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Abstract

Microcalorimetric titrations have been performed in acidic aqueous solution @ &5 calculate the complex stability constanis)
and thermodynamic parameters@°, AH°, andTAS’) for the stoichiometric 1:1 complexation of lanthanoid(lll) nitrates (La-Gd, Tb) with
5,11,17,23-tetrasulfonato-25,26,27,28-tetrakis(hydroxycarbonylmethoxy)calix[4]2)yamel5,11,17,23-tetrasulfonato-thiacalix[4]areB)e (
Using the present and previous reported data on water-soluble calix[4]arenesulfd)aaes tructurally related analogu@sand 3,
the complexation behavior is discussed comparatively from the thermodynamic point of view. Possessing four carboxyls at the lower
rim of parent calix[4]arenesulfonatd)( the derivative2 displays the enhanced binding abilities for 8mAs compared withl and 2,
p-sulfonatothiacalix[4]arened] gives not only the lower binding constants for all of lanthanoid(lll) ions but also lower cations selectivity.
Thermodynamically, the resulting complexes of lanthanoid(lll) ions Witimd its derivative® and3 is absolutely entropy-driven in aqueous
solution, typically showing larger positive entropy changes. These larger positive entropy chBa§sand somewhat smaller positive
enthalpy changes\H°®) are directly contributed to the complexes stability as a compensative consequence.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction bis(cyanomethoxy) and -bis(2-aminoethoxy)-calix[4]arenes
displayed remarkably different cation binding abilities
It is well documented that the calixarenes and their and selectivity profiles upon complexation with light lan-
derivatives can be taken as acceptor-selected binding cationthanoids(lll), giving much higher complex stability con-
molecule to form the host—guest complexes or supramolec-stants Ks) for La*t and Cé+. An X-ray crystallographic
ular specieq1]. Therefore, a lot of calixarene derivatives study suggests that such a critical change in complexa-
have been designed and synthesized in order to altertion behavior might be related to the original structures in
the original cation/molecule binding ability and selectiv- the solid state, since the calixarene ring is distorted as a
ity. Indeed, some calixarene derivatives with donating or result of the repulsive interaction between the dipoles of
nondonating side-arms attached to the lower rim can en-1,3-bis(2-aminoethoxy) groups. More recently, we demon-
hance not only the binding abilities of cation/molecule but strated that the 5,11,17,23-tetext-butyl-25,27-bis[2-N-
also the selectivitie$2]. However, little concern was fo-  (2-hydroxy-3 - methoxybenzylidene)amino]ethoxy] - 26,28-
cused on the complexation thermodynamics of calixarenesdihydroxycalix[4]Jarene showed a global enhancement of
with ionic or molecular guests in agueous and other po- Ks for all light lanthanoids[5], displaying a unique se-
lar solvents[3], probably due to the low solubility. Our lectivity profile with a broad peak at N& and a sharp
recent studieg4] on alternatively lower-rim-modified 1,3- spike at Ed+. On the other hand, calixarenes could be
modified via sulfonation at the upper rim, and then trans-
mspondmg author. Tel£86-22-23503625: formed into water—solgble molecular receptors, i.e. cal-
fax: 186-22-23503625. ixarenesulfonates, which have also been studied on the
E-mail address: yuliu@public.tpt.ti.cn (Y. Liu). binding to several guest molecules and/or catifsl?].
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These results prompted us to further investigate the com-2.2. Apparatus procedures
plexation thermodynamics of water-soluble calix[4]arene
derivatives with lanthanoid(lll) nitrates in acidic aqueous  Isothermal calorimetry measurements have been per-
solution. formed in aqueous solution at 26 by using a thermostated

In the present study, we report the results of our in- and fully computer-operated VP-ITC calorimeter purchased
vestigation on the complexation thermodynamics of some from Microcal Inc., Northampton, MA. The calorimetric
lanthanoid(lll) nitrates (Lh= La, Ce, Pr, Nd, Sm, Eu, determinations were also calibrated chemically by measure-
Gd, and Tb) with 5,11,17,23-tetrasulfonato-25,26,27,28- ment of the thermodynamic parameters of the complexation
tetrakis(hydroxycarbonylmethoxy)calix[4]arene?2) ( and reaction of cyclohexanol witl-cyclodextrin. The results
5,11,17,23-tetrasulfonato-thiacalix[4]aren8), (using mi- obtained were shown to be in good agreement with previous
crocalorimetric titration. The thermodynamic parameters results reported15,16] Thus, titration microcalorimetry
for the complexation of some lanthanoid(lll) nitrates with allows us to determine simultaneously the enthalpy and

calix[4]arene derivative possessing four carboxys gnd equilibrium constant from a single titration curve. Each
p-sulfonatothiacalix[4]arene3], along with those for the  microcalorimetric titration experiment consisted of 30 suc-
parent calix[4]arenesulfonate$)([12], will serve our fur- cessive injections, a constant volumep{9per injection)

ther understanding of this thermodynamically less investi- of calixarene solution was injected into the reaction cell
gated area of calixarene chemisfBb]. It is another point (1.4227 ml) charged with a lanthanoid(lll) nitrates solu-
of interest to examine the thermodynamic consequence, adion, and initial concentrations of aqueous lanthanoids(lll)
well as the scope and limitations, of the donating side-arm and calixarenesulfonates solution in each run are 1.0 and
and heteroatom-substituted effects, using this relatively 10 mM, respectively. The calixarenesulfonatés3) solu-
flexible calix[4]arene Z) and thiacalix[4]arene 3). Fur- tion was, respectively, added to the acidic aqueous solution
thermore, we also examined the general validity of the in the absence of lanthanoid(lll) nitrates to determine the
enthalpy—entropy compensation effect upon the complex- heat of dilution, which was measured in each run using the
ation of guest lanthanoid(lll) ions with host calixarene same number of injections and concentration of calixarene-
derivatives. sulfonates as used in the titration experiments. The separate
dilution enthalpies of calixarenes and lanthanoid(lll) nitrates

SOs 90s SOs determined in these control experiments were subtracted
from the enthalpies measured in the titration experiments.
f . s)j The ORIGIN software (Microcal Inc.), which was used to
OH o OH calculate the equilibrium constant and standard molar en-
¢H2 thalpy of reaction from the titration curve, gave a standard
COOH deviation based on the scatter of the data points in a single
1 2 3 titration curve.
3. Results

2. Experimental
Assuming 1:1 stoichiometrjd 7] for the complexation of

2.1. Materials Ln(NOs)3 (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, and Tb) with

water-soluble calix[4]arene derivativBsand3, the complex

Water-soluble calix[4]arenes, i.e. 5,11,17,23-tetrasulfon- stability constants) and the enthalpy chang&H°) were

ato-25,26,27,28-tetrakis(hydroxycarbonylmethoxy)calix[4]- calculated by using the 1:1 binding mode:
arene 2) [13] and 5,11,17,23-tetrasulfonato-thiacalix[4]-
arene 8) [14a], were prepared according to the literature ¢glix + LnK:Sca”x. Ln 1)
procedures previously. Water is distilled twice. The pH of
calixarenes and lanthanoid cation solution was set at 2 with For each lanthanoid—calixarene 1:1 combination, the mea-
0.01 M HCI. Lanthanoid(lll) nitrates (Ln= La—Gd, Th) surement was independently repeated two or three times to
were prepared by dissolving the corresponding oxides of check the thermodynamic quantities obtained. No serious
99.99% purity (Baotou Rare Earth Chemical Co.) in 50% deviation was found in the fitting process, verifying the 1:1
aqueous nitric acidic while heating for about 10 min. Af- stoichiometry of complexation as assumed above. A rep-
ter evaporation, the solid residue was dried in vacuo over resentative result of microcalorimetric titration curvepsf
P,Os for several days to give a powdery product. The lan- sulfonatothiacalix[4]arene with Nt is shown inFig. 1 In
thanoid(lll) nitrates, i.e. La(Ng€)3-3H20, Ce(NQ@)3-3H20, addition to the 1:1 binding mode, calculation has also been
Pr(NGz)3-3H20, NdA(NGz)3-3H20, Sm(NG)3-3H20, performed based on the 2:1 binding model, which found
Eu(NG3)3-3H20, GA(NG)3-3H20, and Th(NQ)3-6H20, that these calculations had uncertainties and serious devia-
were used without further purificatiqd4b]. tion. The fitting analysis used was “one set of binding sites”
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Fig. 1. Typical calorimetric titration showing binding of hdtto Nd®*+

at 25°C in aqueous solution: (a) raw data for sequentigl $hjections

of host3 (10.0mM) into N&t (1.0mM; ITC cell volume: 1.4227 ml);

(b) heats of reaction as obtained from the integration of the calorimetric
traces.

Table 1
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Fig. 2. “Net” heat effect obtained by subtracting the heat of dilution from
the heat of reaction, which was analyzed by computer simulation using
the one set of binding sites model.

model, as exemplified iRig. 2for the complexation of host
3with Nd3*. Then the complex stability constants and ther-
modynamic parameters obtained are listedable 1 The
standard Gibbs energies of reactia(;°, and standard en-
tropies of reactionAS’, given in Table 1were calculated
directly from the measured complex stability constants and
standard enthalpy changes of reaction. For the comparison
purpose, the thermodynamic quantities reported for the com-

Complex stability constants (Idgs) and thermodynamic parameters (in kJ mglfor complexation of lanthanoid(lll) nitrates with 2, and3 in pH = 2

acidic aqueous solution at 2&

Ligand Cation loKs —AG® AH° TAS References
1 Lat+ 4.23 24.1+ 0.3 9.2+ 0.1 333+ 04 [12]
Nd+ 4.08 23.3+ 0.3 9.5+ 0.2 32.8+ 0.5 [12]
St 3.82 21.84+ 0.2 10.4+ 0.2 322+ 04 [12]
Eut 3.83 21.9+ 0.2 12,5+ 0.2 34.4+ 0.4 [12]
G+ 3.94 225+ 0.3 9.8+ 0.3 32.2+ 0.6 [12]
2 Ladt 3.73+ 0.03 21.3+ 04 5.1+ 0.5 26.5+ 0.3 This work
cert 3.82+ 0.01 21.8+ 0.1 5.1+ 0.3 269+ 04 This work
P+ 3.97+ 0.04 227+ 0.3 45+ 04 27.2+ 0.1 This work
N+ 4.09+ 0.03 23.4+ 0.6 40+ 0.1 274+ 0.2 This work
Snit 4.08 + 0.02 23.3+ 04 39+ 0.1 27.2+ 0.8 This work
Eudt 3.51+ 0.04 20.1+ 0.1 7.3+ 03 274+ 0.1 This work
G+ 3.86+ 0.05 22.0+ 0.3 55+ 0.2 275+ 0.3 This work
Th3+ 3.63+ 0.01 20.9+ 0.2 6.8+ 0.7 27.7£ 0.5 This work
3 Ladt 3.45+ 0.02 19.7+ 0.1 7.2+ 0.2 26.8+ 0.3 This work
cet 3.41+ 0.02 19.4+ 0.2 7.0+ 0.1 26.5+ 0.2 This work
P+ 3.42+ 0.03 19.6+ 0.3 6.9+ 0.1 26.5+ 0.3 This work
Nd3+ 3.40+ 0.01 19.4+ 0.1 6.8+ 0.3 26.2+ 0.1 This work
Snet 3.37+ 0.04 19.24+ 0.2 7.2+ 0.2 26.4+ 0.4 This work
Eudt 3.26 + 0.03 18.6+ 0.4 75+ 0.3 26.0+ 0.3 This work
G+ 3.30+ 0.02 17.7+ 0.6 9.0+ 0.1 26.6+ 0.1 This work
Th3+ 3.33+ 0.02 19.0+ 0.1 7.7+ 0.1 26.7+ 0.5 This work

Values are the averages of more than three independent measurements=id ptldic aqueous solution.
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plexation with the parent calix[4]arenesulfonatésdre also
included inTable 1

4, Discussion
4.1. Substituted effects

As can be seen froriable 1 the binding constants, the
relative cation selectivity, and the thermodynamic param-
eters for the complexation of calix[4]arenesulfonaté¥ (
with lanthanoid(lll) ions are influenced by several factors
of the relative size between hdstind cation diameter, and

surface charge density of cation, and so on. It is interest-

ing to note that the introduction of carboxyls to the parent
calix[4]arenesulfonated) or methylene substituted by sul-
fur to give calix[4]arene derivative® and 3 alters not only
significantly the intrinsic rigidity and bind site df but also
the binding ability and the relative cation selectivity. In or-
der to visualize the cation’s binding properties and relative
cation selectivity of host&-3, the changing profile of lois
is plotted as a function with reciprocal ionic radius of lan-
thanoids inFig. 3

As can be seen fronfrig. 3, the profile of Kg for p-
sulfonatothiacalix[4]arened] shows the lower binding abil-
ity to all the ions examined, giving a flattening tendency. As
compared with conventiongd-sulfonatocalix[4]arene 1,
compound3 could decrease the original cation binding abil-
ity and relative selectivity. The lower binding constants for

3 may be attributed to the substituted sulfur atoms, possess-
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of p-sulfonatocalix[4]arene is also interestirgd NMR in-
vestigations indicated that three host compounds all adopt
cone conformations. Therefore, the different binding abil-
ity upon complexation of2 with lanthanoid(lll) ions as
compared with parent compouriti and reference com-
pound 3 can be caused only by the substituted effect. As
can be readily recognized froffig. 3, the introduction of
four carboxyls to the lower rim gb-sulfonatocalix[4]arene
could alter not only original binding ability, but also the
relative cation selectivity for lanthanoids. The profilekaf
values for2 displays a broad peak for Rt and Sni™.
One reasonable explanation for these results is that the
trivalent N+ and Sni* are best accommodated in the
preorganized 3D cavity composed of four carboxyls groups
upon complexation with lanthanoid ions. Furthermore, It
could be deduced that the size-fit concept is more rigious
in the complexation of trivalent lanthanoid ions upon sul-
fonatocalixarenes; at the same time, from Bonal et al.’s
report, we also found that the preorganized structure of
calixarene played an important role in multi-site interaction
with the lanthanoids(lll) catiorj12]. Results obtained in-
dicate the strength of binding ability of ho&tcontaining
four carboxylic acidic groups with metal cations mainly
determined by ion—ion and/or ion—dipolar interactions but
not the electrostatic interaction between sulfonato groups
with lanthanoids likel and3 complex upon them.

4.2. Thermodynamic parameters

To elucidate the thermodynamic origins of cation bind-

ing larger radius than carbon atoms, and thus could increaseéng ability and relative cation selectivity, thermodynamic

the molecular flexibility of calixarene and decrease the elec-
trostatic interactions between sulfonate groups with cations,

resulting in theKs value to decrease nearly ca. 0.5-0.7 order

magnitude for lanthanoid(lll) ions examined than thatXor
The examination of the cation-binding ability of lan-

thanoids with2 attached by four carboxyls at the lower rim

La Ce Pr Nd SmEuGd Tb
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Fig. 3. Binding constantsK) as a function of reciprocal ionic radius for
the water-soluble calixarene$—3) with lanthanoid(lll) ions at 25C in
acidic aqueous solution.

guantities upon the complexation between water-soluble
calix[4]arene derivative$—3 and lanthanoids are also listed
in Table 1 As can be recognized readily frofable 1

all the values of the enthalpy changeaH°) and the
entropy changes AS’) of the resulting complexes are
positive. These results indicate that the complexation of
calix[4]arenes 1-3) with lanthanoid(lll) ions examined is
driven predominantly by the favorable entropic change,
typically showing large positive entropy chang&\(° =
26-34kJmotl) and somewhat smaller positive enthalpy
changesf H° = 4-12 kJmot?). One possible explanation
for the complexation of the large entropy-driven is that,
both dissociated trivalent lanthanoid(lll) ions and free cal-
ixarene derivatives are heavily solvated by ion—dipole and
hydrogen-bonding interactions, respectively. Therefore, the
cation binding of water-soluble calixarene derivatives with
lanthanoids in acidic aqueous solution demands entirely the
extensive desolvation of interaction between host and guest
cation, affording the highly positive entropy change upon
complexation, as observed in the case of complexation with
crown ether in methanglL8,19].

Significantly, three water-soluble calixarene derivatives
give the lowest complexes stability constants for3Eu
among lanthanoids, but the much larger positive enthalpy
changes AH®) and entropy changesAg’) at the same
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pensatory enthalpy—entropy relationship is generally valid
for the complexation thermodynamics of calixarene deriva-
tives with lanthanoid43]. According to our previous re-
port [23], the slope ¢) and intercept TAS) can be taken

" as quantitative measures of the conformational changes and
the degree of desolvation induced by complex formation.
Therefore, comparing to those relative extrathermodynamic
parameters we reported previougy], it can be found from
Table 2that calixarene shows larger intercepts for the com-
plexation with trivalent lanthanoid ions than those for crown
ether complexation with lanthanoid ions or alkali and alka-
line earth metals, which indicated that trivalent lanthanoid
ions possessing high electropositivity and small cation ra-
dius could occur in very extensive desolvation. These ex-
Ak mol” trathermodynamic parameters for the larger slapeand
intercept TAS) indicated that the complexation of cal-
ixarene derivatives with trivalent lanthanoid ions could oc-
cur even in the absence of enthalpic stabilization due to the
entropic gains from the extensive desolvation of the host and
time. This means that the complexation of 3Euwith guest molecules, especially the complexation of trivalent lan-
water-soluble calixarene in agueous solution is favored pre-thanoid ions in aqueous and other polar solvents. Therefore,
dominantly by the entropic gain, which is however canceled the enthalpy—entropy compensation effect could serve to un-

previous reports, it may be deduced that the lighter lan-

thanoid(lll) ions are nine-coordination in water, whereas the
heavier lanthanoid(lll) ions are eight-coordinatif@®,21] Acknowledgements
The different hydration numbers may be explained by larger

positive change ofAH® values in the middle of the series. This work was supported by NSFC (Nos. 90306009
A wide variety of observations have exhibited the similar and 20272028), the Tianjin Natural Science Fund (No.

lanthanoid complex behaviof@2]. These larger positive  013613511), and the Foundation of Ministry of Education,
entropy changesTAS’) and somewhat smaller positive en- \yhich are gratefully acknowledged.

thalpy changesAH®) directly contributed to the complexes
stability as a compensative consequence.
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Fig. 4. Enthalpy—entropy compensation plot for complexation of lan-
thanoids with calixarenes.
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