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In order to obtain enthalpy (AH?Y) and entropy changes (AS?) for overall extraction reactions of 15-crown-5
(15C5) with alkali metal picrates between benzene and water, and those (AH3 and AS3) for partition of 15C5
itself, overall extraction equilibrium constants of 1:1:1 complexes of 15C5 with the salts and distribution
coefficients of 15C5 were determined at 20, 30, 35, and 40 °C. The AHS and ASY values of 15C5 for the alkali
metals are all negative. Both the AHS and AS$ values are positive. In general, the AHS and AS? values play a
major role in determining the magnitude of AH{ and ASY values, respectively, except the case of entropy change
for the potassium system. Enthalpy (AHZ) and entropy changes (ASY) for ion-pair extractions of 15C5-alkali
metal ion complexes by picrate anions were calculated by using the AH{ and ASY values, and the literature
values for complex-formation reactions of 15C5 with alkali metal ions in water. Both AH{ and ASY values vary
with the alkali metal ion held in the 15C5 cavity. The AHY and ASj values for Nat, Rb*, and Cs* are all

negative, whereas those for K* are all positive.

15-Crown-5 (15C5) constitutes a most fundamental
skeleton along with 12-crown-4 and 18-crown-6 among
various crown compounds. Benzo-15-crown-5 (B15C5),
which is a derivative of 15C5, is used as a pendant of
polymers, a moiety of bis(crown ether)s, and a colori-
metric reagent. These compounds are important for
analytical chemistry as versatile agents in solvent
extraction. Thus, a detailed study on the extraction
process of metal ions with 15C5 and B15C5 would be
in order.

For the benzene/water system, extraction-selectivity
tendencies of 15C5 and B15C5 for alkali metal ions are
almost similar to each other, which are consistent with
size relationship.1'2) The extractability of 15C5 for the
same alkali metal ion is larger than that of B15C5
except for Lit.1:2  For further study on the role of
B15C5 in the extraction process, enthalpy and entropy
changes for the overall extraction reactions of B15C5
with sodium and potassium picrates have been deter-
mined.3 The enthalpy and entropy changes for both
systems are large and negative.3)

In the present work, enthalpy and entropy changes
for the overall extraction reactions of 15C5 with alkali
metal picrates, and those for partition of 15C5 itself
have been determined between benzene and water.
Enthalpy and entropy changes for ion-pair extractions
of 15C5-alkali metal ion complexes by picrate anions
were calculated by using these thermodynamic quanti-
ties and the literature values for complex-formation
reactions of 15C5 with alkali metal ions in water.

Experimental

15-Crown-5 (Nisso Co., Ltd.) was used without further
purification. Benzene, picric acid, NaOH, and KOH were
analytical grade reagents. Rubidium and caesium hydrox-
ides were reagent-grade. Benzene was washed three times
with distilled water.

The benzene phase of 15C5 (1.3X1074—5.8X10"2M;
1 M=1 mol dm™3), and the aqueous phase of the alkali metal
hydroxide (6.1X1073—1.2X1072M) and picric acid ((4.1—
9.7)X1073 M) in a stoppered glass tube (30 ml) were shaken
in a thermostated water bath for 45 min and centrifuged. The
initial volume of each phase was 10ml in all the cases.
Extractions were carried out at pH 10.0—11.7. 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, e=1.45X
10*cm~™!M™1). In blank experiments, there was no extrac-
tion in the absence of 15C5. Extractions were conducted at
20, 30, 35, and 4010.3 °C.

The Distribution Coefficient of 15C5. A 13 ml benzene
solution containing 15C5 (7.7X107°—6.0X107* M) and an
equal volume of distilled water in a stoppered glass tube
were shaken in a thermostated water bath for 40 min and
centrifuged. A portion 12 ml of the benzene phase and an
equal volume of aqueous solution (pH 10.5—11.0) contain-
ing NaOH (1.1 X107!M) and picric acid (1.0X10™!' M) were
placed in a stoppered glass tube and shaken. After centrifug-
ing, the picrate in the benzene phase was back-extracted into
10 ml of 0.01 M NaOH aqueous solution, and the picrate
concentration was determined spectrophotometrically (Amax=
356nm, £=1.45X10*cm™!'M™!). Experiments were con-
ducted at 20, 30, 35, and 40£0.3 °C.

Results

When an equilibrium is established between an
aqueous phase of alkali metal ion (M%) and picrate ion
(A7), and a benzene phase of crown ether (L), the
equilibrium constants is defined as

Kex=[MLAJ/[M*][L][A], (h
Kp,L=[L]./[L], @)
Kmi=[ML*}/[M*][L], 3)
Kex=[MLAJo/[ML*][A7], (4)

XX

where the subscript “0” and the lack of subscript
denote the organic and aqueous phases, respectively.
Thus, K. can be written as

Kx=KmiKvKp L7l (5)
The distribution ratio of the alkali metal may be
represented by
D=[MLA}/[M*]. (6)
The substitution of Eq. 1 into Eq. 6 gives
D=Ku[L][A"]. (M

Log (D/[A7]) us. log [L]o plots show a straight line
with a slope of 1 in every case. This indicates that the
K.x can be described by Eq. 1. The values of [L], and
[A7]1in Eq. 7 were calculated by
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T/\Bl,l", 1. SUMMARY OF EQUILIBRIUM CONSTANTS
Temp/°C  Kp,. log Ko
Na* K* Rb* Cst
20 0.12 406 268 230  2.05
25Y 0.15¢ 3.90 2.58 2.14 1.90
30 0.163 380 253 203 1.81
35 0.200 3.68 2.4l 1.95 1.65
40 0.22, 352 237 1.86 1.57
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Fig. 1. —RIn Kpy vs. T71 plots for 15C5 between

benzene and water.

[Ll=(L}—[MLAL)/(1+Kp.™"), 8)
[A]=[HA]—[MLA], 9)

where the subscript “t”” denotes the total concentra-
tion. The equilibrium constants are listed in Table 1.

It can be seen from Figs. 1 and 2 that the —RIn Kp,.
vs. T~'and RIn K. vs. T7! plots show a linear rela-
tionship. The enthalpy change (AH?) and the entropy
change (AS?) for Egs. 1 and 2 were calculated from
these data by means of the following equations:
AG°=—RTInK and AG°=AH °—TAS°, where AG° and
the subscript ““n”’ designate the free energy change and
the number of equation, respectively. The thermody-
namic quantities are summarized in Table 2.

Discussion

As can be seen from Table 2, the TAS$ value is can-
celed by the AH? value, resulting in much greater sol-
ubility of 15C5 in water than in benzene. The AHY
and TAS3 (at 25°C) values of dibenzo-18-crown-6
(DB18C6) between benzene and water are 8.4 and
25 k] mol~! respectively.® 15-Crown-5 and DB18C6
are hydrated in an aqueous phase through hydrogen
bonds between ether oxygen atoms of the crown ethers
and water molecules. When the crown ethers pass over
into the benzene phase from the aqueous phase, the
water molecules bound to the crown ethers have to be
released. The breaking of the hydrogen bonds and the
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Fig. 2. RIn K vs. T7! plots for 15C5-alkali metal
picrate systems between benzene and water.
TABLE 2. 'THERMODYNAMIC QUANTITIES

TAS$/k] mol™!
(at 25 °C)=16.,

AH$/K] mol~1=20.,

AH/k] mol~1
n=l1 n=3" n=4
Na+ —45.3 —6.28 —-18.,
K+ —27.3 -17 10.¢
Rb+ —37.1 —17.95 —8.5
Cs* —42.5 —5.4 —16.,
TAS3/k] mol~! (at 25°CG)™
n=1 n=3% n=4
Nat —22.9 —2.2 —4.4
K+ —125 —13.0 17
Rb+* —25.3 —4.4 —4.4
Cs* -3l —0.6 —15

a) AHP=—AH$+AHS+AHS, b) ASS=—AS+ASS
ASS

release of the water molecules would lead AH3 and
AS3 of both 15C5 and DB18C6 to positive values. The
same tendency has been reported for transfer of 18-
crown-6 and cryptand 222 from water to methanol
(AHS and AS5>0).6)

The AHY and ASY values of 15C5 for all the alkali
metal ions are negative (Table 2). Both AHY and AS?
values vary somewhat with the alkali metal ion
trapped in the 15C5 cavity. Tables 1 and 2 show that
the smallest —AH?{value of K* is balanced by the
smallest —TASY value, resulting in the second largest
log Kex value and the second largest —AH?{ value of
Cs? is canceled by the largest —TASY value, resulting
in the smallest log K value.

In general, the AHS and AS$ values play a major
role in determining the magnitude of AH{ and AS?
values, respectively, except the case of entropy change
for the potassium system, whereas the AH3 and AS3
values play a minor role except for the potassium
system.
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Both AHZ and AS{ values vary with the alkali metal
ion held in the 15C5 cavity (Table 2). This may be
attributed to the fact that, since surface charge of alkali
metal ions larger than the 15C5 cavity is not effectively
shielded by the 15C5 ring, chemical natures of the 15C5
complexes with alkali metal ions (Na*t, K*, Rb*, Cs*)
are different from each other. - The Kex value (at 25 °C)
sequences of 15C5 for the alkali mtal ions are Na*>K*
>Rb*>Cs*. The highest extractability for Nat-15C5
complex is due to the largest —AH{ and the second
smallest —TAS{ values. The second greatest —AHY
value of 15C5 complex with Cs* is canceled to a con-
siderable extent by the largest —TASj value. Thus, the
15C5 complex with Cst shows the lowest extractabil-
ity. It is very interesting that AH{ and ASY values for
15C5 complexes with Na*t, Rb*, and Cs* are all nega-
tive, whereas those for 15C5 complex with K* are all
positive. For the reaction corresponding to Eq. 4, the
number of chemical species is larger for the reactant
system than for the product system. This is presuma-
bly the dominant factor in determining the AS7 values
of 15C5 complexes with Nat, Rb*, and Cs* to be nega-
tive. The fact that, although the AH{ value of the
15C5 complex with K* is by far the most unfavorable-
or ion-pair extraction of the K* complex, the extrac-
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tion efficiency of the K* complex is the second largest
depends totally on much the greatest TAS? value
(Table 2). The reason why the AH¢ and ASY values of
the 15C5 complex with Kt are positive and large can-
not be clearly explained at the present time. However,
it is conceivable that the positive AS} value of the 15C5
complex with K* is due to the difference in the hydra-
tion state between the 15C5 complex with Kt in the
aqueous phase and the 15C5 complex with potassium
picrate in the benzene phase.
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