for the charge-transfer mechanisms is that  
the reaction kinetics should be well defined. The 
complete reversible reaction and complex formation 
for the charge-transfer reaction is a complicated 
function of the acceptor, donor, and complex and 
their concentrations, pH, solvent interaction, etc. 

The authors wish to thank Selcuk University for the re- 
search facilities. 
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