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Abstract. The complexing, extracting and mobile carrier properties of the tetra(phosphine oxide)-
calix[4]arene 1 and the hybrid diamide-di(phosphine oxide)-calix[4]arene 2 were studied. Both
ligands give 1: 1 complexes with alkali cations in THF as shown by the picrate method. *H NMR
experiments were run to follow encapsulation of sodium and potassium cations. The corresponding
spectraindicate C>-symmetrical structure. Theobserved extraction ordersof thealkali picrateswereas
followsK*>Rb*>Li*t>Cs">Na" for 1and Li*>Na">K*>Rb*>Cs" for 2. Transport kinetics
was analysed by means of amodel which assumes pure diffusion and which allows the eval uation of
mass transfer coefficientsin all systems. These coefficients and their influences on the transport rate
are discussed in terms of size of the transporting speciesin the liquid membrane.
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1. Introduction

Calix[4]arenes[1] bearing substituents attached at the phenolic oxygen atoms (i.e.,
functionalized at the lower rim) have been shown to exhibit interesting complex-
ing, extraction and transport properties towards a great variety of metal ions[2]. In
recent years, many neutral calix[4]arene-derived extractants containing functional
groups such as amides, esters, ketones and ethers have been synthesized and their
ion binding properties investigated by solvent extraction, UV-Vis. and NMR spec-
troscopy [3—10]. Most of these calixarenes are homo tetra—functionalized ligands.
Encapsulation of alkali metal cations involving the four pendant groups has been
proved in several instances by NMR studies and/or X-ray analysis[3, 5, 9, 11-13].

In this paper we describe the complexing, extracting and carrier properties
of the recently reported calix[4]arenes [14, 15] 1 and 2 containing amide and/or
phosphine oxide functional groups (Figure 1). These ligands were shown to adopt
a cone-shaped conformation. The extraction efficiency of these ligands will be
discussed considering their ligating functions and compared with that of the tetra-
amide 3, previously reported in the literature [16].

* Author for correspondence.
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Figure 1. Structures of the calixarenes mentioned in the text.

2. Experimental
2.1. MATERIAL

Ligands 1 and 2 were synthesized according to the procedures described previously
[14, 15]. DC18C6 was used as purchased (Fluka).

Thealkali picrates were obtained by neutralization of picric acid with asolution
of the corresponding hydroxide. The resulting yellow precipitates were recrystal-
lized from water and washed with ethanol and ether, dried under vacuum and stored
in the dark.

Cesium and rubidium thiocyanate were prepared by addition of cesium carbon-
ate and rubidium hydroxide to a solution of ammonium thiocyanate and recrystal-
lized from water [17].

Tetrahydrofuran was used without further purification. 1,2-Dichloroethane was
purified by washing it several times with distilled water.

2.2. COMPLEXATION IN THF

For each ligand, variable quantities of a 103 M THF solution of the ligand were
added to @102 M solution (1 mL) of the alkali picrate in THF. Tetrahydrofuran
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wasthen added and made up to avolume of 10 mL. The absorbance of the solutions
were measured in the range 300-500 nm (Perkin-Elmer model 550S).

2.3. EXTRACTION PROCEDURE

A 2.5 x 10~* M aqueous alkali picrate solution (10 mL) and 10 mL of a 2.5 x
10—* M solution of the ligands in 1,2-dichloroethane were transferred into a stop-
pered cylindrical glass tube immersed in a thermostatted water bath (20°C). The
extraction equilibrium was reached after 20 min magnetic stirring and the mixture
was subsequently allowed to stand for 10 min to complete the separation. The
concentrations of the picrates in the aqueous phase were determined spectropho-
tometrically at the wavelength of maximum absorption of the picrate ion (355 nm,
14400 L mol—1 cm™1). The extractability was determined from the difference of
picrate ion absorbancesin the agueous phase.

2.4. TRANSPORT EXPERIMENTS

Membrane transport experiments were carried out in a U-shaped glass tube (diam-
eter 41 mm, arm heights 150 mm) immersed in a thermostatted water bath at
25°C. This cell was filled with 160 mL of a7 x 1074 M ligand solution in 1,2-
dichloroethaneinterfacedto 80 mL of a0.1 M aqueoussolution of alkali thiocyanate
in one of the arms and 80 mL distilled water in the other one. One uniform mixer
was inserted in each arm and two synchronous motors (Heidolph RZR 2000) pro-
vided a constant rotation of the mixers (100 cycles/min) which ensured stirring of
the phases. The appearence of the cation in the receiving phase was monitored by
titration of thiocyanate ion simultaneously appearing as the co-anion. At aregular
timeinterval, 2 mL of the receiving phase was sampled and diluted to 4 mL by a
0.02 M solution of Fe(NO3)3 ina0.2 M solution of HNO3 for spectrophotometric
measurements (480 nm, 4400 L mol—* cm~1) [18]. In order to maintain the position
of the interfaces, 2 mL of the feed phase was also removed. The variation of the
volume of the receiving phase was taken into account in the calculations. Alkali
thiocyanate concentration in the organic phase was determined by withdrawal of 2
mL of the organic phase and stripping with 5 mL of distilled water and measured
according to the method described above.

Additionally, in order to determine the equilibrium extraction concentration
(C1), 10 mL of 10~ M agueous alkali thiocyanate solution and the same volume
of asolution of the ligand in 1,2-dichloroethane were placed in atubeimmersed in
thethermostatted bath at 25°C and stirred magnetically for 20 min. The phaseswere
allowed to settle and 5 mL of the organic phase was taken up. This solution was
stripped with distilled water for spectrophotometric titration as described above.



130 M. R. YAFTIAN ET AL.

Q [\}]
(8] Q
c c
3] -]
€ os} £ ost
Q o
wn ;]
[0 n
< <
0 0
300 500 300 500
(nm) (nm)

Figure 2. Change of the absorption spectrum of sodium picrate upon addition of various
amounts of 1 (left) and 2 (right). The ligand : sodium ratios vary between 0 and 2 for 1 (left)
and 0 and 1 for 2 (right).

2.5. COMPLEXATION STUDIESBY NMR

Variable amounts of NaSCN and KSCN solutions (1.2 M) in CD30OD were trans-
ferred to a CDCl3 solution of 2 (3 x 102 M) in the NMR tubes. The *H spectra
were recorded by using a FT Bruker WP-200 SY instrument. The H NMR data
were referenced to residual protiated solvents.

3. Resultsand Discussion

To demonstrate the suitability of 1 and 2 for alkali ion complexation in THF, the
ability of these ligands to transform tight alkali picrate ion pairs, MTPic™, into
separated oneswere studied. To thisend, UV-Vis spectra of alkali picrate ion pairs
in THF were measured in the presence of different ligand/metal ratios. This study
revealed for both ligandsthe presence of an isosbestic point (asillustrated in Figure
2 for sodium) which indicates the following equilibrium:

M*Pic™ +nL = ML}, Pic™.
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Table|l. Bathochromic shifts (AX, nm), at 20 °C.

Ligand MTPic™

Lit Na®™ KT RbT™ Cs'
1 33 31 22 21 20
2 37 31 24 21 2
R c 29 24 ° c
4p 1 31 2 ¢ 0
Cryptand222®  °© 31 29 ¢ 25

2 Ref. 4; ® Ref. 19; © No reported data.

The Amax Values of Li, Na, K, Rb, and Cs picrates (MTPic™) are 344, 351, 357,
360 and 362 nm respectively. For all ML*, Pic™ systems (L =1 or 2, M = akali
cations), except for Cs-2, a common Amax Was observed (382 nm), indicating
that upon complexation full separation between cation and picrate takes place. A
similar behaviour was observed by Ungaro et al. [5] for sodium and potassium
complexation with tetra-amide 3. The bathochromic shiftsfor M*Pic™ complexes
of 1 and 2 (M = Li, Na, K, Rb, Cs) as well as that of some akali complexes
obtained from 3, 4 and cryptand 222 are given in Table |. Taking the bathochromic
shiftsof the corresponding cryptand-complexesasreference, one can concludethat
at least for sodium and potassium ions, the bathochromic shift is to be related to
the encapsulation of the cation in the ionophoric cavity of 1, 2 and 3. The data
obtained for Cs complexation do not provide a clear picture of the nature of the
Cs-2 complex-ion pair.

The absorbance at A\max Of the metal picrates before and after complexation
was studied as a function of the ligand/M*Pic— concentration ratios. This method
is exemplified by Figure 3 for the Na-picrate complexation by 1 and 2. For each
experiment, except for the complexation of cesium by 2, the formation of al:1
complex (n = 1) could unambiguously be determined. Because of the weak
bathochromic shift observed for Cs complexation by 2, this method did not allow
precise determination of the stoichiometry of the resulting complex. The formation
of al:1 complex in this case could nevertheless be demonstrated by showing that
the K value, assumed to be of the form, [CsL™, Pic™]org[L]5g-[Cst]5? (e
corresponding to al: 1 complex), does not vary significantly in the concentration
range: 2.5 x 107* < [Cs™] < 3.5 x 1074 M.

Thelogarithms of the stability constantswere determined by means of the Rose-
Drago method [20]. The calculated values are: 5.37, 4.42, 5.48, 5.23 and 4.18 for
1and5.85,5.77,5.40, 4.49, and ca. 3.5 for 2, with, respectively, Li, Na, K, Rb and
Cs.

Proton NMR spectrawere run to obtain structural information about the sodium
and potassium thiocyanate complexes obtained from 2 (Table I1). The addition of
NaSCN or KSCN solutions in CD30D to a solution of 2 in CDCl3; was followed
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Figure 3. Plot of the absorbance vs. [L]/[Na"Pic™] at Amax Of the tight sodium picrate (351
nm) and ligand separated sodium picrate (382 nm).

by NMR. The NMR spectra of mixtures containing a M*/2 ratio < 1 display
signals corresponding to the free ligand and to the complex formed. When the
M /2 ratio reaches 1, the signals due to 2 disappear completely, suggesting the
formation of a highly stable 1: 1 complex. The NMR spectra of the thus formed
complexesindicateaC, symmetrical structure. Note, the'H NMR spectrum of Na-
2 displaysasingle Bu! signal (whereas the potassium complex shows, as expected,
two Bu'! signals) suggesting a symmetry close to Cy for the calixarene matrix in
this complex.

Participation of the phenolic oxygen atoms in cation binding appears very
likely in view of the observed downfield shift of the m-ArH hydrogen atoms upon
complexation (Table I1). These results are consistent with those reported for 3 and
5, two ligands whose Na and K complexes were shown to have the metal ions
encapsulated [3, 5].
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Table Il. *H NMR chemical shifts (ppm) of selected signals of

ligand 2 and its complexes with NaSCN and KSCN.

Proton Ligand Na2 Aés? K-2 A

Hfi 4.78 451 -027 406 -0.72
Hg 2.86 301 4015 276 -0.10
m-ArH 6.63 696 4033 697 +034
(of caixarene) 6.39 678 +039 6.80 +041
—CH,CON(Et), 4.63 475 4012 445 -0.18
—CH,P(O)Ph; 5.94 509 -085 530 -064

AAJ = Goomplex — Bireeligand. ° Axial ArCH, hydrogen atom. © Equa-
torial ArCH> hydrogen atom.

Table I1l. Extraction percentage and logarithm of
equilibrium?® extraction constants of akali metal
pi crates® from water to 1,2-dichloroethane at 20 °C.

Ligand M™Pic™

Lit  Na' K+ Rb™ Cs'
1 145 5 27 21 6.5
67 (60 (1) (68 (6.1)
2 645 58 45 20 5
(83) (81 (7.6) (68 (6.0)
3¢ 63 95.5 74 24 12
(83) (11.2) (88) (6.9 (6.4

2 The logarithm of extraction constants is given in
parentheses bel ow theval ue expressing theextraction
percentage. ° [M*Pic]o = [Ligand]o = 2.5 x 104
M. ¢ Ref. 16 (determined for a water to CH,C1,

extraction).
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The phase transfer ability of ligands 1 and 2 was examined by studying the
extraction of alkali picrates from water to 1,2-dichloroethane at 20°C. Analysis
of the extraction data shows that the extraction takes place via the following
heterogeneous equilibrium:

Mz, + Picy + Lorg = LM™, Picg,

(M =Li,Na K,Rb,CsandL =1and2).
The calculated extraction percentages as well as the corresponding K¢ are
givenin Tablelll together with data published by other authors[16] on tetra-amide

3.

As shown in Figure 4, the variation of the extraction equilibrium constants vs.
theionic radius of the alkali cations parallels that of the corresponding formation

constantsin THF.
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Figure 4. Plot of variation of the formation constants in THF and extraction constants for the
water to 1,2-dichloroethane system of akali picrates at 20 °C vs. theionic radius of the alkali
cations.

Comparison of the extraction properties of 1 and 2 (Figure 5) gives some
indications about the relative contribution of the amide and the PO functionsin the
extractionby 2. For Li™, Na™ and K™, the extracting properties of the mixed amide-
phosphine oxide calixarene 2 are superior to those of the tetra(phosphine oxide) 1,
the most significant effect being observed for Na* extraction. Full replacement of
the phosphory! groups by amide functions still increases the extracting power of
the calixarenein the case of Na™ and K. Ligands 1-3 show comparable extraction
propertiestowardsRb™ (TablelIl). Theextracting ability of ligands1 and 2 towards
cesium is poor, presumably because the size of the receptor cavity istoo small.

I nteresting behaviour was observed when extracting lithium with 2. Indeed, this
compound exhibits higher extraction properties than 1, but similar ones to that of
3. This suggests that the crucia point for lithium complexation is the presence
of two amide groups in these systems. However, participation of the phosphoryl
groups in complexation appearslikely, considering the observed downfield shift of
the 3'P NMR signal on going from 2 to Li-2 (Aé ~ +10 ppm). It is noteworthy
that the 'H NMR spectrum of Li-2 displays broad signals, thus contrasting with
the corresponding Na and K complexes. This suggests dynamic behaviour of the
Li-2 complex.

Transport of alkali thiocyanatesthrough abulk liquid membrane mediated by 1,
2and DC18C6in 1,2-dichloroethanewasinvestigated in the early stagesof transfer
kinetics by plotting the variation of the salt concentrationin the receiving (C);) and
membrane phases (Cyy,) vs. time (Figure 6). As shown by these diagrams, the early
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Figure5. Extraction percentages (E%) of thealkali picrateswith1, 2 and 3at 20°C.[MTPic™]o
=[ligand]o = 2.5 x 10~* M. * Ref. 16 (for water to dichloromethane system).

stage of the transport is anon steady state process. Thisis dueto the non negligible
volume of the membrane.

A mathematical description of the transfer is carried out by assuming a pure
diffusion processand by applying to the system the conventional mass conservation
law: entering rate — leaving rate = accumulating rate, leading to the following
equation:

dCp,
4 oy

where §7 and S, are interfacial area, J; and J> are fickian fluxes through the
membrane stagnant layers at the first and second interfaces respectively.

By introducing a transfer coefficient (korg) and the complex concentration gra-
dient, Equation 1 can be rewritten as:

S1-J1—852-J>=V,

dCy,
& 2

where C1; and C; are interfacial concentrations and V,,, is the membrane phase
volume.
For symmetry reasons,

Slkorgl(cli - Cm) - SZkorQZ(Cm - OZZ') =Vn

S1=5= Sa Iforgl = korgz = Iforg-

To afirst approximation, C1; can be considered as the equilibrium complex con-
centration, C. This concentration can be determined by performing an extraction
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Figure 6. Evolution of the sodium thiocyanate concentration in the receiving (filled squares)
and membrane (empty squares) phases as afunction of timeusing 1 (a), 2 (b) and DC18C6 (c)
ascarriersat 25 °C. Feed phase: 0.1 M sodium thiocyanate (80 ml); receiving phase: distilled
water (80 mL); membrane phase: 7 x 10~* M of carriers in 1,2-dichloroethane (160 mL);
stirring speed: 100 cycles/min.
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experiment under transport conditions. At the early stages of the transfer Cy; = 0;
it follows:

Vi dCu

(V11 isthe receiving phase volume).
Integration of Equations (2) and (3) lead to the following expressionsfor C,,, ;)
and Oll(t):

C Dhiorq - S - ¢

G = 5 (1-e0 |- =242 @
korgS C]_V C]_V ZSkorgt

Ciwy = 2Vi, Crri 4V||m * 4V||m & {_ Vin } ' ©)

This model was tested by fitting Equations 4 and 5 with the corresponding exper-
imental data and by introducing an appropriate value of kqrg. It also provides the
equation for the steady state regime (linear part of Equation 5):

korg S C1-V,
Ol seady = c;g‘]/” -Cp-t— ilV”m (6)

the slope of which is proportional to the steady state regime rate (v;):

vy = W @)

The determined kqrg, C1 and v, values are given for all alkali cations and for
1 and 2 in Table IV. The corresponding data for DC18C6 are also presented for
comparison.

The reliability of the model was supported by the fact that for 1 or 2 the
calculated korg values are nearly the same (mean value 6.1 x 10~° dm/s). Thiswas
confirmed by the v, vs. C1 plot (Figure 7).

In the two—film theory, ko is related to the diffusional coefficient, D, by the
relation:

korg = D /dorg ©))
(org is the stagnant film thickness at the interfaces which is constant for a given
stirring speed).
According to the Wilke-Chang equation [21] the diffusion coefficient isrelated
to the molar volume, V, of the diffusing species:

Do V08
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Table V. Results of the alkali thiocyanates extraction and transport through a solution of 1,
2 and DC18C6 in 1,2-dichloroethane at 25°C.2

Vi x 10° C1 x 10° org x 10°

(mol/s) (mol/l) (dm/s)
Mt 1 2 DC18C6 1 2 DC18C6 1 2 DC18C6
LitT 077 139 0.06 195 370 0.09 6.0 57 102
Nat 014 140 044 033 371 o081 6.7 57 8.2
Kt 113 134 19 305 366 3.82 56 56 76
Rb™ 101 096 150 256 241 284 6.0 6.0 8.0
Cst 027 016 090 054 040 164 76 6.1 8.4

2 Ligand concentration: 7 x 10~* M (160 ml); feed alkali thiocyanate concentrations: 0.1 M
(80 ml); receiving phase: distilled water (80 ml); stirring: 100 cycles/min.

Vs: transport rate of solute at steady state; C1: equilibrium extraction concentration of solute
in the transport conditions; korg: coefficient of transfer.

Vs x 10° (mol/s)

251 DC18C6

= Li-(1)

« Na-(1)

A K1)

= Rb-(1)
°Cs-(1)
alk(2)

o Na-(2)
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x K-(DC18C8)
- Rb-(DC18C8)
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Figure 7. Plot of the steady state transport rate of alkali thiocyanates by 1, 2 and DC18C6 as
carriersvs. extraction equilibrium concentrationsat 25° C. Feed phase: 0.1 M alkali thiocyanate
(80 mL); receiving phase: distilled water (80 mL), membrane phase 7 x 10~* M of carriersin
1,2-dichloroethane (160 mL); stirring speed: 100 cycles/min.

hence similar valuesof ko are expected for diffusing specieshaving the same size.
Thisis certainly the casefor al the MLSCN species (M = alkali cations, L =1 and
2). Consequently in these systems the extraction selectivity parallels the transport
selectivity (see Figure 7).

It should be noted that the kg val ues observed for DC18C6-M SCN systemsare
significantly higher (mean value 8.5 x 10~° dm/s) within the considered model;
this effect is to be related to a significant decrease of the complex size.
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In transport studies by macrocyclic carriers the effect of transfer coefficient (k)
on the transport rate is generally not considered. This study illustrates the fact that
the size of the carrier should also be taken into account in analysis of the transport
processes.

4, Conclusion

The tetra(phosphine oxide) 1 and the mixed amide-phosphine oxide 2 are both
suitablefor alkali complexation. They form 1: 1 complexeswith the alkali cations.
Hybrid 2 displays higher binding properties towards Li, Na, and K than 1, con-
firming that amide groups are strong complexing agents for alkali cations. As
shown by the NMR study, encapsulation of Na and K by 2 resulted in formation
of a Cy-symmetrical complex. The transport efficiency of 1 and 2 towards alka-
li cations varies in the same order as the extraction; K>Rb>Li>Cs>Na for 1;
Na~Li>K>Rb>Cs for 2. The transport rates are shown to depend on both the
extraction efficiency of the ligands and the size of the transported complex.
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