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Enthalpy and entropy changes for ion-pair extractions of tetraalkylammonium ions (MesN+, Et{N*,
n-PryN+, n-BusN+) with picrate anions, overall extractions of alkali metal (Na, K, Rb, Cs) picrates with 18-
crown-6 (18C6), and distribution of 18C6 itself were determined between benzene and water, Me, Et, n-Pr, and
n-Bu denoting methyl, ethyl, propyl, and butyl groups, respectively. All the extracted 18C6 complexes were
1:1:1 complexes (alkali metal ion:18C6: picrate anion). The values of enthalpy and entropy changes are
negative for overall extractions of all the alkali metal picrates with 18C6. Plots of thermodynamic
quantities for ion-pair extractions of R4NA vs. the number of carbon atoms of R4N* show a linear relationship,
R4N+ and A~ being tetraalkylammonium ion and picrate anion, respectively. Enthalpy and entropy changes
were calculated for ion-pair extractions of 18C6-alkali metal ion complexes with picrate anions. The
thermodynamic parameters for ion-pair extractions of 18C6-alkali metal picrate complexes were compared
with those of R4NA, and were discussed in detail from the standpoint of molecular grounds. It was found from
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these data that the 18C6-K* complex acts as a structure breaker in water.

Numerous data have been presented on complexing
power of crown compounds for metal ions. However,
a few reports have been published on solvation
properties of the crown compound complexes. Ion-
pair extraction study of crown compound complexes
provides very valuable information on solute-solvent
interaction of the crown compound complexes in
water.V

One of the principal objects of this paper is to
investigate solvation behavior of the crown compound
complexes in water. In the present work, enthalpy
and entropy changes for ion-pair extraction of 18-
crown-6 (18C6)-alkali metal ion complexes and
tetraalkylammonium ions (R4N+) with picrate anions
(A-) have been determined between benzene and
water. Thermodynamic quantities for ion-pair
extraction of 18C6- and 15-crown-5 (15C5)-alkali
metal picrate complexes were compared with those of
R4sNA, and were discussed in detail from the
standpoint of molecular grounds.

Experimental

‘Materials. Tetramethyl-, tetraethyl-, tetrapropyl-, and
tetrabutylammonium hydroxides (Wako-Pure Chemicals
Ltd.) were used as received. 18-Crown-6 (Nisso Co., Ltd.)
was recrystallized from acetonitrile and, prior to use, dried at
80 °C in vacuo. Benzene, picric acid, LIOH-H20, NaOH,
and KOH were analytical grade reagents. Rubidium and
caesium hydroxides were of reagent grade. Benzene was
washed three times with distilled water.

Extraction Procedure. (1) Ion-pair extraction of tetra-
alkylammonium picrate. A benzene phase and an aqueous
phase of ReNOH (1.7X1074—3.2X10-2 M), LiOH (0.1 M),
and picric acid (4.2X1075—5.1X10~3M) in stoppered glass
tubes (30 ml) or Erlenmeyer flasks with stoppers (300 ml)

t 1 M=1moldm3.

were shaken for 2h in a water bath thermostated at 20, 25,
30, 35, and 401+0.2°C, and centrifuged. For EuNA, n-
PrsNA, and n-BusNA systems, the initial volume of each
phase was 12 ml, whereas, for the MesNA system, those of
benzene and aqueous phases were 200 and 20ml,
respectively. Extractions were conducted at pH 12.5—13.1.
A portion of the benzene phase (10 ml for the former systems
and 100 ml for the latter system) was transferred to a beaker
and allowed to evaporate over several days. The residue was
dissolved in 0.01 M NaOH aqueous solution (4 ml) and the
picrate concentration was determined spectrophotometrical-
ly at 356 nm (¢=1.45X104 cm~1 M~1). (2) Extraction of alkali
metal picrates with 18C6. Experimental procedures and
concentrations of 18C6, alkali metal hydroxides, and picric
acid were almost the same as those described in a previous
paper.? Extractions were performed at pH 11.1—12.3 at 20,
30, 35, and 4010.2 °C.

The Distribution Coefficient of 18C6. A 12 ml benzene
solution of 18C6 (2.0X105—9.3X104M) and an equal
volume of distilled water in a stoppered glass tube were
shaken in a thermostated water bath for 1 h and centrifuged.
A portion (11 ml) of the benzene phase and an equal volume
of aqueous solution (pH 11.7—12.3) of KOH (3X10-2 M)
and picric acid (8X10~3 M) were placed in a stoppered glass
tube and agitated. After centrifuging, the picrate in the
benzene phase was back-extracted into 8 ml of 0.01 M NaOH
aqueous solution, and the picrate concentration was
determined spectrophotometrically (Amax=356 nm, £=1.45X
104 cm~! M-1). Experiments were carried out at 20, 30, 35,
and 4010.2 °C. Each distribution coefficient value of 18C6 is
the average of about seven measurements.

Results

Ion-Pair Extraction of R{NA. In an equilibrium
between benzene and an aqueous solution of R4NA,
the equilibrium constants are defined as

Ky (RNA) = [R,NAJ/[R,N*][A-], O
Kp(RyNA) = [RyNAJ/[R,NA], (2
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Kox,1p(RNA) = [R,NA],/[RN+][A-]
= K4 (R{NA)Kp (R,NA), (3)
where the subscript “0” and the lack of subscript
denote the organic and aqueous phases, respectively.
The distribution ratio of R4N* is represented by

D = [R,NA],/([R,N*] + [R,NA]). 4)
Combination of Eqs. 1—4 leads to
D! = Kp(RyNA)=! + (Kex,1p(RNA)[A-])2. ©)

A plot of D-! against [A~]~! shows a straight line in
every case. Values of Kexip(R4NA) were calculated
from the slopes of these straight lines. Kp(R4sNA) and
Ka(R4NA) values could be obtained only for the
n-BusNA system at 25°C (Kp=4, Ka=1.4X103). Kp
values of n-BusNA and K(18C6)A (3.79) are almost the
same, but, Ka value of n-BusNA is one order of
magnitude over that of K(18C6)A (1409).

RIn Kexip(R4NA) vs. T-1 plots are found to be linear
in every system. Enthalpy change (AHx,ip(R4NA)) and
entropy change (ASeip(R4NA)) for Eq. 3 were
calculated from these data. The thermodynamic
quantities are listed in Table 1.

Extraction of Alkali Metal Picrates with 18C6.
When an equilibrium is established between an
aqueous phase of alkali metal ion (M*) and picrate
ion, and a benzene phase of crown ether (L), the
equilibrium constants are defined as

Kox = [MLA]o/[M*][L]o[A7], (6)
Kp(L) = [L]o/[L], 9
Ky = [ML+]/[M*][L], ®
Kox,1ip(MLA) = [MLA],/[ML*][A-]. ®

Thus, K.x can be written as

Kex = KML'Kex.lp(MLA) ’KD(L)—I' (10)
The distribution ratio of the alkali metal is repre-
sented by

D = [MLA],/[M+]. (11)

Table 1. Thermodynamic Quantities for Ion-Pair
Extraction of Tetraalkylammonium Picrates
between Benzene and Water

log(Kex,ip/ AH oy, 1p/ TAS ox, 1p/
mol-1 dm?3) kJ mol-1 kJ mol-1
(at 25°C) (at 25°C)
Me,NA —2.06 0 —12.,
Et,NA —0.60 5.3 1.8
n-Pr,NA 1.61 10., 19.,
n-Bu,NA 3.67 15., 35.4
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Combination of Egs. 6 and 11 leads to
D= Kex[L]o[A—]' (12)

Log (D/[A-]) vs. log [L]. plots give a straight line with
a slope of 1 in every case. This indicates that the K.,
can be described by Eq. 6. The values of [L], and [A-]
in Eq. 12 were calculated by

[L]o = ([L].—[MLAJ,)/(1 + Kp(L)™), (13)
[A7] = [HA], — [MLA],, (14)

where the subscript “t” refers to the total concentra-
tron.

RlIn Kp(L) vs. T-1 and Rln K vs. T-! plots show a
linear relationship in every system. Enthalpy and
entropy change for Eqgs. 6 and 7 were calculated from
these data in the same manner as that mentioned
above. The thermodynamic parameters are sum-
marized in Table 2.

Discussion

Ion-Pair Extraction of R4NA. It can be seen from
log Kex,ip values in Table 1 that the larger the size of
R4N+ is, the more extractable into benzene it is. Plots
of log Kexip(R4NA) against the number of carbon
atoms of R4N+* give a straight line with a slope of

Table 2. Thermodynamic Quantities for Extraction of
Alkali Metal Picrates with 18C6 between
Benzene and Water

log Kp(L)*® = —1.19,

log K,.*? log Ky,» log Koy, 1p*'?
Na 3.39 0.80% 1.39
K 5.97 2.0349 2.74
Rb 5.43 1.569 2.67
Cs 4.38 0.99% 2.19

AH®,(L)/k] mol-1=37 ., TAS®,(L)/k] mol-1» =30,
AH°/k] mol-1 '

AH,, AH®y,, AHC,,
Na —34., —-9.41v 12.4
K —~77.4 —25.01® —14.
Rb —77.¢ —16.0% —24.,
Cs —66., —15.9% —12.4
TAS°/k]J mol-12.©
TAS® TAS s TAS®.e,1p
Na —14., —4.69 20.,
K —42 . —13.22% 0.8
Rb —46., —7.19 —8.
Cs —40., —10% —0.5

a) at 25°C.

b) AH®,.=—AH°,(L)+AH .+ AH®,, ;.

c) AS°=—AS°(L)+AS°ur+ AS®...1p, where sub-
scripts “‘ex, D, ML, and ex,ip” refer to reactions re-
presented by Egs. 6—9, respectively.
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Fig. 1. Plots of thermodynamic parameters for ion-
pair extraction of R4NA vs. the number of carbon
atoms of R{N*.

0.48;. This indicates that the contribution of a
methylene group to extraction constants of ion-pairs
({Icn,) at 25°C between benzene and water is 0.48s.
The Ilch, value determined from the extraction of ion-
pairs of alkanesulfonate ions with cationic dyes be-
tween benzene and water at 25 °C has been reported
to be 0.64,9 and is larger than that of this study. This
may be due largely to the difference in the shape of
tetraalkylammonium and alkanesulfonate ions.

Plots of thermodynamic parameters for ion-pair
extraction of R4NA vs. the number of carbon atoms of
R4N+in Fig. 1 show a linear relationship. Contribu-
tions of a methylene group to AH and AS of ion-pair
extraction (AHeip(CH2) and ASexip(CHz)) between
benzene and water were found from the slopes to be
1.25 k] mol-1 and 13.5 J K-! mol-1, respectively. Posi-
tive AHexip(CHz) and ASex;p(CHz) values suggest that a
methylene group may undergo hydrophobic hydra-
tion in the aqueous phase. From values of enthalpy
and entropy changes of hydration of hydrocarbons
(methane-butane),” enthalpy and entropy increments
per methylene group were calculated to be —3.63
kJ mol-! and —12.5 J K- mol~1, respectively. Values
of AHeip(CHz2) and ASexip(CH2) determined in this
work are comparable to the reported values. It follows
from this finding that dehydration of CH; plays a very
important role in the transfer equilibrium of CHg
from water to benzene. The value of TAS(CHz)
at 25°C 1s 3.2 uumes larger than that of AH,;,(CHz).
This indicates that when the alkyl chain in R4N*
lengthens, an increase in extractability of R4NA is
largely entropy controlled.

Thermodynamics on Extraction of 18-Crown-6 Complexes
and R4N* with Picrate Anions
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Table 1 shows that the ion-pair extraction process
of n-PryNA and n-BusNA is mostly entropy con-
trolled, resulting in the positive log Ke,p values,
whereas, for MesNA and EtsNA, unfavorable entropy
and enthalpy change cause the negative log Kexp
values, respectively.

The larger the size of R4N*, the greater the AScp
value and the more endothermic is the ion-pair extrac-
tion process of R4NA (AHcxip=0 for MesNA). The
negative AS., value is observed only for MesNA.
This tendency seems to reflect the change from
structure-breaking effect of MesN*+ to structure-
making effect of n-BusN+ in an aqueous solution.®

A plot of AHp against reciprocal of the radius of
R4N+* shows a better linear relationship compared to
the case of AS.x,ip (correlation coefficient r=—0.992 and
—0.983 for AHcxi, and ASep, respectively). This
indicates that AHe,, is composed more largely of
electrostatic interaction compared to ASex,p.

Distribution of Crown Ethers. Values of log Kp(L)
at 25 °C of 12-crown-4 (12C4) and 15C5 between ben-
zene and water are —0.82%9 and —0.806,2 respectively.
From log Kp(L) values of 12C4, 15C5, and 18C6, the
contribution of an ether oxygen atom to log Kp(L)
(I1,) at 25°C between benzene and water can be
evaluated by means of Ilcu. value determined in this
work (IT,=(log Kp(L)—IIcn.Xa)+b, a and b being the
number of methylene groups and ether oxygen atoms,
respectively). Values of I1, are —1.17, —1.13,, and
—1.169 for 12C4, 15C5, and 18C6, respectively. They
are almost the same. The II, value is —1.16 on the
average. It can be seen from IIcu. and IT, values that a
methylene group is lipophilic, whereas an ether
oxygen atom is hydrophilic. Values of log Kp(L) at
25°C of crown ethers between benzene and water,
which are unknown, can be estimated from these
empirical parameters.

In a similar manner as above, the contribution of an
ether oxygen atom to AHp(L) (AHp(0)) and ASp(L)
(ASp(0)) between benzene and water was calculated
from AHp(L) and ASp(L) of 15C5 (20.9 k] mol-! and
53.9 J K-1mol-}, respectivelyl®) and 18C6 by use of
AH.yis(CHz) and AS.xip(CH2) determined in this study
(AHp(0)=(AHp(L)—AH.x;s(CHz)Xa)+b, ASp(0)=(ASp-
(L)—ASex,ip(CHz)Xa)+b).  Values of AHp(o) and
ASp(o) are 1.7 k] mol-! and —16 J K-1 mol-! for 15C5,
and 3.8kJmol-! and —10]JK-!mol-! for 18CS6,
respectively. They are roughly equal. Values of
AHp(o) and ASp(o) are 2.8k]J mol-! and —13 J K-1
mol-! on the average, respectively. Positive AHp(0)
value and negative ASp(o) value seem to reflect the
interaction between the ether oxygen atom and water.
The strong interaction of an ether oxygen atom with
water has been reported.!V By using these empirical
thermodynamic parameters, AHp(L) and ASp(L) of
crown ethers between benzene and water can be
roughly estimated.
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Transfer process of 18C6 from water to benzene is
endothermic, and the ASp(18C6) value between
benzene and water is positive. Favorable TASp(18C6)
value at 25°C for transfer of 18C6 from water to
benzene is completely canceled by larger unfavorable
AHp(18C6) value, resulting in relatively large negative
log Kp(18C6) value. A similar tendency is observed for
partition of 15C5 itself between benzene and water.1?

Extraction of Alkali Metal Picrates with 18C6.
Table 2 shows that both AH.x and AS. values of 18C6
for all the alkali metals are negative. The same trend
is observed for 15C5,19 benzo-15-crown-5,12 and
dibenzo-18-crown-6!? between benzene and water, and
for 15C5'9 and 18C6'® between CHCls and water.
Differences in AH., values among K, Rb, and Cs are
small, whereas AH., value of Na is much larger than
the others. The same is true for TAS.x values. The
smallest AH value of K is balanced by the second
smallest TAS.x value, leading to the largest log Kex,
and much the greatest AHex and TAS.x values of Na
compensate each other, resulting in the smallest log
K. Values of AHp(18C6) and ASp(18C6) play a
major role in determining the magnitude of AH., and
AS.x values, respectively, whereas AHmr, AHx,ip, ASML,
and AS..,;p values play a minor role.

Ion-Pair Extraction of Crown Ether-Alkali Metal
Ion Complexes with Picrate Anions. Ion-pair extract-
ability at 25°C of M(18C6)A between benzene and
water increases in the order, Na<Cs<Rb<XK (Table 2).
Much the largest AHexjp and ASep values of Na
compensate each other, resulting in the lowest ion-
pair extractability (Table 2). Ion-pair extraction of
K(18C6)A and Cs(18C6)A is completely enthalpy con-
trolled. The smallest AHex,ip and ASe,ip values of Rb
balance each other, leading to the second greatest ion-
pair extractability.

As can be seen from Table 2, both AHex,ip, and ASexip
values vary fairly with the alkali metal ion. This may
reflect differences in interactions of 18C6-alkali metal
ion complexes with picrate anions in an aqueous
phase and water molecules.

Values!® of log Kexjp, AHexip, and TASep of
18C6-alkali metal picrate complexes between CHCl3
and water are as follows.

Na K Rb Cs
log (K, . 1p/mol-1 dm?) 3.46  4.83  4.88  4.42
(at 25°C)
AH®,.1,/k] mol! —18., —33., —45., —43.,
TAS®ox.1p/k] mol-1 0.6 —6.4 —17., —18.,

(at 25°C)

Log Kexp(MLA) value of the CHCls/H20 system is
about 2 larger than that of the benzene/H20 system.
The difference in log Kexip(MLA) values between
CHCI3 and benzene systems (ca. 2) is smaller than
that in individual extraction constants for solvents
between CHCIls and benzene (3.4—4.2).1® It is
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impossible to explain the large difference at the
present time.

Both AHep and ASexip of the 18C6-alkali metal
picrate complex increase very much from CHCIs to
benzene. This indicates that the interaction of the
18C6-alkali metal picrate complex with CHCls is
much stronger than that with benzene. It thus appears
that ion-pair of the 16C6-alkali metal ion complex
with picrate anion is extracted into CHCls much more
than into benzene.

Differences in AHex i, and AS.x,ip values of the 18C6-
alkali metal picrate complex between benzene and
CHCl3 (A(AHex,ip) and A(ASex,ip)) express enthalpy and
entropy change of transfer of the 18C6 complex, respec-
tively, from benzene (or CHCIl3) to CHCls (or
benzene). A large difference in A(AH.,p) values of
18C6 complexes is found between a group of Na and
Cs and that of K and Rb. The same is true for A(ASex,ip)
values. This may reflect the difference in solute-
solvent interactions caused by the difference in
structures of the 18C6-alkali metal picrate complexes;
namely, K+ and Rb+ have more suitable sizes for the
18C6 cavity than Nat and Cs*.

Values!® of 10g Kex,ip, AHex,ip, and TASex,ip of 15C5-
sodium picrate complex between benzene and water
are 2.40 (at 25°C), —18.1 k] mol-}, and —4.6 k] mol!
(at 25°C), respectively. Since Nat and K+ fit most
nicely into 15C5 and 18C6 cavity, respectively, the
metal ion trapped in the cavity is most effectively
screened by the crown ether from environmental
solvents. A nitrogen atom of tetraalkylammonium
ion is well-shielded by four alkyl groups. Sizes of
n-PryN+ and n-BusN+ ions are nearly equal to those of
15C5-Nat and 18C6-K+ complexes, respectively.l?
Thus, it is interesting to compare the ion-pair-
extraction process of 15C5-NaA and 18C6-KA
complexes with that of n-PryNA and n-BusNA,
respectively, from a thermodynamic point of view. A
striking difference is found between the crown ether
complexes and the tetraalkylammonium picrates.
Values of AHeip and ASeip of 15C5-NaA and
18C6-KA complexes except for ASe,p value of the
18C6-KA complex are negative, and ASey,p value of the
18C6-KA complex is nearly equal to zero (Table 2).
On the contrary, all the AH i, and ASep values of
n-PryNA and n-BusNA are positive. Values of AHeip
and ASexip of the crown ether complex (18C6-KA,
15C5-NaA) are much smaller than those of the
corresponding R4NA (n-BusNA, n-PryNA). Ion-pair
extraction of the crown ether complexes is enthalpy
controlled, whereas, that of n-PrsNA and n-BusNA is
entropy controlled. Ion-pair extractability at 25 °C of
the 18C6-KA complex is lower than that of n-BusNA,
and the contrary holds for the 15C5-NaA complex and
n-PrsNA. From the above discussion and the fact that
both n-PryN+ and n-BusN+* are structure makers in an
aqueous solution,® it may be concluded that both
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18C6-K+ and 15C5-Nat complexes act as a structure
breaker in water. In a series of our conductance
studies,5:18-20 it was reported that the 18C6-K+
complex acts as a structure breaker in protic solvents.
The result of this study for the 18C6-K+ complex
agrees with that of conductometry.

References

1) Y. Takeda, ‘“The Solvent Extraction of Metal Ions by
Crown Compounds, Host Guest Complex Chemistry III,”
Springer-Verlag, Topics in Current Chemistry, Vol. 121,
Berlin, Heidelberg (1984), Chap. 1.

2) Y. Takeda and H. Gotd, Bull. Chem. Soc. Jpn., 52, 1920
(1979).

3) T. Iwachido, A. Sadakane, and K. Toei, Bull. Chem.
Soc. Jpn., 51, 629 (1978).

4) R. M. Izatt, R. E. Terry, B. L. Haymore, L. D.
Hansen, N. K. Dalley, A. G. Avondet, and J. J. Christensen,
J. Am. Chem. Soc., 98, 7620 (1976).

5) Y. Takeda and O. Arima, Bull. Chem. Soc. Jpn., 58,
3403 (1985).

6) S. Motomizu, A. Fujiwara, and K. Toei, Bunseki
Kagaku, 32, 91 (1983).

7) T.]J.Morrison and F. Billet, J. Chem. Soc., 1952, 3819.

8) C. V. Krishnan and H. L. Friedman, J. Phys. Chem.,
74, 2356 (1970).

Thermodynamics on Extraction of 18-Crown-6 Complexes
and R4N* with Picrate Anions

2317

9) Y. Takeda, Bull. Chem. Soc. Jpn., 53, 2393 (1980).

10) Y. Takeda, T. Namisaki, and S. Fujiwara, Bull. Chem.
Soc. Jpn., 57, 1055 (1984).

11) M. J. Harris, T. Higuchi, and J. H. Rytting, J. Phys.
Chem., 77, 2694 (1973).

12) Y. Takeda, Bull. Chem. Soc. Jpn., 56, 931 (1983).

13) A. Sadakane, T. Iwachido, and K. Toei, Bull. Chem.
Soc. Jpn., 48, 60 (1975).

14) Y. Takeda, unpublished data.

15) Y. Takeda and A. Tanaka, Bull. Chem. Soc. Jpn., 59,
733 (1986).

16) 1. Kasahara, Y. Ohgaki, K. Matsui, K. Kano, S.
Taguchi, and K. Goto, Nippon Kagaku Kaishi, 1986, 894. log
Kex,ip:log Kcalion+10g Kanion+10g Ksowven, where Keation, Kanion,
and Konene are the individual extraction constants for the
cation, anion, and solvent, respectively. The individual
extraction constants were assigned to some ions and solvents
on the assumption,

Kl’quS‘ = KPh.B‘, Kbenzene = 1.0.

17) Y. Takeda, H. Yano, M. Ishibashi, and H. Isozumi,
Bull. Chem. Soc. Jpn., 53, 72 (1980).

18) Y. Takeda, Bull. Chem. Soc. Jpn., 56, 866 (1983).

19) Y. Takeda, Bull. Chem. Soc. Jpn., 58, 1259 (1985).

20) Y. Takeda, IONICS, 11, 49 (1985).




