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Extraction of copper with p-tert-butyl-calixarenes
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The extraction of copper with calixarenes was researched by
comparing the results from calix([4]-, calix[6]- and calix[8]-
arenes. The exiraction ability increased as the order: calix
[4]- > calix[8]- > calix[ 6]-arenes, with the binding ratio be-
ing 1:1. The extraction mechanism was also discussed, and its

K
equation Cll(NH3 )42+ + HzL(o)_)Cu(NHg )4L(o) +2H* and
the extraction equilibrium constants ( K,;) for calix[6]- and
calix[ 8]-arenes were obtained respectively.
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rium constants

Introduction

Calixarenes, cyclo-oligomers of formaldehyde and
p-substituted phenol, display an extraordinary versatility
as metal binding agents.! The typical parent p-tert-
butyl-calixarenes are tetramer (la), hexamer (2a), and
octamer (3a) (showed in following Chart) .

OR! OR! OR!
CH, CH, CH,
RZ Rz Rz
4 6 8
1 2 3

a: R'=H, R*=Bu’

b: R'=CH,CO:Mg¢, R?=Bu’

¢: R'=CH,CO:Et, CH;, or P(O)(OC2Hs),,
R?=S0s M", CH;,CeHs or F
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The unsubstituted p-tert-butyl-calixarene has been
found to form neutral complexes with copper(II)
cations, in which copper(II) ion sits as a guest into the
cone of the calixarenes. As a new category of macro-
cyclic compound, calixarenes contain cavities with suffi-
cient diameter and depth to form host-guest complexes.

In the paper, the extraction ability of calixarenes,
the extraction mechanism and the equilibrium constant
were researched. Many significant experimental results
concerning the coordination chemistry of calixarenes were
gained. So far, few theoretical studies on coordination
chemistry of calixarenes have been reported.?-3

Experimental
Analytical procedures

The melting point (mp) was measured with a
Thiele tube, using sealed capillaries. The Cu?* concen-
tration in the aqua phase was measured by 722 spec-
trophotometer at 580 nm with xylenol as solvent.

Preparation of calixarenes

Calix[4]-, calix[ 6]- and calix [ 8 ]-arenes were
prepared according to the literatures.®** The pure prod-
ucts were gained by recrystallization with chloroform at
mp 343—345°C, 380—381°C and 409—411%C respec-
tively.
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Liquid-Liquid extraction

The organic solutions were freshly prepared by dis-
solving an amount of the calixarenes in the organic sol-
vent with 1/3 ratio of CH,Cl, to CCl4(analytical grade) .
Copper nitrate and sodium nitrate ( analytical grade),
that were used as received without further purification,
were dissolved in de-ionized water as stock solutions. In
these systems, the pH values of the aqueous solution
were adjusted to the desired values using either the acid
corresponding to the anion (nitric) or the base of the
cation { KOH, and ammonia). The extraction experi-
ments were conducted in the closed glass tube at 30 +
1°C, in which 2 mL of organic and 2 mL of stock solu-
tion were contained. The tubes were shaken for more
than 1 h to reach equilibrium, then were centrifuged.
The phases were separated and the final pH was mea-
sured. The distribution ratio of the copper cation was
calculated by the ratio of the concentrations, C, mea-
sured from each phase, as:

Dy =[M* 1o/ IM* = Cor/ Cog

What we are interested in is how the copper cations
were extracted by calixarenes under conditions an initial
of concentration of calixarenes far lower than that of cop-
per cations ([ calix] < 100[ copper(1I) 1). The equilib-
rium concentration of calixarenes could be calculated by
the difference between initial concentrations of cal-
ixarenes and final concentrations of extraction compounds
in organic phase.

Results and discussions

Extraction of picric acid (HPi) with p-tert-butyl calix-
(8] arene

The crown ester is often used in extracting metal
ion by forming MCr* Pi" ion-pairs. But for calixarene, it
is not sure which ion-pairs are responsible for the ex-
tracting of metal ion. In order to study the ion-pairs
formed, the extraction of picric acid with calixarene is
conducted first.

The extraction experiments were carried out by us-
ing an initial working volume of 4 L, with a pH value of
1, at 30 £ 1°C. The medium of aqua phase is HNO3
(0.1 mol/L), calix[8}arene concentrations in organic

phase are 0 ~ 10 x 10 mol/L. The results from the ex-
traction of picric acid show that the distribution ratio
Dyp; of picric acid does not vary with calix[ 8 Jarene con-
centration, and keeps at 0.730. This suggests that dis-
tribution of picric acid between organic and aqua phase
depend on physical distribution. The distribution con-
stant K4 and the distribution ratio of picric acid Dyp; can
be given by:>*

Dyp; = [HPil(q)/([HPi] + [Pi])
= KB [H)/(B[H] +1)

Ky = Dypi(B1[H] + 1) /B [H]
=0.730(1.34x0.1+1)/1.34x0.1
=6.3

A comparison between extraction experiments was
carried out under the condition of pH=1, calix[ 6] arene
concentration 2 x 10 mol/L, picric acid concentration 0
~4.2 x 10 mol/L and temperature being 30 + 1°C.
The resulis from the extraction of copper(1l) with picric
acid also show that Dyp; kept at 0.760, and did not vary
obviously as variety of picric acid concentration.

Extraction of copper with three kinds of calixarenes

Having only phenolic hydroxyl groups, these three
kinds of calixarenes fail to show any ionophoric. activity
for alkali metal cations, so that cannot extract alkali
metal into organic phase in the form of M(H,L) * Pi’,
and cannot extract alkali earth metal ion either. But they
can extract transitional metal ion in absence of picric
acid. So extraction of copper with these three calixarenes
was first studied.

There is obvious difference on extraction ability to
copper for these three kinds of calixarenes. Among
them, extraction ability for copper(II) increases in order
of calix[4]-, calix[8]- and calix[ 6]-arene. It was con-
sidered that the extractability exhibited by the present
calixarene is dependent upon ion size, which is similar
to that exhibited by the typical crown ether-type
ionophores. This can be explained by that the octamer is
conformationally more flexible than hexamer resulting in
that copper (II) ion fits into calix[8]arene more diffi-
cultly than calix[ 6 Jarene. The calix[4 ]arene has small-
er size than calix[ 6] arene and calix[ 8]arene, so the
copper(II) ion fits into calix[4]arene hardly.
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Extraction of copper with p-tert-butyl-calix [ 6] arene

The mechanism of extraction with calixarene was
studied first by adopting the method of Martell Laborato-
1y. On the assumption that p(H] = - 1g[H* ], p[H]
was taken instead of pH, in order to avoid correction of
activity .

Keeping the p[H] constant, the distribution ratio
D was determined at various concentrations of
[HL](oy. In the case, NH3, NH,Cl or KOH was added
to keep p[H] constant. The experimental condition is,
for system a: CNH3 =1 mol/L, CNH4(;1 =0.003 mol/L,
relation coefficient ¥ = 0.992; and for system b: CNH3

=1 mol/L, Cxoy=0.0043 mol/L, relation coefficient
v=0.971. >

The relation of logD versus log [ H,L (g was
showed in Fig. 1. It can be seen approximately that two
straight lines respectively were presented with slope of 1,
which suggests that a copper(II) form isolated extraction
compound with a calix[ 6 ]arene.

As a comparison, the distribution ratio D was de-
termined at various p[H]. The experimental conditions
were as follows: C%2* =8.00 x 10~% mol/L, CNH4C] =

1.576.5 x 10™° mol/L, Cny, = 1 mol/L. When
p[H] is varied as Cru, ) varies, [H,L](0) concentrations

cannot keep constant due to a minor initial calix[6]-

arene concentration so as to variation for coordination of
calix[ 6] arene with copper(II). Therefore D" was taken

3 33 3T 29 27
1g[H,L]

Fig. 1 Effect of calix[ 6 ]arene concentration on distribution ratio

D. (Ion strength 1=0.1; T=30C; %+ =8.00x

107° mol/L. a: Crit, = 1 mol/L, Cgon=0.0043 mol/

L, y=0.971; b: Cwy =1 mo/L, Cyyg =0.003

mol/L, ¥=0.992).

instead of D, and its correction equation was:

D =Dx COHZL/[C‘)HIL -Dx CL/(D+1)]

The logD’ as a function of p[ H] is showed in Fig.
2, which presents approximately a straight line with a

slope of 2.
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Fig. 2 Effect of p[H] variation (1 =0.1, T=30C, C}BL

=1x10"3 mol/L, 7=0.985).

Extraction of copper with p-tert-butyl-calix [ 8] arene

The extraction property of copper (1) with calix--
[8]arene was researched by changing ammonia concen-
tration in the extraction systems. The experiment condi-
tions are: a: CNH3 =0.1 mol/L, Cgoy=0.1 mol/L, ¥

=0.976, and b: CNH3 =1 mol/L, Cyoy=0.1 mol/

L, v=0.974.

As can be seen from Fig. 3, the copper(II) ion
can be extracted from aqua ammonia. The distribution
ratio of copper(Il) ion between the organic and the aqua
phase increases linearly as increase of initial concentra-
tion of calix[8]arene in the organic phase similarly,
which suggests that the binding ratio of calix[ 8 ] arene
with copper(II) be 1:1, the same as the results of calix-
[6]arene. As a result, a calixarene must form isolated
extraction compound with a copper(II) in the extraction.

Fig. 3 also shows that extractability of copper(II)
with calix[ 8 ]arene in 1 mol/L aqua ammonia solution is
higher than that in 0.1 mol/L aqua ammonia solution,
which suggests that higher aqua ammonia concentration
should result in higher extractability of calixarene. When
calixarene is used to extract copper(Il) in aqua ammonia
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solution, increasing aqua ammonia concentration can
easily promote the coordination of calixarene with copper
(II) and is in favor of the extraction.

-0.3
Q
Lo
-0.5
-0.7 L . .
-3.2 -3 -2.8 2.6 24
lg[H:L] @
Fig. 3  Extraction results of copper with calix[8]arene

(Couings) = 1x 1073 mol/L; T=30C, %2+ =
8.00x 1073 mol/L. a: Cxoy=0.1 mol/L, Crg,
=0.1 mol/L, ¥=0.976; b: Cxoq=0.1 mol/
L, Cyy =1.0 mol/L, ¥=0.974).

Discussion of reaction mechanism for extraction of copper
with calixarene

As shown from above-mentioned results, the ex-
traction mechanism of metal ion with calixarene is more
complex than that with crown ester. Alkali metal is usu-
ally extracted with crown ester in the form of ion-pairs
with extraction compound being (MCr* ) Pi.” However,
calix[4]-, calix[6]-, and calix[8]-arene are difficult to
form ion pairs with alkali metal ion. Only are alkyl ac-
etate groups attached to the phenolic groups of calixarene
in 1a, 2a, and 3a to give the methyl ester of calixarene
1b, 2b, 3b, and all these three calixarene ester series
are found, analogous to the crown ester, to have phase-
transfer affinity for alkali metal cations and easily form
typical ion-pairs.

In another aspect, 2M protons from OH of cal-
ixarene was released when complex of copper(II) ion
with calixarene was extracted into organic phase, which
is similar to ion exchange. It can be seen that the mech-
anism for extraction of metal ion with calixarene is more
complex than with crown ester. The metal ion can be ex-
tracted with calixarene both in the form of cation ex-
change and ion-pairs, which result in complex extraction
properties of calixarene.

According to slopes of line in Fig. 1-—3, equation
of extraction reaction is probable as follows:

Cu®* + HyL(gy—>CuL, + 2H* (1)
Cu(NH3)4** + HLigy—>Cu(NH;) L) + 2H*  (2)
Cu(NH;)2* + HyLy—Cul(g) + 4NH; + 2H*  (3)

It can be seen in Fig. 3 that, because of the ex-
tractability of copper(II) with calixarene increases as in-
creases of aqua ammonia concentration, Eq. (3) is un-
tenable, nor is Eq. (1), so extraction equation might
be considered as Eq. (2).

Acquisition of 1gK’ ., value

According to Fig. 1—3, K., could be obtained
and the results were listed in Table 1.

Table 1 Values of extraction equilibrium constants ( 7= 30C, I

=0.1)
Calixarene  Calix[6]arene Calix[8]arene Calix[8]arene
¢° (mol/L) 1 0.1 1
18K’ o -19.45° -22.83 -22.68

“From Fig. 1 and Fig. 2, 1gK’,, of calix[6]arene was acquired
as —19.50, - 19.40 respectively, average value ~19.45,

As seen from Table 1, equilibrium constant in 0.1
mol/L aqua ammonia was less than that in 1 mol/L aqua
ammonia for calix[ 8 ]arene, and the difference between
their lgK, was 0.15. According to Eq.(2), when a =
[Cu(NH)3)3* 1/Cc = 0.99 when C = 0.1 mol/L,
and a=0.90 when C =1 mol/L, the difference of lga
was 0.05, but the difference of 1gK., was 0.15 acquired
from experiments. The latter was apparently within the
range of experimental error.
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