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A systematic study of anion partitioning and ion pairing was performed for an extraction of individual cesium salts
into 1,2-dichloroethane (1,2-DCE) using 4,5"-bis(tert-octylbenzo)dibenzo-24-crown-8 as the cesium receptor.
Equilibrium constants corresponding to the extraction of ion pairs and dissociated ions, formation of the 1:1 cesium/
crown complex (confirmed by electrospray mass spectrometry), and dissociation of the ion pairs in water-saturated
1,2-DCE at 25 °C were obtained from equilibrium modeling using the SXLSQI program. The standard Gibbs energy
of partitioning between water and water-saturated 1,2-DCE was determined for picrate, permanganate,
trifluoromethanesulfonate, methanesulfonate, trifluoroacetate, and acetate anions. The dissociation of the organic-
phase complex ion pair [Cs(4,4"'-his(tert-octylbenzo)dibenzo-24-crown-8)]*NOs~ observed in the extraction experiments
was shown to be consistent with the dissociation constant determined independently by conductance measurements.
As attributed to the large effective radius of the complex cation, the evident anion discrimination due to ion pairing
in the 1,2-DCE phase was relatively small, by comparison only a tenth of the discrimination exhibited by the anion
partitioning. Only chloride and picrate exhibit evidence for significantly greater-than-expected ion-pairing tendency.
These results provide insight into the inclusion properties of the clefts formed by opposing arene rings of the crown
ether upon encapsulation of the Cs* ion, whose weak anion recognition likely reflects the preferential inclusion of
1,2-DCE molecules in the clefts. Observed anion extraction selectivity in this system, which may be ascribed
predominantly to solvent-induced Hofmeister bias selectivity toward large charge-diffuse anions, was nearly the
same whether cesium salts were extracted as dissociated ions or ion pairs.

Introduction cation receptor&“anion receptorsdual-host combinations
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matrices now commonly employs hegjuest chemistry,
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ornl.gov. J. D., Eds.; ACS Symposium Series 642; American Chemical
T Present address: Pacific Northwest National Laboratory, P.O. Box 999, Society: Washington, D.C., 1996.
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10.1021/ic061605k CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 1, 2007 261

Published on Web 12/09/2006



Levitskaia et al.

transport, the principle of electroneutrality requires moving parent selectivity in favor of charge-diffuse anions has been
equivalent cationic and anionic charges across phase interveferred to as Hofmeister bia¥ by reference to the early
faces. Hence, to understand the driving forces and compara-ordering of anions noted by Hofmeistin experiments on
tive driving forces (i.e., selectivity) operating in such systems, salting-out phenomena. It has proven very difficult to
one must investigate the extraction and transport of both ionsovercome the Hofmeister bias in liquitiquid systems;**

of a salt. Historically, the hostguest paradigm in extraction and examples of true deviations from this expected ordering
and transport gained momentum with the introduction of by use of hydrogen-bond-donor receptéi$*and solvation
cation receptors, especially the crown ethers. Thus, the maineffects®are rare. More generally, it is possible to attenuate
attention has thus been logically directed toward the designthe steepness of the bias by use of solvation effects

of novel cation receptors and understanding their propertieshydrogen-bond receptots.

in liquid—liquid systems. Despite the huge volume of  Coulombic interactions contribute strongly to overall
information so far obtained on cation extraction and transport anion-binding energiésand are often exploited in the design
by neutral receptors, an equivalent understanding of the roleof anion receptors!® as seen often in ammonium-, quater-
of the anion lags far behind. However, anion effects have nary ammonium-, and guanidinium-based receptors. It fol-
occasionally been observéd.lt has become clear, for lows that Coulombic interactions in the ion pairing that
example, that the co-extracted anion can modulate cationoccurs between the cationic metal complex and the coun-
selectivity and can even completely change the speciationteranion should contribute to the efficiency and selectivity
in a given system.Further, the strength of extraction of a of salt extraction and transport by crown ethers and other
given metal cation depends strongly on the nature of the neutral cation receptors. Although such effects have long
anion, in effect providing a measure of anion selectivity, a been assumed, no systematic study of the relationship
theme of growing interest to fiand the major thrust of this ~ between ion pairing and anion selectivity has been made in
report. In this regard, salt extraction is favored by use of liquid—liquid systems. Preliminary results on this question
large charge-diffuse anions, picrate being an example thatshowed that the normal solvent-induced preference for

was exploited in the infancy of research on crown ethers.
Understood in terms of anion solvatiéhthis effect domi-
nates liquid-liquid distribution behavior in the majority of
ion-pair extraction and anion-exchange systéhighe ap-

(5) (a) Bianchi, A., Bowman-James, K., Garcia-Espana, E., Bds.
pramolecualr Chemistry of Anion®Viley-VCH: New York, 1997.
(b) Gale, P. ACoord. Chem. Re 2003 240(1—2), 191. (c) Beer, P.
D.; Gale, P. A Angew. Chem., Int. EQ001, 40 (3), 487.
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137-151.
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P.; Dietz, M. L.; Fisher, D. ESobent Extr. lon Exch199Q 8, 199.
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VCH: New York, 1997; pp 377416.
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perchlorate vs nitrate anion on sodium extraction by dibenzo-
14-crown-6 could be maintained or overcome depending on
the structure of the catiercrown ether compleX’ A host
molecule only rarely saturates the cation’s inner coordination
sphere, and additional interactions of the ligand-bound cation
with anions or solvent molecules often take pl&t&hus,
the stereoelectronic topography of the catitrost assembly
may lead to specific effects on ion pairing and thereby impact
the properties of the extraction system, possibly accounting
for previous observatiors.

An opportunity to systematically address the kinship
between anion selectivity and ion pairing recently has arisen
in our work on cesium salt extraction by the tetrabenzo-24-

(12) (a) Kavallieratos K.; Moyer, B. AChem. Commur2001, 1620. (b)
Levitskaia, T. G.; Bonnesen, P. V.; Chambliss, C. K.; Moyer, B. A.
Anal. Chem2003 75 (3), 405. (c) Levitskaia, T. G.; Marquez, M.;
Sessler, J. L.; Shriver, J. A.; Vercouter, T.; Moyer, B. @hem.
Commun2003 2248.
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(14) (a) Sisson, A. L.; Clare, J. P.; Davis, A. Ehem. Commur2005
5263. (b) Sisson, A. L.; Clare, J. P.; Taylor, L. H.; Charmant, J. P.
H.; Davis, A. P.Chem. Commur2003 2246. (c) Fricke, T.; Hamann,
J.; Bahadir, M.; Kaig, B. Anal. Bioanal. Chem2002 374, 148.

(15) (a) Schneider, H.-J. lirundamentals and Applications of Anion
Separations Moyer, B. A., Singh, R. P., Eds.; Kluwer Academic/
Plenum: New York, 2004; pp 3142. (b) Schneider, H.-J.; Yatsimir-
sky, A. Supramolecular Chemistrylohn Wiley: New York, 2000;

p 70-79.

(16) Schmidtchen, F. P. IThe Supramolecular Chemistry of Anipns
Bianchi, A., Bowman-James, K., GaseEspan, E., Eds; VCH:
Weinheim, 1997; pp 79146.

(17) Moyer, B. A.; Haverlock, T. J.; Sachleben, R. ASnbent Extraction
for the 21st CenturyCox, M., Hidalgo, M., Valiente, M., Eds.; Society
of Chemical Industry: London, 2001; Proceedings of the International
Solvent Extraction Conference (ISEC '99), Barcelona, Spain, July 11
16, 1999; Vol. 1, pp 669673.

(18) (a) Fenton, D. E. I€omprehensie Coordination Chemistrywilkin-
son, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: Oxford,
1987; Vol. 3, p 1. (b) Dalley, N. K. InSynthetic Multidentate
Macrocyclic Compoundslzatt, R. M., Christensen, J. J., Eds.;
Academic Press: New York, 1978; pp 26243. (c) Bajaj, A. V.,
Poonia, N. SCoord. Chem. Re 1988 87, 55. (d) Bryan, J. C.; Hay,
B. P. Struct. Chem2001, 12 (3/4), 283.
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crown-8 (TB24C8) ligand and its alkyl-substituted deriva- impact, since 1,2-DCE is a commonly used solvent in the
tives1® Although it includes the guest €son within a areas of electrochemistry, solvent extraction, and physical
boxlike cage of eight oxygen donor atoms, this host molecule solution chemistry, where it is considered as a noncoordi-
still fails to completely saturate the Cénner coordination nating solvent having weak hydrogen-bond donor and
sphere, and two clefts formed by opposing pairs of benzo acceptor propertied. A means to study this effect lies in
groups provide additional sites for auxiliary ligands. When quantifying the ion-pairing equilibrium constant obtained
1,2-dichloroethane (1,2-DCE) was employed as the crystal-from an equilibrium analysis of Cgon extraction employing
lization solvent, each cleft was found by X-ray crystal- 4 5'-bis(tert-octylbenzo)dibenzo-24-crown-8 host (Chart 1)
lography to be occupied by a 1,2-DCE molecule coordinated in 1,2-DCE diluent. Preferential extraction and abnormally
to the Csg ion in bidentate fashion through the chlorine |arge ion pairing observed for a particular cesium salt would
atoms!®? It is remarkable that the nitrate counteranion is possibly indicate recognition of the corresponding anion by
excluded from the Cscoordination sphere in favor of a  the ligand's cleft in preference to the 1,2-DCE molecule.
solvent molecule possessing only soft chlorine donor atoms. Thorough equilibrium analysis would allow evaluation of
This finding was explained by the electronic complementarity the equilibrium constants of the extractive reactions leading
between 1,2-DCE and the cleft, as the slightly electropositive { formation of the crown ether complex with cesium in the
hydrogen atoms of 1,2-DCE interact with theclouds of  ater-saturated 1,2-DCE. From the determined equilibrium
the opposing arene rings. Structural studies of the metal-onstants, it would also be possible to determine the standard
free tetrabenzo-24-crown-8 solvated by 1,2-DCE supported Gjpps energies of anion partitioning between water and
this stereoelectronic complementari®yIn the presence of | atar-saturated 1,2-DCE for a wide range of anions. It was

this solvent, the ligand is forced to adopt a cagelike ji5o important to validate this approach by independent

conformation, essentially identical to the'@sinding con-  gectrospray-ionization mass spectrometry and conductance
formation, so that the 1,2-DCE molecule resides in the cleft, .\ o<urements.

forming C—H-:--:O and C-H---x hydrogen bonds to the
respective oxygen atoms and arene rings of the crown ether'Experimental Section
In contrast, the unsolvated ligand exists in a relatively flat
conformation and collapses in on its&lf;200 Materials. All chemicals were used as supplied.'4,4nd 4,5 -

The present work was undertaken to systematically addressis(tert-octylbenzo)dibenzo-24-crown-8 were prepared as described
the partitioning and ion-pairing behavior of a range of anions elsewheré?2HPLC grade 1,2-DCE (Sigma-Aldrich) was purified
in the binding and extraction of C®n by a bisalkylated by passage through activated alumina followed by distillation. The
derivative of TB24C8 with enhanced solubility. It was of cesium gcetate, chloride, nitrate,_methanesulfonate,trifluqroacetate,
special interest to evaluate the potential effect of ion pairing f‘”d cesium permanganate (Aldrich, 99.9%) salts were dried at 110
in the organic phase on the anion selectivity. A previous legr at Iea_lst 48 h prior to use. The radiotrat®€s was received
study of the extraction behavior of the cesium nitrate and 2° CsClin 1 M HC3|7(AmerSham) and converted to a neutral

hlorate by the ligands of the TB24C8 family into 1,2- aqueous solution of CSNC.% by ion exchange, as des.cr'.bed
g%r(é solvent demonstrated unusually small and nearly equalpre-\“qUSIygs Adueous solutions were prepared using distilled,
> . - deionized water.

association constants for both salts in the organic ptase.
The attenuated ion pairing and inability of the complexed (19) (a) Levitskaia, T. G.; Bryan, J. C.; Sachleben, R. A.; Lamb, J. D;
cation to discriminate between these anions, despite their * moyer, B. A. J. Am. Chem. So®00Q 122 554. (b) Levitskaia, T.
significant difference in size, suggested complete encapsula- %;f;"‘%rggi’ez”‘g EQA'; Bryan, J. C.; Moyer, B..A.Chem. SacPerkin
tion of the _CS‘ ion by crown ether and_l,Z-DCE m_OIe?Ules (20) (a) Bryan, J. C.; Lévit_skaia, T. @cta Crystallogr.2001, C57, 1457.
and exclusion of the anion from the Ciner coordination (b) Bryan, J. C.; Bunick, G. J.; Sachleben, R. Acta Crystallogr.
sphere. As a result, the solvent-induced anion selectivity in 1) gffﬂgriﬁs’zi%hem' Soc. Re 1993 22 (6), 409. (b) Reichardt, C.
the liquid—liquid distribution systems remained unchanged cA)rgaénic Chen\;\ilstréZn% :Eé;n\ém;: \évgirggiiif' Slgfeor;tgc) Ilzik(lj;isiicé(éll
whether the anions were ion-paired or not. This result raised - bunger, W. B. 1 vents. /
the interesting question as topwhether the clefts’ preference EE’VE’EJE?E ""13%(2{' ?}2{"{? of Purificatiphth ed.; Wiley-Interscience:
for 1,2-DCE solvent molecules would persist over a wide (22) Sachleben, R. A.; Deng, Y.; Moyer, B. Sep. Sci. Technol997,
range of inorganic and organic anions of different nature and 23) ?42:;1\/2e7r|560k, T.3.: Bonnesen, P. V.; Sachleben, R. A.; Moyer, B. A.
size. The answer to this question has potentially broad Inclusion Phenom. Macrocyclic Cher200Q 36, 21.
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Cesium Thiocyanate Preparation.CsSCN salt was prepared
by reaction between Ba(SCNand CsCO; in water. Ba(SCNy
3H,O (9.4 g, Aldrich) was dissolved in 50 mL of hot water and
added at once to the near-boiling solution of 10.0 g 0Ty

above background was observed for 1,2-DCE (without crown ether)

equilibrated with aqueous CsX (where X Pic™) solutions under

the experimental conditions employed. CsPic exhibited a weak

extraction, givingDecs = 1.5 x 1074, This value was used for the

(Aldrich, 99.9%) in 400 mL of water under stirring. The white correction of theDcs value for CsPic measured in the presence of

precipitate of BaC®@ formed immediately. The suspension was the crown ether (see below).

cooled to room temperature and refrigerated overnight. The BaCO  Conductance Experiments.Aqueous CsN@solutions of dif-

precipitate was filtered out. The volume of supernatant was reducedferent concentrations were equilibrated foh with 10 mM 4,4-

to 50 mL, and 100 mL of isopropy! alcohol was added. The formed bis(tert-octylbenzo)dibenzo-24-crown-8 solution in 1,2-DCE at 25

precipitate was filtered out. Solvent from the supernatant was °C and a phase ratio of unity. (For reasons of compound availability,

removed in vacuo to give CSSCN crystalline product in 77% yield. this was the only experiment that used the'dsbmer of the crown

The analysis of the product by inductively coupled argon plasma ether. The isomer used, however, has no detectable effect on the

atomic emission spectrometry (ICAP-AES) and ion chromatography ijon-pairing and extraction behavior within our precision based on

(IC) showed 0.09% of Bd and <0.05% CQ?, respectively. published equilibrium constant®) After being centrifuged at 3500
Cesium Trifluoromethanesulfonate Preparation. CSCRSO; rpm for 3 min, the phases were separated, and 25 mL of the organic

was prepared by the neutralization reaction between cesiumphase was placed in the conductance cell. Conductance measure-

hydroxide and trifluoromethanesulfonic acid. A solution of 20 mL ments were performed in a conventional conductance cell with

of 50 wt % CsOH (Aldrich, 99.5%) was diluted to 100 mL with
water. Neat CESO;H (Aldrich, 99 + %) was added in small
portions under stirring and cooling in an iewater bath until a

platinized electrodes of 15 mm diameter separated B mmgap.
The cell was immersed in a temperature-controlled oil bath held at
25°C. Determinations of conductance,were made from 100 Hz

pH of 5 was reached. Water was removed in vacuo. The productto 300 kHz using a Wayne Kerr Multi Bridge 6425 (Wayne Kerr

(in quantitative yield) was crystallized three times from 50% MeOH/
water and analyzed for €Cand CRSO;~ by IC to give 99.5% purity.
Cesium Picrate Preparation.CsPic was prepared by reaction
between picric acid and @30; in water. CsCO; (9 g, Aldrich,
99.9%) was dissolved in water. Wet picric acid (21 g, Aldrich, ACS

Electronics Ltd. West Sussex, UK). Ultimate conductance was
extrapolated to infinite frequency. The cell constant was established
to be 0.232 cm! from conductance measurements of potassium
chloride solutions of known concentrations. The background
conductance was measured to be 17807 S cnt! employing

grade, contains 35% water) was added in small portions under 10 mM 4,4'-bis(ert-octylbenzo)dibenzo-24-crown-8 solution in 1,2-
stirring and gentle warming using hot water bath so that the pH of DCE equilibrated with deionized water following the extraction
the reaction mixture was about 5. After the mixture cooled to room protocol described above.

temperature, the yellow precipitate of CsPic was filtered out

(Caution: For safety reasons, it is important to keep the CsPic
solid wet because it may contain picric agidnd washed with an

Positive lon Mode Electrospray lonization Mass Spectrom-
etry (ES-MS). ES-MS experiments were performed on an API165
single-quadrupole mass spectrometer (MDS SCIEX, Concord,

excess of ethanol. CsPic was crystallized twice from water to give Ontario, Canada) using a TurbolonSpray source. Sample solutions

14.8 g of product in 75% vyield.
Liquid —Liquid Distribution Experiments. Aqueous phases

were placed in plastic syringes and then continuously infused, using
a syringe pump, through Telfon and PEEK transfer lines into the

contained variable concentrations of the cesium salts (CsX, whereion source. The transfer lines connected to a 3.5 cm long £b00

X~ = Pic’, MnO,~, SCN, CRSG;~, CRCO,, CI-, CH;SOs,

i.d.) stainless steel capillary ES emitter electrode. The orifice (20

or OAc") with a spike of*3’Cs tracer. The organic phases consisted V) and ring electrode (200 V) in the atmospheric sampling interface

of 10 mM 4,8'-bis(tert-octylbenzo)dibenzo-24-crown-8 in 1,2-DCE,
except in the case of Cs@F0;, wherein 1 mM crown ether was

were set to maximize signal and minimize fragmentation by
collision-induced dissociation in this high-pressurd (Torr) region.

used. Equal volumes (0.5 mL each) of organic phase and aqueousThe emitter electrode was held at 5.0 kV, placed 1.5 cm from the
phase were equilibrated in 2 mL cryogenic vials by repeated curtain gas (M) plate aperture (1.0 kV), and angled to spray across
inversion on a Glass-Col laboratory rotator in a thermostated air the aperture. Nitrogen was used for the sample nebulization. Full-
box at 25+ 0.2 °C for 2 h. Subsequently, the samples were scan mass spectranfz 100-2000) were obtained using a 0niz

centrifuged at 4000 rpm for 3 min. To determine thetGsn

step size (2.5 ms dwell time). Data reported were determined from

distribution ratio, a fraction of each phase was removed and the the sum of five scans.

activity of 13"Cs measured by-radiometric techniques. Duplicate
experiments were performed for every data point.

To measure cesium ion concentration in the organic phase,
extraction experiments were performed @san1 mMsolution of

The cesium distribution from aqueous solutions to the 1,2-DCE 4,5'-bis(tert-octylbenzo)dibenzo-24-crown-8 in 1,2-DCE according

phase was determined pycounting techniques{Cs tracer) using

to the procedure described above. Aqueous phases wete31Q

a 3' Nal(Tl) crystal through-hole-type detector (Packard Cobra 1075 and 101 M CsNO; and 103 and 10! M CsCI. After the

Quantum Model 5003). Cesium distribution rati®g,, defined as

phases were separated, the organic phases were subjected to ES-

the ratio of total organic- and aqueous-phase cesium molarities, MS analysis. To determine the cesium ion concentration in the 1,2-
[Cslof[Cslag, Were obtained directly as the ratio of background- DCE phase, calibration standards were prepared by dissolving a
corrected count rates per milliliter. For proper weighting of the data measured amount of cesium tetrapheny! borate (CsTPB) saltin a 1
in SXLSQI modeling (see below), the experimental precision of mM solution of 4,5-bis(tert-octylbenzo)dibenzo-24-crown-8 in 1,2-
Dcs was estimated to be uniformi5% from a combination of DCE with subsequent dilution to obtain a series of solutions in the
replicate determinations, volumetric error, and counting precision. 3 x 109—3 x 104 M concentration range.

Because the same radiotracer concentration (i.e., spike) may be used

even as the cesium concentration is varied widely, the value of Results

Dcsmay be determined at the same level of precision for 8 or more

orders of magnitude (i.eD = 1074—10%, limited finally by the Liquid —Liquid Distribution Experiments. Liquid—
radiometric detection limits. In control experiments, no extraction liquid distribution experiments using 4 fis(tert-octylben-

264 Inorganic Chemistry, Vol. 46, No. 1, 2007
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Figure 1. Comparison of calculated (solid line) and observed (symbols)
cesium distribution ratios as a function of the equilibrium molarity of the

of Pitzer parametets for aqueous ions, the Hildebrand
Scott treatment for non-ionic effects in the organic phase,
and the Debye Hiickel treatmerif-28for electrostatic effects

in the organic phase. All constants are thus corrected to
infinite dilution. The solubility parameter and molar volume
of the crown ether were estimated from group contributins.
The program works with the experimental molarity concen-
tration scale on input and output but converts molarity to
molality internally using Masson coefficied?so facilitate

use of the Pitzer treatment. The parameters used in the
SXLSQI program are tabulated in available Supporting
Information. The collected distribution data were fit assuming
simultaneous formation of the C$Band X ions and the
ion-paired complexes [CsB]X in the organic phase (egs la
and 2a, respectively, Table 1). The logarithmic values of the
corresponding extraction constants defined by egs 1b and
2b are listed in Table 2. The extraction of CsPic was
corrected for slight partitioning into 1,2-DCE described by
the equilibrium reaction

+ . — . + . —
Cs (aq)+ Pic (aq) ™~ Cs (Org)+ Pic (org)

specified agueous cesium salt solution in contact with an equal volume of The corresponding lols.(CsPic) value was determined to

an organic phase consisting of 1 (for CgSB;~ only) or 10 mM (for all
other salts) 4,5 bis(tert-octylbenzo)dibenzo-24-crown-8 in 1,2-DCE at 25
°C. Data for nitrate and perchlorate were presented elsewfere.

be —7.7 4 0.2. For other salts, simple ion partitioning from
water into 1,2-DCE could be neglected as contributing
significantly to the organic-phase concentration of cesium

zo)dibenzo-24-crown-8 to extract eight different cesium salts on the basis of the results of control distribution experiments
into 1,2-DCE were carried out to examine the anion effect using an organic phase containing no crown ether. Note,
on the cesium salt extraction. Thedsn distribution ratio however, that the partitioning of the CsX salt to 1,2-DCE,
(Dcs= [Cs]urd[Cs]ag) was measured using a series of aqueous though feeble, will be included necessarily in the stepwise
solutions with varying Csion concentration for each cesium  thermochemical treatment described in the Discussion
salt and 1,2-DCE phases containing a constant crown ethersection.

concentration of 1 or 10 mM. Observed extraction isotherms

From the tabulated values of logex (Table 2), the

are shown in Figure 1. A detailed analysis of the shapes of homogeneous constalfi corresponding to the formation of

the curves in similar systems as confirmed by equilibrium
modeling using the SXLSQI program has been given
earlief®2324and will not be repeated here. It may be seen
that for each salt (except OAEthe value ofDcs remains

the complex cation [Cs(4,4bis(tert-octylbenzo)dibenzo-24-
crown-8)J" (denoted as CsBin the text below) in the water-
saturated 1,2-DCE was derived using eq 1c. For this purpose,
values of the standard Gibbs energy of anion partitioning

relatively unchanged over a range of low concentrations of petween water and water-saturated 1,2-DEG,°(X ), were

Cs'. This characteristic invariance bk is attributed to the

taken from the literature for Cl, SCN-, NO;~, and Ct

extraction of cesium salts as dissociated ions. The onset of(Table 2)3° The value ofAG°(Cs') was taken as 41.7 kJ
ion pairing is indicated by a rise in slope as the agqueous mol-1 (TATB assumption) from Kolthoff et a* The values
cesium salt concentration increases. When the crown etherof log K; derived from the extraction constants obtained using

extractant becomes saturated with cesium, valueP®&f

CsSCN and CsCl salts in this work and Cs¢lnd CsNQ

decrease as expected due to the decreased concentration ghits in our previous studs? (Table 2) were averaged. The

free crown ether. This effect was followed to complete
loading in the case of CsGEG;, which exhibited the ex-
pected slope of-1 at the highest aqueous CsX concentration.
The cesium distribution ratiof)cs, were used as input to
the solvent extraction modeling program SXL3Qb obtain

the equilibrium constants corresponding to the two dominant (26)

averaging resulted in a Id¢ value of 10.4+ 0.1. This value
was applied to eq 1c to obtain the unknown values of
AGy°(X™) for the Pic, MnO, , CRSGO;-, CRCO,,
CHsSG;™, and OAcC anions listed in Table 2.

Pitzer, K. SActivity Coefficients in Electrolyte SolutionPitzer, K.
S., Ed.; CRC Press: Boca Raton, FL, 1991; Chapter 3.

equilibrium reactions (egs la and 2a in Table 1). In the (27) Barton, A. F. MCRC Handbook of Solubility Parameters and Other

fitting, nonideality effects were taken into account by use

(24) Deng, Y.; Sachleben, R. A.; Moyer, B. A. Chem. Soc., Faraday
Trans.1995 23, 4215.

(25) (a) Baes, C. F., JISXLSQI, A Program for Modeling Sant
Extraction SystemsReport ORNL/TM-13604; Oak Ridge National
Laboratory: Oak Ridge, TN, 1998. (b) Baes, C. F.,Sbbent Extr.
lon Exch.2001, 19, 193.

Cohesion Parameter<€RC Press: Boca Raton, FL, 1991.

(28) Robinson, R. A.; Stokes, R. Hlectrolyte solutionsAcademic Press,
Inc.: New York, 1955.

(29) Millero, F. J.Structure and Transport Processes in Water and Aqueous
Solutions Horne, R. A., Ed.; Wiley: New York, 1972; p 519.

(30) Czapkiewicz, J.; Czapkiewicz-Tutaj, 8.Chem. Soc., Faraday Trans.
11980 76, 1663.

(31) Kolthoff, I. M.; Chantooni, M. K.; Wang, W.-11. Chem. Eng. Data
1993 38, 556.

Inorganic Chemistry, Vol. 46, No. 1, 2007 265



Levitskaia et al.

Table 1. Extractive Reactions Associated with Formation of the Organic-Phase Cesium CompleX-&iiBrt-octylbenzo)dibenzo-24-crowr28

extractive equilibrium process eq no. corresponding equilibrium constant eq no.
CSF(aq)'*‘ X7aq)+ Borgy= CSBjL(org) + X (org) la Kext = [CSB+]0rgzy1,orgz/{ [B]org)’B[CSJr]aqzyi,aqz} 1b
log Kex- = log K — [AGp’(Cs") + AG,°(X7)]/2.30RT 1c
Cs"(ag) + X~ (ag) + B(org) == CSBXrg) 2a Kex = [CSBX]orgycsex/{ [Bl orgys[CS ' lac?y=-.ac} 2b
l0g Kex = l0g Kext — AGjp” / 2.30RT 2c
Cs"(org) + B(org) = CSB'(org) 3a Ki = [CSB"lorgy:x,ord{ [Blorgys[CS'Tady.adh 3b
CsBXorg) = CsB'(org) + X~ (org) 4a Kaiss = [CSBX]orgycsex/{ [CSB*]ord X 7] orQYj:,orgz} 4b
log Kgiss = 109 Kexe: — l0g Kex 4c
X (org) T ClO4™ (agy== ClO4™ (org) + X (aq) 5a logKexcht = 109 Kext-(ClO4™) — l0g Kexe(X7) 5b
l0g Kexcht = [AGy (X7) — AGy'(ClO47)1)/2.30RT 5¢c
CsBXprg) + ClOs™ (agy== CSBCIQ; (org) + X~ (aq) 6a l0gKexch = 10g Kex(ClO4™) — log Kex(X™) 6b
10g Kexch= 10g Kexche + [AGip"(X~) — AGiy(ClO47))/2.30RT 6c

aIn the chemical equilibria, B is the crown ether; ¥ an anion, and the phase is identified by subscript. Brackets in the expressions for the corresponding
equilibrium constant& denote molarity, and is the activity coefficient of the species indicated by subscript.

Conductance Experiments.The results of the conduc- in 1,2-DCE were evaluated using the extended Debye
tance measurements were analyzed to determine the disHuckel equatiort® The activity coefficient of the associated
sociation constant of the complex [Cs(4fis(tert-octylbenzo)- ion pair ycsex Was assumed to be unity. The value of log
dibenzo-24-crown-8)[NO;~ salt in water-saturated 1,2- KyssWas determined to be3.1+ 0.2.

DCE 32 The parameters applied in the treatment and obtained ES-MS Experiments. The ES-MS spectra of 1,2-DCE
results are summarized in Table 3. The molar conductancecalibration solutions containing variable concentrations of
A of the 1,2-DCE solutions of 4)4bis(tert-octylbenzo)- CsTPB and a constant 1 mM concentration of'4ys(tert-
dibenzo-24-crown-8 contacted with aqueous Cghlalutions octylbenzo)dibenzo-24-crown-8 gave a peak corresponding
of different concentrations was calculated from the measuredto the complex cation [Cs(4,%bis(tert-octylbenzo)dibenzo-
background-corrected conductaneeof the corresponding  24-crown-8)F atnyz 901, in agreement with the predominant
solution. Total molar cesium concentratioosjn 1,2-DCE 1:1 complex stoichiometry found in the extraction study. An
were obtained by liquietliquid distribution measurements exceedingly low-abundance peak corresponding to the 1:2
using the®'Cs tracer technique. The value of the limiting complex stoichiometry, namely of [Cs(4bis(tert-octyl-
molar conductancé of 48 & 2 was determined from the  benzo)dibenzo-24-crown-8J, was observed for CsTPB
intercept of the Fuoss and Kraus gfétand used in the  solutions with concentration equal to or greater thasx 3
revised FuossOnsager equatiéff (eq 7) for an associated 10° M. The peak atm/z 901 was used for calibration
electrolyte for the determination of the degree of the purposes. The intensity of this signal was found to be linearly

[CsB]*NO;~ ion-pair dissociatioru: dependent on the [Cs(4'is(tert-octylbenzo)dibenzo-24-
" crown-8)]" concentration in 1,2-DCE in the 8 107 7—3 x
A= Ag— Yca)™ + Eca log(ca) + 105 M range (Figure 2). The intensities of the peaks due to

Joo — KA Cay:t,orgz 7 the [Cs(4,8-bis(tert-octylbenzo)dibenzo-24-crown-8)fom-
plex cation in the organic phases equilibrated with aqueous

whereS, the Onsager limiting slope, ariglare functions of CsNQG; and CsCl solutions were plotted against their
Ao and solvent dielectric constant and viscosity, which were concentrations calculated using corresponding extraction
approximated for water-saturated 1,2-DCE solvent at@5  constants (Table 2) employing the SXLSQI modeling
as the corresponding values for pure 1,2-DCE, %0asd program and compared with the calibration standards.
0.782 mPa $% respectively. The coefficient is a function . )
of Ao, solvent properties, and the ion diameter and was DiScussion

calculated as prescribed elsewh&#€lhe ion diameter was Model. An ion-pair extraction of CsX salt from an aqueous
set to an averaged value of the diameter of nitrate Obtainedso|uti0n into an organic phase Containing a ||poph|||c

from its thermochemical radiésand the diameter of the  macrocyclic neutral extractant, such as a crown ether, in 1,2-

complexed cesium ion determined previouSlyThe as-  DCE or other water-immiscible diluent of moderately low
sociation constar{, was calculated using eq 8 for each data djelectric constant can be treated thermodynamically in terms
point havinga. < 0.9: of three types of independent processes of interest, as
’ depicted in Figure 3*31 The stepwise equilibria consist of
Ka= (1~ 0) Yo {C0Ys org } ©) the partitioning of individual Cs and X~ ions between

mutually saturated phases, formation of the complex cation

Equation 8 was derived usirss = 1/Kaand eq 4b (Table CsB' (where B denotes a crown ether) in the organic phase,

1) taking into account that [CSBog = [NO3 ]org = ca and
[CSBNQ]OVQZ ¢ — co.. The mean molar activity coefficients (33) Riddick, J. A.; Bunger, W. B.; Sakano, T. Krganic Solents:

Physical Properties and Methods of Purificatiodth ed.; Wiley-
(32) (a) Fuoss, R. M.; Kraus, C. A. Am. Chem. Sod.933 55, 476. (b) Interscience: New York, 1986; Vol. II.
Fuoss, R. M.J. Am. Chem. Sod.959 81, 2659. (34) Sawada, K.; Minagawa, Ahys. Chem200Q 2, 3461.
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Table 2. Equilibrium Constants for Extractive Reactions Involving Cesium Complexes 6fBligt-octylbenzo)dibenzo-24-crown-8 in Water-Saturated 1,2-Dichloroethane

AGp(X7)¢

this worlé

lit30

o°

log Kexch= log
[(MBCIO 4)o(X)/(MBX) o(ClO4)J]

log

IOg Kexch:
[(C104)o(X)d/ (X)o(ClOs)d]

=log

log Kt
[(MB) o/(M)o(B)c]

|09 Kdissb

log Kgiss= log
[(MB) o(X)o/(MXB) ]

=log

log Kex:
[(MB) o(X) o/ (M)a(X)a(B)o]

=log

log Kex
[(MBX) o/(M)a(X)a(B)]

anion
ClO4~ f

17.2

10.4+0.2

—-3.01
—2.88
—3.02
—2.93
—3.08
—3.11
—2.95
-3.15
—2.98
—3.20

—3.26+ 0.03
—3.56+ 0.04
—3.1+0.2
—2.9+0.2

0.104+ 0.007

2.45+ 0.02

3.16+ 0.03

3. A 1.6
12.2£1.6
20.5- 1.6

1.06
1.45
1.25
0.95 255

—2.85+ 0.05

—0.94+ 0.2
0.76+ 0.2
1.28+ 0.03

—2.35+0.02

—0.86+ 0.04
0.60+ 0.02
1.295+ 0.009
2.98+ 0.02

10.6+ 0.2

—3.07+ 0.01
—3.18+0.03
—3.38+ 0.04
—3.87+0.05
—3.0+0.1
—3.3+0.8

0.96+ 0.04
—0.50+ 0.02
—1.191+ 0.005
—2.88+0.02
—3.02+0.02
—5.07+0.03
—5.144+ 0.06
—7.0+£0.3

6.01+ 0.04
41+0.2
24+0.2
1.88+0.01

Pic™
MnO4~
CRSGs™
SCN-

Anion Partitioning and lon-Pairing B

33.9

2.86+ 0.04

10.4£ 0.2

0.30+ 0.02

NO3~ f
CRCO,~

Cl~

34+ 1.6
47.0:1.6
57.6t2.1

1.12 464

1.65
1.19
1.90

2.80+ 0.04
4.36+ 0.05
5.3+0.1
6.7+ 0.8

5.244+ 0.06
7.1+ 0.3

a parentheses in equilibrium quotients designate activities (or molarities at infinite dilution); o and a subscripts indicate, respectiveharmgayueous-phase species, and charges have been omitted. Vaes

5.17+ 0.03
of log Kex and logKex: were determined from the computer modeling (except for.Clénd NG, which were taken from the literature as noted). Uncertainties shown are standard errors obtained directly @&om

3.12+ 0.02

10.4+0.2

0.36+ 0.03
—1.20+0.04
—2.1+0.1
—3.7+0.8

CH3S0Os
OAc™

5
=

the fitting. Except as noted, all other légvalues were derived from the determined values ofdggand logKew, and precision error was propagatédissociation constants of the complexes of '4kfs(tert-

octylbenzo)dibenzo-24-crown-8 with cesium salts were calculated using Fuoss’s contact ion-pairing gieeielby eq 2 for 1,2-DCEe(= 10.4%9). In the calculation, the cesium complex cation radius of 0.573

nm was used® The thermochemical radii for Cl©, MnO;~, SCN-, NOs~, CI-, and OAc were taken from ref 37. The radii for PicCRSO;~, CRCO,~, and CHSO;~ were obtained from molar volumes
estimated based on the group-contribution metfofiThe goodness of fit for a particular model to the given data set is quantified agtieement factgro, defined according to the least-squares criterionr as

[Zwi(Yi — Yei)?(No — Np)]¥2, whereY; is theith experimentally observed quantity (i.8¢9, Y¢; is the corresponding quantity calculated from the model being testad the weighting factor defined as the

reciprocal of the square of the estimated uncertainty;oN, is the number of observations, ahg is the number of adjustable parameters (i.e.,Hogalues). The value of will approach unity when the error

of fitting is equal to the estimated experimental error; values less than unity are interpreted as experimental precision being better thatetherestsiond All AG°,(X ) values are based on the tetraphenylarsonium

tetraphenylborate (TATB) extrathermodynamic assumptiohUncertainties of the\G°,(X ) values were calculated in accord with eq 1c. The standard errdx@3(Cs") value was obtained from ref 31Log

K values were taken from ref 19a.

and ion pairing between the organic complex cation CsB
and the co-extracted anion"XThis particular scheme is
convenient and instructive in that the stepwise equilibria are
subject to independent observation and evaluation.

In this extraction model, formation of only the 1:1 cesium/
crown ether complex was considered on the basis of our
previous studies of cesium complexation by TB24C8 ligands
both in solution and in the solid stal&?°°Other crown ethers
have also been found to extract cesium salts into 1,2-DCE
according to these same equilibff&* Partitioning of 4,3-
bis(tert-octylbenzo)dibenzo-24-crown-8 into the aqueous
phase was neglected because of the high lipophilicity of this
crown ethef*2For this reason, aqueous-phase complexation
equilibria involving the crown ether, which have been
explicitly treated by other authof3could also be neglected.

A useful feature of an organic solvent of moderately low
polarity like 1,2-DCE is that it tolerates the presence of both
ion-paired and dissociated ions depending on the ionic
strength of the organic phase. Thus, 1,2-DCE is most
attractive for studying ion-pairing processes. Accordingly,
fitting of experimental distribution data using the program
SXLSQI provides a direct means of quantifying the simul-
taneous extraction of dissociated ions and ion pairs (egs la
and 2a) in terms of the corresponding values ofkggand
log Kexe (egs 1b and 2b). The difference of these two
guantities gives the ion-pair dissociation constant Kags
(eq 4c).

Under the conditions of low ionic strength in the 1,2-DCE
phase, the dissociated ions Cs&nd X are expected to be
the predominant species, and CsX extraction (Kug.)
involves only ion partitioning between water and water-
saturated 1,2-DCE and the formation of the Csf®mplex
in the organic phase (eq 1c). It may be seen that the effect
of the anion on the metal ion extraction by the crown ether
is therefore given exclusively by the partitioning Gibbs
energy termAG,°(X™). Thus, extraction efficiency will
follow the well-known solvation-based Hofmeister bias
favoring large charge-diffuse aniots.

An increase of the ionic strength in the 1,2-DCE phase
leads to a condition wherein the organic-phase species are
predominantly ion-paired, introducing an additional term
dependent upon the nature of the anion, potentially leading
to deviation from Hofmeister bias. Namely, the net extraction
process (eq 2a) now also depends on the affinity between
the complex cation CsBand the anion as given by the ion-
pairing energy termAG;,° (eq 2c). The anion’s ability to
electrostatically interact with the cation primarily depends
on its charge density in the order that can be described as
“anti-Hofmeister,” working in the opposite direction to that
of anion partitioning, in effect the most hydrophobic anions
being ion-paired the least. As can be rationalized simply by
Fuoss’s treatmerif, the strength of this effect on anion
selectivity will depend upon the radius of the cation. To

(35) (a) Takeda, Y.; Tanaka, M.; Katsuta, S.; FukadaJ.NCoord. Chem.
2005 58 (4), 373. (b) Takeda, Y. IiHost Guest Complex Chemistry
IIl; Vogtle, F., Weber, E., Eds.; Topics in Current Chemistry 121,
Springer-Verlag: Berlin, 1984; pp-138.

(36) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059.
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Table 3. Conductance Parameters and Dissociation Constant of [Cdfis@ert-octylbenzo)dibenzo-24-crown-8J1Os~ in Water-Saturated 1,2-DCE
at 25°C

[CS]org, MM2 K, Scnrib A, Scntimol ¢ ad Yo log Kaisd
3.6 (1.014+0.05)x 104 28+ 2 0.70+ 0.04 0.280 —-3.3+£0.1
1.53 (4.6£0.2)x 107 30+ 2 0.80+ 0.04 0.445 —-3.0£0.1
0.86 (2.8+0.1) x 1075 332 0.84+0.04 0.536 —3.0+£0.1
0.43 (1.59+ 0.08)x 10°° 37+ 2 0.91+ 0.05 0.632 —2.8+£0.2
0.130 (4.9:0.2) x 10°6 38+ 3 0.85+ 0.05 0.779 —3.4+04
0.039 (1.9 0.2) x 10°6 49+ 4 0.97+ 0.09 0.861 —-3.0£04
0.0038 (1.8:0.2) x 1077 47+ 4 0.98+ 0.09 0.955

aTotal molar cesium concentration in the 1,2-DCE phase as {{ogBt [CsBNOs]org Obtained by liquie-liquid distribution measurements using the
137Cs tracer technique at 25C and a phase ratio of unity. Aqueous phase: CgNOvariable concentration. Organic phase: 10 mM"4is(tert-
octylbenzo)dibenzo-24-crown-8 in 1,2-DCE. The standard error was estimated 45%e® Measured conductance of the solutions of"'4pis(tert-
octylbenzo)dibenzo-24-crown-8 in water-saturated 1,2-DCE loaded with €$N®e molar conductance of the corresponding 1,2-DCE solutibbsgree
of ion-pair dissociation® The mean molar activity coefficients in 1,2-DCE estimated using the extended BEliigkel equatior?® f The dissociation
constant corresponds to equilibrium reaction 4a in Table 1.

8 T T T T T -2
o
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Figure 2. Dependence of the ES-MS signal intensity on the concentration 0.1 02 03 i 0'4_ 05 06 07
of the [Cs(4,5-bis(tert-octylbenzo)dibenzo-24-crown-8)fomplex cation Cation radius, nm
(mz=901) in 1,2-DCE. The calibration curve was obtained using CSTPB Figure 4. Dependence of the dissociation constants of hypothetical
solutions of variable concentration in 1 mM 4;bis(tert-octylbenzo)- perchlorate and chloride salts on the cation radius calculated using Fuoss’s
dibenzo-24-crown-8 in 1,2-DCE. Concentrations of CgNdd CsCl in contact ion-pairing modé& for 1,2-DCE ¢ = 10.4%).
the extraction 1,2-DCE phase were calculated employing the SXLSQI
modeling program. Extraction contacts were performed &t@8&sing an ; ) 2e.
organic phase containing 1 mM crown ether in 1,2-DCE and aqueous phases(:"s“ma‘ted by Fuoss's equatl%'
containing 1x 1075, 3 x 1075, and 1x 1071 M CsNQ; or 1 x 1073 and 56.092.Z. |
1 x 1071 M CsCl. : +-—
1K gios = Ko = 2.5228° exp[—ea ] 9)

Cation - dependent

Anion - dependent wherea is the interionic distance in nng, is the relative
Crown - dependent  —; i | permittivity, andZ is the ionic charge. Although a theoretical
issue may be taken with the rigor of this expression, as
regards the meaning of the paramedeifor instance, the
AG%exs = AG(CS") + AG%(X") + AG*(CsB") simplicity of this model and the agreement in magnitude with
observation (see below) nevertheless makes it useful for

AG°ex = AG%(Cs™) + AG°H(X7) + AG’(CsB™) + AG®,

Aq Cs" + X comparative purposes. The functional dependence dfdgg
o Y ppop on t.he cation radius is shown in Figure 4, wher.e the smallest
AG%(CsB") radius plotted (0.17 nm) corresponds to the size of the Cs
X"+ CsB* B + Cs" + X ion37 It may be observed that, as the size of the cation
ﬂ AG% increases, ion pairing weakens and becomes essentially
(CsBHX™ anion-independent within normal experimental error. Thus,

i 3 Steowi briain th onof ) b whereas the naked Cscation would exhibit some anti-

Flgure . tepwise equilibria in the extraction of a cesium salt by a crown H H : s H .

ether, Hofmelst_er influence on anion selectivity, the !nclgsmn _of
the C< ion by a host molecule would marginalize this

influence by greatly increasing the effective cation radius.

illustrate the effect of cation size on the ion-pairing behavior, This expectation is a consequence of the ligand-thickness
contact ion-pair association constants for perchlorate and

chloride anions and a cation of the variable size were (37) Marcus, Y.lon Properties Marcel Dekker: New York, 1997.
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effect pointed out by Leh# In our previous study, the as shown for the calibration with TPBand extractions with

crystallographic radius of the complex cation [Cs(4lbs- Cl~ and CIQ™. The concentration of this complex calculated
(tert-octylbenzo)dibenzo-24-crown-&)1,2-DCE)} was es- using the distribution model was found to be in reasonable
timated to be 0.573 nif2 sufficiently large to demonstrate  agreement with the ES-MS calibration curve (Figure 2). The
this effect (cf. estimated values of ld¢yssin Table 2). calibration curve exhibits the typical preceding flat back-

The selectivity of anion exchange may be viewed in terms ground region at low Cs concentration and a saturation effect
of the hypothetical exchange processes given by the equi-at high Cs concentration.
librium reactions 5a and 6a, written for the dissociated and Complex Formation. The four values of lod derived
ion-paired ions, respectively. These equations take,C&3 from the extraction constants obtained using CsSCN and

the reference anion, the corresponding constantKlQg. CsCl salts in this work and CsCl@nd CsNQ@ salts in our
and logKexch being given, respectively, by the differences previous study (Table 2) agree, reflecting the expected
l0g Kex:(ClOs™) — log Kexe(X™) and logKe(ClO4~) — log independence of the complex stability constant on the nature

Kex(X™) (egs 5b and 6b). As may be seen from eq 5c, the of the counteranion. The observed value of 1&.4€.1 is
exchange of dissociated anions depends exclusively onlarge, in line with the poor solvation ability of 1,2-DCE.
solvation effects and is independent of the metal ion and Furthermore, as discussed previou8ihosts of the TB24C8
crown ether. Since\G,°(X") increases as anion thermo- family are among the strongest crown ether ligands for Cs
chemical radius decreases, the selectivity order correlategon,”® which is attributed in part to the relatively good
with anion hydrophobicity. For the ion-paired case, kg preorganization of TB24C8 to bind the cesium ion. Molecular
can be expressed as lé@yn: Modified by the difference mechanics calculations previously showed that the cagelike
AGp°(X™) — AGp°(ClO47) (eq 6¢). As noted above, the ion  binding conformation of TB24C8 is relatively weakly
pairing tends to attenuate, normally not to reverse, the netstrained upon inclusion of a Cson.*° TB24C8 adopts this
bias favoring extraction of the large univalent anions. conformation when solvated by 1,2-DCEsuggesting that

Extraction Behavior. The extraction, conductance, and incorporation of the Csion causes only minor modification
ES-MS results support the equilibrium model defined in ©f the crown ether cavity. Among simple crown ethers, which
Table 1 and Figure 3. Excellent agreement was observednormally possess high conformational flexibility and suffer
between measured valuesdés and those calculated by the ~ significant reorganizational strain upon complexation of
program SXLSQI, as may be seen visually in Figure 1, and Mmetal ions, TB24C8 in 1,2-DCE represents a rare example
the statistical agreement factors are accordingly close to unity©f preorganization.

(Table 2). In addition, the determined value of lég.- Anion Selectivity—Dissociated SystemObserved values
(CsPic),—7.7, is in reasonable agreement with the value Of the Cs ion distribution ratio depend on the nature of the
—7.25 reported by Kikuchi et &P anion as predicted by Hofmeister bias (Figure 1). The

The conductance results confirm the existence of an €Orresponding logKe.. and log Kex values obtained by
equilibrium between free ions and their ion pairs. Indepen- SXLSQI modeling (Table 2) order the anions as follows.
dent determination of the lo§qssvalue,—3.1+ 0.2 (Table ~ Pic” > MnO,~ > CIO,~ > CRSG;™ > SCN™ > NO;™ >
2), corresponding to the complex ion pair [Cs(4,His(tert- CRCO;” > CI” > CH:SO;™ > OAc™. Biased in favor of
octylbenzo)dibenzo-24-crown-8)NOs~ via conductance  the large charge-diffuse anions, this extraction order very
measurements agrees well with the vaii8.18 + 0.03 cIoseI)_/ resembles the order of anion select_l\_nty obse_rved
previously obtained for the same extraction system by €ary in the study of crown ethers, specifically using
liquid—liquid distribution experiment®a We caution that  dicyclohexano-18-crown-6 in 1,2-DCEThe efficiency of
reported studies of extractions into 1,2-DCE, dichlo- '0N-pair extraction increases over a remarkaply large range
romethane, and other diluents of moderate or moderately low©f @nion hydrophobicity, cesium picrate being almost 10
dielectric constants occasionally fail to take proper account °rders of magnitude more extractable than cesium acetate.
of ion-pair dissociation. Using Fuoss’s equation, it may be  1he Hofmeister bias in this system can be quantitatively
easily shown that even chloroform, a popular diluent of low represented by plotting the obtained extractlon constantg log
dielectric constant (4.8), will support significant ion-pair Kex and logKecas a function of the standard Gibbs energies
dissociation with of salts of univalent complex cations and ©f anion partitioning. Equation 1c predicts a linear plot for
large univalent anions (e.g., picrate). Previously reported 109 Kex vs AGy*(X7)/2.30RT with a theoretical slope of
conductance resufstogether with the present confirming 1+ The obtained slope;1.02+ 0.03, for the four anions
results leave little doubt of the validity of the expectation of Whose AG,*(X™) values were reported in the literature
free ions in crown ether extraction systems. (ClOs~, SCN', NOg, and CI)*is in excellent agreement
with the prediction, as can be seen in Figure 5 (solid squares).
Because the literaturAGy,°(X ™) values were obtained in
extraction experiments with quaternary ammonium ions, the
good agreement is mainly taken as a confirmation of the

Results from ES-MS experiments independently support
the speciation model, indicating the formation of primarily
1:1 cesium-crown ether complexes in the 1,2-DCE phase,

(38) Lehn, J.-M. InAlkali Metal Complexes with Organic Ligand3unitz, mdependenc_e of the extraction constants on the nature of
J. D., Ed.; Structure and Bonding 16; Springer-Verlag: New York, the cation (Figure 3).
1973; pp 1-69.

(39) Kikuchi, Y.; Sakamoto,Y.; Sawada, B. Chem. Soc. Faraday Trans. (40) Bryan, J. C.; Sachleben, R. A.; Bunick, G. J.; Hay, BnBrg. Chim.
1998 94, 105. Acta 1999 290, 86.
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109Kexs Figure 6. Dependence of the standard Gibbs energy of partitioning of
8 1 I 1 1 1 alkylsulfonate anions between water and water-saturated 1,2-DCE at 25
0 5 4 6 8 10 12 °C. Open and solid symbols correspond to 6,°(X~) values as taken

from the literaturé® or as determined in this work (Table 2), respectively.
AG,°(X) /1 2.3RT

Figure 5. Dependence of the extraction constants for cesium salts on the . d si fthe h ith its inducti

standard Gibbs energy of anion partitioning between water and water- increased size of the CF; group together with its inductive

saturated 1,2-DCE at 25C. Log Kex: and logKex values are shown by electron-withdrawing effect, delocalizing the negative charge
squares and circles, respectively. The standard errors associated wtth 1o f the anion and reducing hydration.

values are given in Table 2. Solid and open symbols correspond to the .. . h q f itud .
AGy(X™) values taken from ref 21 or determined in this work, respectively. lon Pairing. Given the 10-orders-of-magnitude variation

Lines are unweighted linear least-squares fits through solid squares (slopein the extractability of the univalent anions studied, ion

= —1.02+ 0.03, intercept= 3.2+ 0.2) or through open and solid circles airing in this system evidently confers relatively minor
(slope= —0.97 £+ 0.03, intercept= 6.1 &+ 0.1, omitting Pic, Cl-, and P 9 Y y y

OAC). discrimination, spanning only 1 order of magnitude. As
shown in Table 2, the experimental values of K vary
Standard Gibbs Energies of Anion Partitioning. An within and somewhat below the small predicted ran@e9
important outcome of this work is the determination of to —3.2. Accordingly, a linear relationship of lol§ex vs
AGy°(X ™) values for the Pic, MnO,~, CRSO;~, CRCO, ™, AG°(X7)/2.30RT is evident in Figure 5, wherein an

CHsSO;~, and OAc anions (Table 2). All values are unweighted linear regression for all anions except F@i™,
positive, indicating unfavorable partitioning from water into and OAc gives a slope 0f-0.994 0.02. The two lines are
1,2-DCE, in agreement with the observed lack of detectable thus essentially parallel, meaning that, on averageKlag
extraction of all cesium salts, except CsPic, by the diluent. is nearly constant, reflecting the expectations of the simple
The value, 3.7+ 1.6 kJ mot?, for AG,°(Pic") is in good theory (Figure 4). Such dissociation behavior is therefore
agreement with the corresponding values reported in the consistent with the formation of ligand-separated contact ion
literature: 2.21 538 and 5.5 kJ molt.42 pairs in 1,2-DCE with large interionic distances determined

Yoshida et af! reportedAG,°(X ") values between water ~ mainly by the bulky cesiumcrown complex. It may also
and water-saturated 1,2-DCE for alkylsulfonate anions be seen from Table 2 that the observed values ofdggh
CHs(CH,),SO;~ (n=5, 6, 7, or 8) determined electrochemi- and logKexc: for ion pairs and dissociated ions are nearly
cally. These values correlated with our valuAGf,°(CHsSOs ), equal within observed standard deviations. It therefore
as seen in Figure 6. A linear plot was obtained whose linear appears likely that the previously observed supramolecular
regression coefficients can be used for the estimation of theassembly with 1,2-DCE residing in the cléftand an anion
AG,°{ CH3(CH,),SOs7} values for intermediate. The value residing in the secondary coordination sphere of thei@s
AG,°(CHy), corresponding to the average contribution of tends to persist over the range of tested anions, with two
each methylene group to partitioning is given-a3.28 + possible exceptions (see below). A drawing of the tetrabenzo-
0.02 kJ mot™, 24-crown-8 complex with CsNfas taken from a crystal

It may be observed for the highly hydrophilic acetate and structuré® is shown in Figure 7. Recognizing that the
methanesulfonate anions that substitution of the methyl by dynamics in solution do not constrain the anion to a single
a trifluoromethyl group led to significantly increased extract- Position about the cation, the drawing serves as a model for
ability. Namely, theAG,°(X ") values decrease by 22.7 and how the excluded anion is limited to the secondary coordina-

26.5 kJ motl. This result is readily explained by the tion sphere.
Given that ion pairing confers only a tenth of the

(41) Xotshi%asaYéiYI\ga;Siusi, M.; Shirai, O.; Maeda, K.; Kihara /al. Chim. magnitude of anion discrimination conferred by anion
Ccta . " . .
(42) Wandlowski, T.; Marecek. V.; Samec, Plectrochim. Actal 998 44, partitioning, the experimental range of IKgissyalugs 2.9 .
91. to —3.87) and scatter about the upper line in Figure 5 still
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Table 4. Dissociation Constants of the 1:1 Cesium Complexes of
Polyoxyethelene Compounds in Water-Saturated 1,2-DCE 4€25

salt ligand logKgiss  ref
CsPic 15-crowr5 —-3.26 44
CsPic 18-crowr-6 —-4.09 34
—-4.81 45

—-4.15 46

CsPicC}*  18-crown-6 -3.3 31
CsPic Benze-18-crown-6 —4.30 46
CsPic Dibenze-18-crown-6 —-4.39 47
CsPic Dicyclohexane18-crown-6° —-3.75 46
CsPic DEOA4 —5.23 48
CsPic DEO6 —-4.33 48
CsPic DEOS8 —-3.56 48
CsPic Triton100 (EO9.6) —-3.36 48
CsPic Triton165 (E016.8) —-3.23 48
CsPic Triton305 (E031.0) —-3.14 48
CsPic Triton405 (E042.8) -3.10 48
CsNG; dibenzoe-21-crown-7 —4.8 48
CsNGs bistert-butylbenze-21-crown-7 -5.1 24
CsNGs bistert-octylbenze-21-crown-7 —4.4 24
CsNG dicyclohexane-21-crown-7 —-4.0 24

CsNG; bis-tert-octylbenzo-crown6-calix[4Jarene —3.70 23

Figure 7. Space-filling model of [Cs(tetrabenzo-24-crown-8)(1,2-DE)

(NOy) o £ A apicCh~ is 3.5-dichloro-2,4,6-trinitropheno?.Mixed isomers< DEO;,
3) as taken from ref 19a.

is C12H25(0CH,CHy)OH, wheren = 4, 6, or 8.9 Triton is a polydisperse
polyoxyethelene alkylphenyl ether surfactant having a different average
number of oxyethelene units (BD

indicate a degree of real discrimination. The disparate anions

Pic™ and CI stand out as having the lowest values of log o o

Kgiss (Table 2). Their logKgiss Values are well determined, number Of_ the oxyethylgne units in open-chain hganqs

and both deviations are statistically significant on the basis (Pdands) increases. This was explained by the elongation

of the Student-distribution test® Omitting OAc™ as being of the average interionic distance due_z to encapsulathn of

too uncertain and using the seven remaining anions as a basid'® Cs ion by the host® The explanation correlates with

(v = 7), the probabilities that Picand CI have an additional the present conclusion regarding encapsulation b;_/ TB?4C8,

interaction are, respectively, 98.3% and 99.9%. and we may note that values of ldG;ss observed in this
The exceptional nature of the anions Pand C may work are relatively high and similar to those exhibited by

. cesium complexes of Triton podands with a large number
also be seen by comparing the observed values oKipg of oxyethylene unité® The structure of the cesium complex
with those estimated using eq 2 (see Table 2). Omitting the yethy ' P

anions Pic and CI, the standard error of the deviation V\;'th ﬂrie ngﬂarnsvrligov\flsh\i/vishpro&osednt]o t:r)]errs1ll;n |:arftg t:art
between the calculated and observed values ofKlgg is orcycic cro ’ ch has e same number of dono

4 S .. . . .. _
O 0.1 and s Gop 6 D091 CFOGy I ey 4977 Sohcomlees et sl onparg con.
Omltted. ThUS, PrC (Aca|c—0bS= 0.68) and CT (Aca|c—0bS= '

0.72) clearly stand out. Possibly, €F0,~ (Acseope= 0.43) substituent attached to a crown ether moiety. Within the 18-

. . . . crown-6 and 21-crown-7 families, the benzo group is
is also exceptional. Such exceptional cases could involve associated with somewhat areater ion-pairing tendency than
several possible interactions. These could includer 9 P 9 y

; . L . . the cyclohexano group. It is reasonable to explain the
interactions (see below for Pig; partial insertion of the anion . . .

. L difference on the basis of the greater steric demands and
into the cleft, mediation of hydrogen bonds from water

inserted into the cleft, or favorable-CH interactions. Further electronjdonatlng ab'_“ty o_f the gyclohexano g_rqup. )
research is needed to elucidate such effects As a final observation, ion pairing here exhibits a minor
- . . . “picrate effect,” which has been associated with a modifica-
Examination of the various loiss values determined in

this study and by others for extraction systems employing tion in extraction selectivity and has been attributed, based

1,2-DCE (Tables 2 and 4) provides additional insight. Most on interactions observed in the solid stéiefo a 7—x

. . . T . . interaction between the picrate anion and arene ring of a
obvious is that a complex ion pair dissociates more easily . .
. benzocrown ethe¥ Although such an interaction between
as the number of donor atoms in the host molecule for the

T . ; o the picrate anion and the cesium complex of TB24C8 ligand
cation increases. For instance, the ion-pairing tendency of

. . . . certainly could account for the deviation of picrate in the
the picrate anion declines over 2 orders of magnitude as the . : . )
present extraction system, its magnitude at best remains a

perturbation on the overall solvation-based anion selectivity.

(43) Box, E. P.; Hunter, W. G.; Hunter, J. Statistics for Experimenters
Wiley: New York, 1978.
(44) Takeda, Y.; Hatai, S.; Hayakawa, H.; Ono. Y.; Yahata, T.; Endo, K.; (48) Sawada, K.; Satoh, K.; Haruta, C.; Kikuchi, Rhys. Chem1999 1,
Katsuta, STalanta1998 47, 67. 2737.
(45) Takeda, Y.; Kawarabayashi, A.; Endo, K.; YahataAial. Sci.1998 (49) (a) Olsher, U.; Feinberg, H.; Frolow, F.; ShohamP@te Appl. Chem.
14, 215. 1996 68 (6), 1195. (b) Talanova, G. G.; Elkarim. N. S. A.; Talanov,
(46) Kikuchi, Y.; Sakamoto, YAnal. Chim. Acta200Q 403 325. V. S.; Hanes, Jr., R. E.; Hwang, H.-S.; Bartsch, R. A.; Rogers, R. D.
(47) Kikuchi, Y.; Sakamoto, YAnal. Chim. Actal998 370, 173. J. Am. Chem. S0d.999 121, 11281.
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