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The Cs* selectivity of some calix-crown ligands
makes them excellent candidates for use in separa-
tion systems such as liquid membranes. Separation
performance can be understood and predicted from
thermodynamic data for cation complexation. We
have therefore determined the log K, AH and AS for
the interaction of Na*, K*, Rb*, Cs* and NH} with
didodecyl-calix[4]arene-crown-6 in acetonitrile at
25°C by titration calorimetry. The ligand is strongly
selective for Cs*, and the selectivity trend results
entirely from the enthalpy contribution, with en-
tropy effects opposing the trend. These results are
discussed in light of some corresponding data
obtained by other researchers with similar ligands.

Keywords: Calorimetry; Calixarene; Crown; Metal jon com-
plexation; Cesium separation

INTRODUCTION

Storage and disposal of liquid radioactive waste
is a major concern in the United States and other
industrialized countries. Involved is the accu-
mulated waste from weapons manufacturing
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and power generation over the past sixty years.
Much of this waste has simply been put into
large storage tanks for lack of safe, economical,
or politically viable methods of disposal. The
DOE site at Hanford, Washington alone contains
204,000 cubic meters of liquid radioactive waste
in 177 underground storage tanks [1]. This kind
of storage is not a good permanent solution.
Over the years many of these tanks have sprung
leaks. Recent soil tests near one of the tanks
found ¥ Cs from leakage at the 130-foot level [2].

One way to dispose of radioactive waste that
is most promising is to vitrify the waste into a
glass mixture. However, this is an exiremely
costly process at about $1M per canister. Since
radioactive species in the tanks account for
about 0.01% by mass of the waste, removal and
concentration of these species holds the promise
of greatly simplifying and lowering the cost
of waste disposal [3,4]. For these reasons, 137¢s,
a prevalent radionuclide in nuclear waste, is
desirable for removal.
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One promising separation method for metal
cations involves use of polymer inclusion mem-
branes (PIM)s. In PIMs, a polymer matrix
supports a hydrophobic liquid plasticizer in
which a macrocyclic cation carrier may be
dissolved. For separation purposes, the PIM is
placed between the aqueous sample and an
aqueous receiving solution, and the carrier in the
membrane selectively transports target species
to the receiving phase. We have recently shown
that PIM selectivity and permeability can be
accurately predicted using thermodynamic data
for ligand-metal complexation (AH, AG, AS and
K in homogeneous solution) [5].

The ligand studied in this work, didodecylca-
lix[4]arene-crown-6 (12C4C6), was chosen be-
cause ligands of this type have been shown to
complex cesium with a high degree of selectivity
[6]. The hydrophobicity lent to this ligand by the
two dodecyl substituents makes it a good
candidate for use as a PIM carrier.

RESULTS AND DISCUSSION

The results of the calorimetric determination of
AH, AS, AG and log K for 12C4C6 complexation
reactions in acetonitrile are presented in Table I,
column 1. The selectivity sequence of this ligand
under these conditions is Na* <K+ <Rb™* ~
NHj < Cs™. This is assuming that the log K for
Na™* is very small, in keeping with the fact that
so little heat was produced with this cation that
log K could not be measured. It is instructive to
examine this trend as a function of the ionic
radius of the cation. Approximations of ionic
radii for these cations include Na™* ~102pm,
K* ~138pm, Rb™ ~ 149 pm, NH] ~ 151 pm and
Cs™ ~170 pm [7]. From the data in Table ], it can
be seen that for all ligands studied, K increases
with increasing ionic radius of the complexed
cation, reaching a peak for Cs™. In a simple
view, this trend towards increasingly stable
complexes in the order Na* <K™ <Rb* ~
NH; <Cs™ arises because the space available

in the crown-ether loop of calix[4]arene-crown-6
derivatives is just about the right size to fit the
Cs * ion [8]. Other ions which fit more loosely in
the cavity do not associate as favorably with the
oxygen atoms of the crown-ether chain, or with
the calixarene aryl groups. This explanation is
supported by the observation that — AH values
describing complex formation for a given ligand
increase in the order Nat <K' <Rb™ ~
NH; <Cs™. The high degree of similarity
between results for NH; and Rb™ implies that
the NH; is bound by electrostatic forces, with
little participation of hydrogen bonding.

TAS values for 12C4C6 complexation follow
the opposite trend as —AH values, becoming
less positive as the ionic radius of the cation
increases. This trend is observed because the
smaller cations are more strongly desolvated
upon complex formation, and also because they
allow the crown-ether loop more conformational
flexibility [8]. Thus, the selectivity of 12C4C6 for
Cs™ over the other cations is enthalpically
driven and entropically opposed.

The site of complexation of the Cs ™ ion inside
the cavity of 12C4C6 can be directly related to
the Cs* binding site determined by X-ray
crystallography for a similar mono-calix-crown
derivative. Casnati et al. have shown that in such
ligands the cation is located in a position so that
it interacts most strongly with the crown-ether
oxygen atoms near the calix ring, and with the
m-electron density of the neighboring aromatic
rings [6]. Evidence for the participation of the
calixarene’s aromatic groups in complex forma-
tion has been derived from x-ray crystal data,
and from confirmatory 'H NMR studies in
solution [9]. Some groups still dispute the role
of cation-m interaction as an important factor
in calix-crown Cs™ selectivity [10,11], but the
preponderance of evidence seems to favor the
view that the aromatic groups which are
situated near the crown-ether loop play an
important role in complex formation and selec-
tivity. In bis-calix-crown derivatives a similar
binding site is expected [8].
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TABLE I Thermodynamic data for calix-crown complexation

12C4C6* C4C6CeP BC4C6C6” NC4C6C6” C4C6C6*
log KNa* d 1.97 + 0.08 15+02 1402 1.52 +0.07
log KK* 477 % 0.05 412 + 0.08 4324 0.05 42+03 41401
log KRb* 54+02 441+ 0.04 4.39 +0.04 44+01 43+01
log KCs™ 6.19 +0.02 4.9+01 49+02 49+02 48+03
log K NH/ 54+0.1 - - - -
—AH/K] mol ' Na* d d d d d
~AH/Kf mol "t K™ 162+ 0.2 17 +1 d d 31.7+08
—AH/K mol ' Rb* 272404 25.2 +0.1 12.6 +0.2 125408 5241
—AH/K mol~' Cs* 357 +0.3 29.7 + 0.1 114 +0.7 1141 56.2 +2
—AH/K mol"! NHf 254102 - - - -
TAS/k] mol ' Na ™" 4 d d d -
TAS/Kf mol ™' K+ 111+0.5 6.8+ 0.9 d d -83+15
TAS/k] mol"*Rb* 4+1 0.0+03 1340 13+1 ~27+1
TAS/kJ mol ' Cs* —03+04 —2+1 17+2 17 42 —29+4
TAS/K] mol~* NH} 57+0.2 - - - -

#Data obtained from this work. Average and ¢ for 3—5 runs.
® Data obtained from Ref. [6], solvent: acetonitrile, log K values obtained by UV absorption spectro-
photometry, other values obtained from titration calorimetry.

€Same as °, but solvent is methano.
4Too little heat to measure.

It is interesting to compare the thermody-
namic values for 12C4Cé-cation complexation
reactions to thermodynamic data from other
related complexation systems. Arnaud-Neu ef al.
carried out calorimetric measurements for the
related Dbis-calixcrowns C4C6C6, BC4C6C6
and NC4C6Cé6 (Fig. 1) [8]. These results are
presented in Table I. Comparison of the thermo-
dynamic data in Table I gathered by Armaud-
Neu et al. for C4C6C6, BC4C6C6, and NC4C6C6
can be carried out on two fronts. First, a
comparison of the complexing properties of
bis-crown derivatives in acetonitrile and metha-
nol shows differences in solvent effects upon
complex formation. Second, a comparison be-
tween the bis-crown derivatives and 12C4Cé6
illustrates differences in how these ligands form
complexes with cations.

Table I illustrates the primary thermodynamic
difference between bis-calix-crown complex for-
mation in acetonitrile, as compared to complex
formation in methanol. Comparison of data
for C4C6C6 complexes in both solvents shows
that complex formation in acetonitrile is more
entropically favored and less enthalpically

stabilized. Arnaud-Neu et al. proposed that this
is because alkali metal cations K*, Rb* and
Cs™ are slightly more solvated in acetonitrile
than in methanol, and possibly the ligand is
likewise more solvated in acetonitrile than in
methanol [8]. Using X-ray -crystallography,
Vicens et al. demonstrated that one acetonitrile
molecule is associated inside each crown ether
loop of the uncomplexed bis-calix-crown
[12,13]. This result confirms that bis-calixcrowns
are highly solvated in acetonitrile and supports
Arnaud-Neu et al’s second hypothesis that
differences in entropic contributions to complex
formation are due, in the case of acetonitrile and
methanol, partly to ligand solvation differences.

When comparing complex formation data for
C4Co6Co6, BC4C6C6 and NC4C6C6 in acetonitrile,
one notices that selectivity of Cs™/Rb™ for
BC4C6C6 and NC4C6C6 complexes is entropi-
cally driven. This can be explained simply by the
increased conformational rigidity of the substi-
tuted crown-ether loops in these complexes,
which leads to a less negative entropic effect
upon forming complexes [8]. It should also be
noted that of the bis-calix-crown derivatives
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12C4Cé6

C4CoCo

R = CH,—CH,
m=2

BC4C6C6

FIGURE 1 Structures of calixcrown ligands.

presented here, Cs*/Na™ selectivity (a=
K(M;)/K(M3)) is greatest for NC4C6C6.

The results for bis-calix-crown complex for-
mation presented in Table I assume that only
one of the two binding sites present in bis-calix-
crowns is used at a time, i.e., only 1:1 cation/
ligand complexes are formed. Although
Arnaud-Neu et al. [8], Asfari et al. [14] and Hill
et al. [3] agreed that only 1:1 complexes are
formed, a later paper authored by D’ Aprano et al.
shows conductivity measurement evidence that
2:1 cation/ligand complexes do form with K*,
Rb "and Cs ™ cations [15]. This conclusion is fur-
ther supported by Shinkai et al., whoused "HNMR

spectroscopy to show 2:1 complex formation
with a bis-calixarene-crown-5 derivative [9].
The presence of 2:1 complex formation could
possibly affect the results of Arnaud-Neu et al.
[8] presented in Table 1. However, D’Aprano
et al. began noticing significant deviations in
expected conductivity only when [ligand]/lca-
tion] <0.5. [15]. In making calorimetric mea-
surements of complexation reactions with
relatively high (> 10*) K values, the useful data
were collected with [ligand]/[cation] < 0.5. Re-
view of Arnaud-Neu et al.’s experimental con-
ditions [8, 16] reveals that in all probability their
data are not skewed by any significant 2:1
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cation/calixarene complex formation occurring
during their calorimetric determinations.

The comparison between thermodynamic val-
ues of complex formation for 12C4Cé6 and
C4C6C6 presents some striking similarities and
differences, as illustrated in Figure 2. The Cs ™/
K™ selectivity is about 25 for 12C4C6 and about
6 for C4C6C6. Cs* /K™ selectivity is also
important in nuclear waste separation applica-
tions, though not as important as Cs*/Na™
selectivity, for which we do not have data to
compare [17]. All complexation reactions inves-
tigated were clearly more enthalpically and
entropically favorable with 12C4C6 than with
C4C6C6. This is interesting, because the ligands
are quite similar and the experimental condi-
tions of our determinations and those of
Arnaud-Neu et al. are almost identical. The only
difference in our experimental conditions in-
volves our use of alkali metal thiocyanate salts to
make our solutions, where they used sodium
perchlorate and potassium, rubidium, and ce-
sium iodide [8,16]. Although molecular dy-
namics  simulations of  bis-calix-crown
complexation with alkali metal cations predict
that a picrate anion will interact with a cation/
ligand complex to “pull” the cation further
outward in the calix-crown cavity (particularly
small cations) [11], the small difference in anion

Rb* NH,*

0 v T — T
90 110 130 160 170 190

cation radius (pm)
FIGURE 2 Log K versus cation radius for complexation with

& 12C4C6, A BCAC6C6, [1 C4C6Ch, + NC4C6C6 in
acetonitrile.

electronegativity between CNS™ and I~ seems
unlikely to cause significant effects.

Anion aside, one particular difference be-
tween complexation by 12C4Cé6 and C4C6C6
with alkali metal cations lies in the fact that
C4C6C6 possesses two possible binding cavities.
Shinkai et al. have performed 'H NMR spectro-
scopy experiments with alkali metal cation/
calix[4]arene-bis-crown-5 complexes which de-
monstrate that a complexed cation can traverse
the m-basic tube formed by the calix-crown’s
phenyl groups [9]. In fact, their measurements
indicate that the activation energy for potassium
and sodium cations’ tunneling through the calix
tube is significantly less than the activation
energy required for those cations’ entrance
to, or exit from, the calix-crown cavity. This
suggests that at a moderate temperature these
cations probably traverses the calix tube much
more frequently than it enters and exits the
calix-crown. The time it spends in the elevated
energy state as it passes through the tube thus
causes the overall energy state of the complex to
be higher than otherwise, making complex
formation less energetically favorable. This
effect does not necessarily clarify the results for
cesium as cesium ions are large enough to make
tunneling improbable.

MATERIALS AND METHODS

Thermodynamic data for the complexation of
12C4C6 with the alkali metal cations were
determined by titration calorimetry using a
Tronac 450 isoperibol calorimeter, isoperibol
meaning that the process takes place at nearly
constant temperature and at ambient pressure.
Metal thiocyanate in acetonitrile was titrated
into ligand solution and the heat evolved was
measured as a function of titrant volume added
[18].

The reaction vessel was a 25-mL Dewar flask
which was filled with 25-mL of 0.5 mM 12C4Cé6
in acetonitrile. The titrant was added by means
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of a precision buret driven by a synchronous
motor. The titrant solutions were all prepared
with concentrations between 20 and 25mM of
the metal thiocyanate salts. The reaction vessel
was stirred constantly with a glass stirrer
attached to another synchronous motor to make
sure the reaction system was well mixed. The
whole system was submerged in a water bath
held at 25.0000 4 .002°C, and both reactant
solutions were brought to the water bath
temperature before beginning the titration.
Specifically, the solution in the buret was
allowed to equilibrate to the bath temperature
on its own, while the solution in the dewar was
heated viz a heating wire in the reaction vessel.

To obtain data for a ligand-metal complexa-
tion, three types of runs must be performed: heat
capacity runs, dilution runs and complexation
runs.

In a heat capacity run, the reaction vessel was
filled with 25mL of acetonitrile. Then a known
amount of heat (calculated by monitoring the
voltage and current through the heater) was
added through a resistance heating wire. The
temperature change of the system with time,
was monitored and the heat capacity of the
reaction system was calculated. In a dilution
run, only one reactant was used, the other
solution being pure solvent. Thus, the heats of
dilution of the reactants were measured and
used to correct the reaction data. In our analysis
we made correction for the titrant heat of
dilution only because the heat of dilution for
the titrate was found to be insignificant. In
complexation runs, one reactant was titrated
into the other and the heat of reaction measured
at regular time intervals.

The data collected for the runs was reduced to
the desired thermodynamic values using the
computer programs ENPLT, AVDIL, EQDH and
REACTIONS. The ENPLT program was used to
calculate the reaction system heat capacity and
convert the raw temperature data to a matrix of
heat and volumes of titrant added. A sample
“QV"" (heat/volume) plot for the titration of
ammonium ion is shown in Figure 3. AVDIL

-0.01 4 ‘5‘

A
002{ A
a
[N
-0.03
£

0.04 | A

Heat (cal)
»

A
-0.05 ~
A
-0.06
0.07 - Wttt st

0.08

Titrant Vol. (mL)}

FIGURE 3 Example plot of heat versus volume added
(Q—V) in the titration of ammonium thiocyanate into
12C4C6 in acetonitrile at 25°C.

was used to subtract the heat of dilution from
the original QV data and the resultant corrected
QV data were processed by a least squares
method in the EQDH program to obtain K
and AH values simultaneously. In cases where
log K >5.5, the endpoint of the titration is
too sharp to allow calculation of log K in this
way. Therefore, to determine the log K value for
Cs* complexation, a competition titration was
performed with equimolar 12C4C6/KSCN ser-
ving as titrate and CsSCN as titrant. Using the
log K for K* determined earlier, the log K for
Cs* complexation could then be calculated
using the REACTIONS least square fit program.
The solvent used for the titrations was Fischer
HPLC grade acetonitrile. Reagent grade thiocya-
nate salts of all five cations (Na®, K*, Rb™,
Cs™, NHJ) were used. This anion was chosen
mainly for its solubility in acetonitrile. Ligand
12C4C6 (1,3-alternate conformer) was synthe-
sized and purified as published elsewhere {5].
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