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Thermodynamics of Solvent Extraction of Metal Picrates with Crown Ethers:
Enthalpy-Entropy Compensation. Part 2." Sandwiching 1:2 Complexation
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Thermodynamics of sandwich complexation in solvent extractions were investigated for the first time.
Quantitative solvent extractions over a wide range of ligand concentration in the water—
dichloromethane system at 10-25 °C gave the overall and stepwise extraction equilibrium constants
and the thermodynamic quantities for both 1:1 and 1:2 complexations of some alkali, alkaline earth,
and/or heavy metal picrates with 15-crown-5 (1), benzo-15-crown-5 (2), and cis-cyclohexano-15-
crown-5 (3). The overall sandwich complexation process was deemed as being composed of the
first stoicheiometric and the subsequent sandwiching complexation equilibrium. The feasibility of the
second, sandwiching complexation in the solvent extraction and in the homogeneous solutions is
discussed. Global treatments of the thermodynamic parameters obtained in the solvent extraction
and of those reported in the homogeneous phase led to a comparable linear relationship between
the enthalpy and entropy changes of complexation. The large slope («) of the AH° vs. TAS® plot
indicates the substantial conformational change of not only the second but also of the originally

ligating crown ether molecule upon the second, sandwiching complexation.

Cations larger in size than the crown ether’s cavity have been
known to form 1:2 cation:ligand ‘sandwich’? complexes in the
crystalline state>~ and in the solution phase as well 6~!!
Calorimetric titration studies have been performed with various
combinations of cation and ligand to afford the thermodynamic
parameters for the sandwich complexation in homogeneous
solutions.!?73! In contrast, no comparable effort has been
devoted to solvent extraction at all, and the thermodynamics
of sandwich complexation upon solvent extraction have been
left unexplored. In the present paper we report the results of
our quantitative solvent extraction study on the sandwich
complexation in water—dichloromethane system at 10-25 °C,
which affords the thermodynamic parameters for both 1:1 and
1:2 complexations of K*, Rb*, Cs*, TI*, Sr?*, and/or Ba%*
picrates with 15-crown-5 (1), benzo-15-crown-5 (2), and cis-
cyclohexano-15-crown-5 (3). The thermodynamic parameters
obtained are discussed in terms of the enthalpy-entropy
compensation effect, which has been demonstrated to be
useful for a more general and profound understanding of
the complexation phenomena between cation and ligand in
homogeneous phases.32-34

Experimental

The sources and syntheses of the materials used and the
procedures and conditions of solvent extraction were
fundamentally identical to those described in the preceding
paper.’ The only exception was the ligand concentrations in
dichloromethane. With fixed concentrations of aqueous metal
picrates (3 mmol dm™),' much wider ranges of ligand
concentrations were employed in search of the possible 1:2
sandwich complexation; 0.3—66 mmol dm=3 for 15-crown-5 (1);
0.5-70 mmol dm™3 for benzo-15-crown-5 (2); 0.08-40 mmol
dm-3 for cis-cyclohexano-15-crown-5 (3). Under these extrac-
tion conditions, the observed percentage extractability spanned
the range 0.4-90% depending upon the properties of the ligand
and the cation examined.
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The standard continuous-variation method 3% was utilized in
the solvent extraction of aqueous sodium and potassium
picrates with benzo-15-crown-5 in dichloromethane to deter-
mine the cation:ligand stoicheiometry of complexation.”-3*
In a typical run, the initial concentration of a metal picrate
(MA) in the aqueous phase, [M*]; + [A™]; was varied
continuously from 0 to 10 mmol dm™>, while the total
concentration of metal picrate in the aqueous phase (10 ml) and
ligand (L) in the organic phase (10 ml), [M*]; + [A~]; + [L];
was kept constant at 10 mmol dm™3; thus the mole fraction
(M*); + [AT1)/[M*]; + [A™); + [L];) varies from zero to
unity. After equilibration at 25 °C with each aqueous solution
and the subsequent phase separation, an aliquot from each
organic layer was diluted with a fixed amount of dichloro-
methane-acetonitrile (1: 1) mixture to an appropriate concentra-
tion to fit into the measuring range of the spectrometer
(absorbance <2.0).
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Figure 1. Typical plots of log (Dy/[A ],,) versus log [L],, in solvent
extration of aqueous sodium (Q) and potassium (@) picrates (3 mmol
dm™!) with benzo-15-crown-5 (2) in dichloromethane at 25°C,
assuming stoicheiometric 1:1 complexation.

Results and Discussion

Extraction Equilibrium.—Assuming that only one species was
extracted at any one time, the overall extraction equilibrium
between an aqueous (aq) phase containing mono- or di-valent
metal picrate (MA,,, m = 1 or 2) and an organic (org) phase
containing ligand (L) is expressed by equation (1), where n
denotes the ligand:cation ratio (n = 1 or 2).

M™* o+ mAT + nL,, == [MLA, ], (1)

The overall extraction equilibrium constants (B, and B,) for
the 1:1 and 1:2 cation:ligand complexation are given by
equation (2).

Dy

T A 1L

The distribution coefficient of metal ion (Dy) and the
concentration of free ligand in the organic phase ([L],,,) after
the equilibrium is established are calculated by equations (3)
and (4) where [L]; represents the initial concentration of ligand

Bn ()

DM = [MLnAm]org/[Mm+]aq (3)
[L]org = ([L]l - n[MLnAm]org)/(l + Kd) (4)

dissolved in the organic phase, and K, the distribution
coefficient of ligand between the aqueous and organic phases
(Kg = [L]4g/[L]org), Which was determined in the preceding
paper.! Modification of equation (2) led to equation (5).

IOg (DM/[A_]aqm) = nlog [L]org + log Kex (5)

Thus a plot of log(Dy/[A™1,,™ as a function of log [L],,,
gives a straight line of slope n determined by the complex
stoicheiometry, while the overall extraction equilibrium
constant B, is given from the intercept.
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During our search for sandwich complexation, the quan-
titative solvent extraction experiments with aqueous alkali,
alkaline earth, and heavy metal picrates were carried out up to
very high ligand concentrations, which afforded 80-90%,
extraction in extreme cases. A set of extraction data obtained for
each cation-ligand combination was analysed according to
equation (5), first assuming the stoicheiometric 1:1 complex.
As can be seen from the typical plots for benzo-15-crown-5
(2) in Figure 1, extraction of sodium picrate gives an excellent
straight line of unit slope from low (2 mmol dm~3) to very high
(80 mmol dm~3) ligand concentrations. On the other hand, the
plot for potassium picrate is fitted to a bent line of two
components, one of which is of unit slope at low concentrations
and the other is of a slope of ca. 2 at high concentrations; a slope
of exactly 2 was obtained when the horizontal axis, log [L],,,,
was calibrated according to equation (4), assuming 1:2
stoicheiometry (n = 2). It was then deduced that the
stoicheiometric 1:1 comples prevails at low ligand concentra-
tions, iLe. log [L],, < —2.7, and the 1:2 sandwich complex is
predominantly formed at high concentrations, ie. log [L],,
> —2.2, while there appears to be a mixed region in between.
This sequence coincides with the stepwise sandwich complexa-
tion mechanism described below.

Similar examinations with the other cation-ligand combin-
ations revealed that the following combinations afforded 1:2
sandwich complexes at high ligand concentrations under the
conditions employed in the present study: *

15-Crown-5 (1): K*, Rb*, Cs*, T1*, Sr2*, Ba?*
Benzo-15-crown-5 (2): K*, Rb*, Cs*, T1*, Ba?*
Cyclohexano-15-crown-5 (3):* K*, Rb*

The experiments were performed at 10, 15, 20, and 25 °C and
the B,- and B,-values obtained at every temperature are listed
in Table 1.

Continuous Variation—In order to obtain definitive evi-
dence for the sandwich complex formation at high ligand
concentrations, the continuous-variation method, originally
developed for the homogeneous-phase complexation,® was
applied to the solvent extraction of sodium and potassium
picrates with benzo-15-crown-5 (2). The total concentration
was fixed at 10 mmol dm™, where the sandwich complex is the
major extracted species as deduced from the quantitative
extraction experiment shown in Figure 1. In Figure 2, the
amount of the extracted picrate, as indicated by the absorbance,
was plotted as a function of the initial mole fraction of aqueous
picrate. Sodium picrate shows the peak intensity at ca. 0.67 as
expected for the conventional 1:1 stoicheiometry, whereas
potassium picrate gives the peak at 0.5. This result
unequivocally confirms the 1:2 sandwich complex formation
between potassium picrate and benzo-15-crown-5.

Sandwiching Complexation—Only the overallextractionequi-
librium constants B, and f, are experimentally measurable
in the solvent extraction. Since the sandwich complex formation
is obviously a stepwise process, equation (1) must be composed
of two successive equilibria (1a) and (1b), where K, = B,. Thus

M™* 4+ mA” 4 + Loy == [MLA,l,, (la)

[MLA,Jog + Loy == [ML,A,Joy  (1b)

* Owing to the limited sample availability of ligand (3), no survey for
sandwich complexation was made with Na*, Cs*, Ag*, TI*, Sr?*, or
Ba?* picrate at high ligand concentrations. For the ligands (1) and (2),
the survey was made with Na*-Cs*, Ag*, Tl*, and Ca2*-Ba?* at high
ligand concentrations.
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Table 1. Overall extraction equilibrium constants B, and B, for 1:1 and
1:2 cation:ligand complex stoicheiometries and the second-step
equilibrium constants K,, or B,/B,, for sandwiching complexation in
solvent extraction of aqueous metal picrates with 15-crown-5, benzo-15-
crown-5, and cis-cyclohexano-15-crown-5 in dichloromethane.

Complex log B
stoicheiometry

Ligand Cation (n) 25°C 20°C 15°C 10°C
15-Crown-5(1) K* 1 433 445 459 473
2 731 749 7.72 8.05
K, 298 304 313 332
Rb* 1 414 425 440 4.55
686 7.0 739 7.63
K, 272 285 299 3.08
Cs* 1 367 383 393 4.06
566 589 610 6.38
K, 199 206 217 232
Ti* 1 508 521 539 557
759 7.83 816 834
K, 251 262 277 277
Sr2+ 1 606 624 649 6.68
804 835 862 9.02
K, 198 211 213 234
Ba’* 1 6.72 690 716 743
949 994 10.60 10.84
K, 277 3.04 344 341
Benzo-15- K* 1 399 409 421 437
crown-5 (2) 2 634 684 713 741
K, 235 275 292 3.04
Rb* 1 370 377 389 403
574 609 637 6.74
K, 204 232 248 271
Cs* 1 331 343 352 3.60
479 503 517 538
K, 148 1.60 1.65 178
Ti* 1 430 439 456 472
6.57 695 725 7.65
K, 227 256 269 293
Ba2* 1 562 570 583 599
743 769 810 832
K, 1.81 199 227 233
Cyclohexano- K™* 1 423 438 449 45
15-crown-5 (3) 2 667 688 704 729
K, 244 250 255 270
Rb* 1 416 430 440 450
668 690 713 738
K, 252 260 273 288

the equilibrium constant K, for the second, sandwiching
complexation process (1b) is given as a quotient, $,/B,; the
K,-values thus obtained are listed in Table 1. The equilibrium
constants K, and K, for alkali metals are plotted against the
ionic diameter in Figure 3. The relative cation selectivities
observed in K, and K, apparently resemble with each other for
these three crown ethers. However, close examination reveals
that the selectivity in K, is greater than that in X, as indicated
by the steeper plots for K, in Figure 3. We conclude, therefore,
that the second, sandwiching complexation process discrimin-
ates the size of accommodating cation more rigorously than
does the first step. This is somewhat unexpected, since, in the
homogeneous-phase complexation with 15-crown-5 and benzo-
15-crown-S§, the alkali, and some alkaline earth, metals afford
analogous log K,-values of 2.5-2.7,2° although fairly deviant
K,-values have also been reported for K*—15-crown-5 by other
groups,2!:22

The feasibility of sandwiching complexation [equation (1b)]
relative to stoicheiometric complexation [equation (l1a)] may
be evaluated by the relative equilibrium constant K,/K,. The
K,/K,-values calculated from the data in Table 1 are listed in
Table 2, along with the corresponding values reported for the
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Figure 2. Continuous-variation method applied to solvent extraction of
aqueous sodium (Q) and potassium (@) picrates with benzo-15-crown-
5 (2) in dichloromethane at 25 °C; absorbance in arbitrary units of
picrate extracted into organic phase is plotted as a function of ((M]; +

[A"/AM™]; + [AT] + [L]).
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Figure 3. Stepwise extraction equilibrium constants X, (open symbols)
and K, (closed symbols) for solvent extraction of aqueous alkali picrates
with 15-crown-5 (circle), benzo-15-crown-5 (triangle), and cyclohexano-
15-crown-5 (square) in dichloromethane.
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Table 2. Feasibility of sandwiching complexation as measured by K,/K,
in solvent extraction “and by K,’/K,” in homogeneous solution®at 25 °C.

K,/K, K, /Ky’

Ligand Cation (water-CH,Cl,*) (MeOHY)
15-Crown-5 (1) K* 0.045 0.042

Rb* 0.038 0.028

Cs* 0.021 0.089

T 0.0027 c

Sr2+t 0.000 08 0.27

Ba?* 0.000 11 0.033
Benzo-15-crown-5 (2) K* 0.023 0.044

Rb* 0.022 0.039

Cs* 0.015 0.15

TI* 0.0093 c

) S | 041

BaZ?* 0.000 15 0.098
Cyclohexano-15-crown-5(3) K* 0.016 0.020

Rb* 0.023 c

Cs* e 0.13

“ This work. ® Ref. 20 [for ligands (1) and (2)] and ref. 6 [for ligand (3)].
¢ Not reported. ¢ Sandwich complex not formed under the conditions
employed. ¢ Not determined.

Table 3. Thermodynamic parameters at 25°C (in kcal mol-!¢) for
sandwiching 1:2 complexation in solvent extraction of aqueous metal
picrates with 15-crown-5, benzo-15-crown-5, and cis-cyclohexano-15-
crown-5 ethers in dichloromethane.

Ligand Cation —AG°® —AH° —TAS®
15-Crown-5 (1) K* 4.0 8.6 4.6
Rb* 371 9.96 6.25
Cs* 272 7.65 493
T+ 34 71 37
Sr2* 27 85 5.8
Ba?* 38 17.8 14.0
Benzo-15-crown-5(2) K7 33 17.2 13.9
Rb* 2.82 16.75 13.93
Cs* 2.0 7.3 53
T+ 32 16.3 13.1
Ba?* 25 14.2 11.7
Cyclohexano-15-crown- K* 331 6.44 3.13
5(3) Rb* 342 936 594

“1cal = 4.184].

homogeneous-phase sandwich complexation.®2° We note that
the K,/K,-values possess distinctly different dimensions in the
solvent extraction equilibrium and in the homogeneous-phase
equilibrium, and should not be compared directly. The
sandwich complexation equilibria in the homogeneous solution
are written as equations (la’) and (1b’). Then K,/K,” =

Mrt 4 L= MLm* (12)
ML™* + L ==> ML,"* (16"

((M™*J[ML,™*])/[IML™*]? in the homogeneous solution,
Whereas KZ/KI = ([Mm+]aq[A_]aqm[MLZAm]org)/[MLAm]org2
in the solvent extraction.

By definition, the relative equilibrium constants K,/K; and
K,'/K,’ are related formally to the following equilibria in the
solvent extraction [equation (6)] and in the homogeneous
solution [equation (6")], respectively.

2[MLAm]org=MM+nq + mA—aq + [MLZAm]org (6)
2ML™* == M"* + ML,"* (6)
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As can be seen from Table 2, both K, /K, - and K,’/K,’-values
are critical functions of the diameter and charge of the cation
sandwiched; again, the different dimension applied is respon-
sible for the much smaller K,/K,-values in the solvent
extraction of divalent alkaline earths. The profiles of the change
in K,/K, and K,’/K,’ differ considerably. For the sandwich
complexation of alkali metals by the ligands (1) and (2), the
K,/K,-value decreases with increasing cation diameter, while
the K,’/K,’-value, though it fluctuates, appears to increase with
the cation diameter. The tendency for the alkaline earths, in
spite of the limited data available, also seems reversed.

The primary difference between solvent extraction and
homogeneous-phase complexation is the constituent of the
complexed species, ie. contact ion-pair complexes, MLA,, and
ML,A,, versus dissociated ion complex, ML™* and ML,™* . It
is inferred that the presence of a contacting counteranion in the
primary complex MLA,, interferes with their further association
[equation (6)] to form sandwich complex ML,A,, the
influence of which may be greater for the larger cations, which
originally interact more weakly, as compared with smaller
cations. In the same context, the above mentioned higher
cation selectivity in K, than in K,’, and probably K, may also
be rationalized in terms of the difference in the complexed
species involved. Since the sandwiching complexation [equa-
tion (1b)] in solvent extraction inevitably involves transforma-
tion of the tight contact ion-pair complex MLA,, to the loosely
bound ligand-separated ion-pair complex ML,A,, against the
electrostatic interaction between M* and A~, the originally
less favoured larger cations must be still less efficient in forming
the separated ion-pair complex ML,A,,, while the dissociated
ion complex ML™*, free from the electrostatic interaction with
A7, will form the sandwich complex ML,™* with lower cation
selectivity.

Thermodynamics—The free-energy change (AG®) for the
sandwiching process [equation (1b)] is calculated from the
equilibrium constant X, by equation (7) and is related to the

AG®° = —RT Ik, Q)

enthalpy and entropy changes (AH° and AS®) through the
Gibbs—Helmbholtz equation (8).

AG® = AH® — TAS® ®)

Combining equations (7) and (8), we obtain equation (9)
which describes the temperature dependence of K,.

log K, = (1/2.303R)(AS° — AH®/T) ©9)

Plots of the log K,-value, shown in Table 1, as a function of
the inverse temperature gave good straight lines. The
thermodynamic parameters obtained for each crown ether are
listed in Table 3, and the corresponding data in the
homogeneous solutions in Table 4. In spite of the apparently
different species involved in equations (1b) and (1b"), the
enthalpy and entropy changes of sandwich complexation are in
fair agreement and show similar trends for the solvent
extraction and the homogeneous-phase complexation of the
alkali metals in particular. This may be taken as being natural in
the sense that the equilibria (1b) and (1b’) are both attained in
the homogeneous phase of dichloromethane or methanol.

Enthalpy—Entropy Compensation.—Before discussing
enthalpy-entropy relationships in the solvent-extraction
thermodynamics, we should first examine the data treatment in
our previous paper.>> We formerly gathered the reported
thermodynamic parameters associated with the overall stability
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Table 4. Reported thermodynamic parameters at 25 °C (kcal mol-') for sandwiching 1:2 complexation of various cations with crown ethers in
homogeneous solutions.

Ligand Solvent Cation —AG° —AH® TAS® Ref.
12-Crown-4 MeOH Na* 311 6.70 -360 a
Na* 273 7.52 —-493 b
K* 1.84 1.84 026 b
Ag* 2.59 6.66 —408 b
BaZ* 325 1.36 1.86 ¢
Pb2* 288 229 057 d
Propylene carbonate K* 3.62 2.08 .53 e
MeNO, Li* 2.16 4.60 -244 f
MeCN H* 2.87 5.26 —-241 g
MeCN K* 3.12 347 —-036 e
Thia-12-crown-4 MeOH-water (7:3) Ag* 5.02 10.54 —-552 h
1,7-Dithia-12-crown-4 MeOH BaZ* 243 1.20 122 ¢
15-Crown-5 (1) MeOH Na* 3.78 232 143 i
K* 362 8.80 -520 ik
K* 4.04 8.40 —-500 4!/
K* 338 10.83 —-748 i
K* 3.70 8.10 —440 m
Rb* 337 10.52 =713 i
Cs* 345 5.11 -7t i
Ag* 4.19 1.72 242 n
Ca%* 290 —4.80 700 jk
Ca?* 230 —0.90 300 4/
St2+ 3.59 5.40 —-150 i
Ba?* 356 9.27 -570 i
Pb2* 273 5.04 -231 o
Propylene carbonate K™ 5.16 7.29 -215 e
MeCN H* 487 4.51 033 g
K* 375 7.19 —347 e
Benzo-15-crown-5 (2) MeOH-water (8:2) K* 4.42 12.66 —-824 p
MeOH Na* 330 0.00 328
K* 3.51 10.40 —-691 i
Rb* 349 9.85 —641 i
Cs* 3.66 3.63 000
Sr2+ 345 4.49 -107 i
BaZ* 357 423 -071 i
MeCN H* 445 3.46 09 g
4’-Methylbenzo-15-crown-5 MeOH-water (8:2) K* 4.77 14.33 —883 »p
4’-t-Butylbenzo-15-crown-5 MeOH-water (8:2) K* 4.64 4.26 126 »p
4’-Nitrobenzo-15-crown-5 MeOH-water (8:2) K* 3.68 11.86 —-816 p
4’-Bromobenzo-15-crown-5 MeOH-water (8:2) K* 425 18.99 —1473 p
6-Methylbenzo-15-crown-5 MeOH K* 3.01 6.09 -308 ¢
Cyclohexano-15-crown-5 (3) MeCN H* 5.28 3.65 160 ¢
MeOH Na* 396 3.94 000 ¢
K* 351 8.22 —470 i
Rb* 3.49 1097 —748 i
Cs* n 445 -0.71 i
Sr2* 341 4.95 —-1.57 i
Ba2* 355 8.25 —-470 i
Propylene carbonate K* 4.37 4.80 —-045 e
MeCN K* 341 311 029 e
Thia-15-crown-5 Water Ag* 3.34 347 —-013 A
1,7-Diaza-15-crown-5 MeOH Sr2* 342 2.96 0.43 r
BaZ* 330 2.70 057 r
2-(2-Methoxybenzyl)-15-crown-5 MeOH K* 345 8.80 —-540 ik
K* 336 9.44 -6.09 !/
2-(4-Methoxybenzyl)-15-crown-5 MeOH K* 3.78 7.40 -370 jk
Cs* 3.23 -3.20 600 jk
N-Propyl-monoaza-15-crown-5 MeOH Na* 3.80 —3.50 700 ik
N-(3-Oxabutyl)-monoaza-15-crown-5 MeOH Na* 3.14 0.50 260 jk
K* 2.99 0.60 240  jk
Ca?*t 370 —1.80 5.50 jk
N-Phenyl-monoaza-15-crown-5 MeOH Na* 2.50 4.40 —-192
K* 232 7.67 —534
Rb* 1.86 7.31 —-549 i
Sr2* 345 4.30 —-086 i
BaZ* 344 327 014
18-Crown-6 MeOH Cs* 5.65 1.51 413 |
Cs* 281 332 -051 m
Pyridine Cs* 2.58 5.80 -319 s
Benzo-18-crown-6 MeOH Cs* 3.18 10.30 -720 o
Dicyclohexano-18-crown-6 MeOH Cs* 3.87 6.72 —285 i
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Table 4 (continued)

Ligand Solvent Cation —AG° —AH°® TAS® Ref.

Pyridino-18-crown-6 MeOH Ag* 352 2.58 -094 tm

N-(3-Oxabutyl)-monoaza-18-crown-6 MeOH Na* 3.70 1.40 230 4k
Cs* 287 0.90 190 jk
Ca?* 471 -0.73 500 jk

N-(3,6-Dioxaheptyl)-monoaza-18-crown-6 MeOH Na* 5.10 0.44 470 jk
Ca?* 420 —1.10 530  jk

“Ref. 12.° Ref. 13. Ref. 14. “ Ref. 15. © Ref. 16. 7 Ref. 17. ¢ Ref. 18.* Ref. 19. 7 Ref. 20.7 Ref. 21. * Salt solution used as titrant. ! Ligand solution used as
titrant. ™ Ref. 22. " Ref. 23. ° Ref. 24. ? Ref. 25. 7 Ref. 26. " Ref. 27. * Ref. 28. * Ref. 29.

10
« 096
TAS. 33
(r 0.98;n 77)
7o
Tl e T e
«w Water e
2104 MeOH-Water A
MeOH o A
Miscell. ]
20 10 0
AH (kcal mol™)

Figure 4. Enthalpy-entropy compensation plot for sandwiching 1:2
complexation of mono- and di-valent cations with various crown ethers
in homogeneous solutions; see Table 4 for original data.

10
o 098
TAS, 30
= (r 099;n 13)
g
3
3
-0} System _ M" M
Water—CHZClzo A
20 70 0

AH (keal mol™")

Figure 5. Enthalpy—entropy compensation plot for sandwiching 1:2
complexation in solvent extraction of aqueous metal picrates with some
15-crown-5 derivatives; see Table 5 for original data.

constant B, in the homogeneous solution, with which the
analysis was made in terms of the enthalpy-entropy
compensation effect. The analysis gave the slope and intercept
not for the second, sandwiching process [equation (1b’)] but
for the overall sandwich complexation; these values which,
incidentally, very close to those obtained for the first
stoicheiometric 1:1 complexation [equation (1a’)]. In order to
discuss the very sandwiching process (1b"), we tabulated all the
reported thermodynamic parameters in the homogeneous
phase in Table 4, and the entropy changes are plotted against
the enthalpy change to give an excellent straight line
(correlation coefficient r 0.98), as shown in Figure 4.

Table S. Slope («) and intercept (TAS,) of AH®° — TAS® plots for
stoicheiometric 1:1 and sandwiching 1:2 complexation with various
ligands in homogeneous-phase complexation and solvent extraction.

Homogeneous

Complex phase Solvent extraction

stoicheio-
Ligand metry « TAS, « TAS,
Glyme/podand 1:1 086 23¢
Crown ether 1:1 0.76°  24° 072%  26*

1:2 096°  3.3°¢ 098¢  3.0°
Cryptand 1:1 051  4.0°
Antibiotic 1:1 095  56°
Bis(crown ether)s  1:1 1.03¢ 4.6

? Ref. 33.° Ref. 1. © This work. ¢ Ref. 34.

A similar plot (Figure 5) for the thermodynamic parameters
obtained in the present study (Table 3) also afforded an
excellent straight line (r 0.99) for the sandwiching complexation
in the solvent extraction, although the available size is much
smaller. The slope and the intercept obtained in the
homogeneous solution and in the solvent extraction are
summarized in Table S, together with those for the other ligand
types and stoicheiometries.??

First of all, we emphasize that the solvent extraction and the
homogeneous-phase complexation afford practically the same
slope («) and intercept (TAS,), indicating that the essential
nature of the complexation equilibria (1b) and (1b’) is common
in both systems, regardless of the presence/absence of the
contact counteranion and of the phase difference. The
individual slope and intercept values obtained also shed light on
the detailed mechanism of the hitherto less understood
sandwiching complexation process. According to our previous
studies,>*~3* the slope () and the intercept (TAS,) function well
as quantitative measures of the conformational change and the
extent of desolvation of the components upon complexation,
respectively. Thus the large slope near unity and the positive
intrinsic entropic gain (TAS,) clearly indicate that the enthalpic
gain from the ion—dipole interaction between the cation and the
ligand’s donor atoms is almost totally cancelled by the entropic
loss arising from the accompanying large conformation change,
but the moderate intrinsic entropic gain TAS, arising from
desolvation makes sandwich complexation possible even in the
absence of enthalpic gain.>? These slopes (« 0.98 or 0.96) are
much larger than those for the 1:1 complexation (0.72 or 0.76)
and rather comparable to those for macrocyclic antibiotics
(0.95) and bis(crown ether)s (1.03). These results strongly
indicate that, upon sandwiching complexation, not only does
the second crown ether form a sandwich but also the originally
ligating crown ether must suffer substantial conformational
changes in the second complexation process (1b) or (1b").
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