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Formation constants of the 1 : 1 complexes of lithium ion in acetonitrile (AN) with DMF, DMSO, DMA,
and HMPA and of sodium ion in AN with 15-crown-5 (15C5), 18-crown-6 (18C6), dibenzo-18-crown-6 (DB18C6),
and cryptand 211 (Cryp 211), were determined at 10, 25, and 40 °C by potentiometric methods with a cation-

sensitive glass electrode.

From the change of the formation constants with temperature, thermodynamic param-

eters AGoys, AH %95, and — T AS 5y, were obtained. AG 5y, AH 5y, and — T'AS 5, all in kJ mol~1, for Lit-solvent
complexes were, respectively, —7.9, —9.y, 4+1.; for DMF, —9.7, —10.,, +0.; for DMSO, —10.0, —9.,, —0.,
for DMA, and —18.9, —15.4, —3., for HMPA, and those for Na*-macrocyclic polyether complexes, —28.4, —24.,,
—4.; for 15C5, —27.2, + 1., —28., for 18C6, —28.6, —14.;, — 14., for DB18C6, and —51.9, —53.,, +2., for

Cryp 211.

In the previous papers,’~3 we reported the successive
formation constants of complexes of several univalent
cations in acetonitrile (AN) with other donor solvents.
They were obtained potentiometrically at 25 °C by
using a univalent cation-sensitive glass electrode
(Beckman 39047). In this paper, intending to under-
stand the complexing phenomena in more detail, we
have determined at several different temperatures the
formation constants of lithium ion in AN with some
basic aprotic solvents and obtained the values of AG 34,
AH3s, and — T'AS5 for the reaction shown by Eq. 1:

Lif + D = Lij, (1)

where Li¢ is the lithium ion solvated only by AN and
Li} that complexed by one molecule of solvent D. We
have also obtained similar thermodynamic parameters
for the complexing (Eq. 2) of the sodium ion in AN with
some macrocyclic polyethers by a potentiometric
method:

Na} 4+ L = Naj, (2)
where Naj is the sodium ion solvated only by AN and
Naj that complexed by macrocyclic polyether L. The
general construction of the cell used for the measure-
ments was as follows:

5% 108 M AgNO; + [5x10"2M
€110-2 M Et,NCIO,(AN) |Et,NCIO,(AN)
103 M M*CIO, +10"2 M
Et,NCIO,(AN+Dor L) |glass electrode
(Cell T)

Cation-sensitive

where M+ was Li; for reaction (1) and Na+ for reaction
(2). .
Complexing of the Lithium Ion in AN with Other Aprotic
Solvents. The formation constant, K; in mol-! dm3,
for reaction (1) is defined by
— _ (Lig)

= Thmr @)
where (Li¢) and (Li3) are the activities of Li§ and Li3,
respectively, and [D] is the concentration of solvent D.
The values of K, at 10, 25, and 40 °C were determined
by the same method as those in the previous papers.1—%
From the relation between RInK; and 1/7, AHz,

Some features about the roles of enthalpy and entropy terms in complexing have been discussed.

was obtained using the SALS program of the Tokyo
University Computer Center. The value of — TASS,,
was obtained with the following relation:

—RTIn K, = AGjs = AHg — T ASg (4)

Complexing of the Sodium Ion in AN with Macrocyclic
Polyethers. The formation constant, K in mol-!
dm?3, for the 1 : 1 complexing of the sodium ion in AN
with a macrocyclic polyether L (Eq. 2) is defined by

(N
= WNa)o[L]’ ©®)

where (Na¢), and (Naf) are the activities of Na¢ and
Na{, respectively, and [L] is the concentration of L.
Here, the activity coefficient of the sodium ion is
assumed not to change on complexation. Then we may
write Eq. 5 as follows:

Najf
K = T ©)

There exist following relations:
[Naf] = [Naflin, — [Natly, (7)
[L] = €. — [Na{], (8)

where [Na¢]ie and [Naid], are the concentrations of
Na¢ before and after the addition of L to Cell I, and C,,
shows the total concentration of 1. added. Equation 6
can then be written as follows:

K= . [Na:]lnlt_+[Na:]b _ ! 9

[Naj]y {Cp—[NagJjne+ [Naf]pL}

Here, [Na¢linie and [Nad]y, are related with the
electrode potentials, E,, before the addition of L and
E,, after the addition of L, by the following equation:

_ RT [Na}],

By = By + S5 In e (10)
To obtain K, the sodium ion in AN was titrated with a
solution of L in AN up to about three times the equiva-
lence point and the potential change during the titration
was plotted. K-values which precisely fitted with the
titration curves were obtained by successive approxima-
tion method. From the values of K at 10, 25, and 40 °C,
values of AGgss, AH3gs, and — TAS3,s for Eq. 2 were
obtained as above.
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Experimental

The apparatus and experimental techniques were the same
as those described before,1'? except that more effort was made
to keep all parts of the cell assembly, including the reference
electrode, precisely (within40.2 °C) at the desired tempera-
tures.

Nakarai’s reagent grade dibenzo-18-crown-6 (DB18C6) was
purified by extraction with chloroform and recrystallization
from ethanol. 18-Crown-6 (18C6), 15-crown-5 (15C5), and
cryptand 211 (Cryp 211) were the Merck products and were
used without further purification. Hexamethylphosphoric
triamide (HMPA) was a products of Johoku Chemical Indus-
try Co. Ltd. and was purified by distilling three times under
vacuum, first from barium oxide, second by the addition of
small amount of sodium metal, and last without additives.®’
This HMPA was used within an hour after the purification.
Other solvents and reagents were the same as those used in the
previous reports.!+?

Results and Discussion

Before running the present experimental work, the
cation-sensitive glass electrode was confirmed to respond
in a Nernstian way to the activities of sodium and
lithium ions in AN at 10, 25, and 40 °C. The value
of the activity coefficient » used was calculated
from the Debye-Hickel equation, logy=—AI;'/?
[14Balc\/?] (A=1.82(¢T)~3/2x 10® mol-1/2 dm3/2? (deg
K)3%2, B=5.03(¢T)~1/2x 10*° dm'/2 mol-/2 (deg K)/2,
a=5x10"?dm, and I =ionic strength). As the
dielectric constant at 10, 25, and 40 °C, respectively,
39.1, 36.7, and 34.3 were used.” The density of HMPA
was measured to be 1.03;, 1.02;, and 1.00, g cm~3 at
10, 25, and 40 °C, respectively. For the densities of
other solvents, we referred to literature values.®

Complexing of the Lithium Ion in AN with Other Aprotic
Solvents. The values of K, for the complexing of
N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), N,N-dimethylacetamide (DMA), and HMPA
are shown in Table 1. Each value is the average of more
than four determinations. Maximum concentrations of
solvent D added to Cell I were 0.08 M for DMF, 0.045
M for DMSO, 0.05M for DMA, and 0.005 M for
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Fig. 1. Relation between RIn K, for the reaction Lit+
D=Li} and 1/T.
D=DMTF (@), DMSO (), DMA (@), and HMPA
(®).

HMPA. The relation between RIn K, and 1/T for each
solvent is linear, as shown in Fig. 1, and makes possible
to obtain AH 3 and — T AS3s. These values, calculated
by using the SALS program and Eq. 4, are also shown in
Table 1. It is interesting to note that, in each case, the
enthalpy term plays an important role and the role of
the entropy term is relatively small in determining the
free energies. These results seem to be reasonable if
the complexation reaction of Eq. 1 is considered to be
the exchange of one solvated AN molecule with one
molecule of added solvent D.

To obtain reliable AH3%s, K, at each temperature
should be determined at least within errors of several
percent. The present potentiometric method could give
such Kj-values for the complexing of lithium ion with

TABLE 1. THERMODYNAMIC PARAMETERS FOR THE COMPLEXING OF LITHIUM
ION IN ACETONITRILE WITH OTHER APROTIC SOLVENTS
Ligand D Ky/mol-1 dm? (T/K) TJIAH_%% _k_J_‘I':‘TZ’_L;- %ﬁ%
DMF 29.541.1(283) +7.8540.07 +9.0+1.0 —1.1£1.0
23.740.7(298)
20.34:0.4(313)
DMSO 59.84-2.9(283) +9.7040.09 +10.1£1.9 —0.5+1.9
50.043.1(298)
39.7:+2.5(313)
DMA 70.141.5(283) +10.04--0.06 +9.940.5 +0.14+0.5
57.3:41.5(298)
47.0+0.3(313)
HMPA (2.87-£0.04) x 10%(283) +18.914+0.08 +15.840.8 +3.1+0.8

(2.0540.07) x 103(298)
(1.51+0.04) x 10%(313)
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TABLE 2. THERMODYNAMIC PARAMETERS FOR THE COMPLEXING OF SODIUM
ION WITH SEVERAL MACROCYCLIC POLYETHERS

: a 3 —AG3s —AHg, TAS3s

15C5 1.7,% 105(283) +28.44-0.1 +24.142.0 +4.542.0
9., x 104(298)
6.,% 104(313)

18C6 5.4x 10%(283) +27.240.1 —1.6+0.4 +28.7+0.4
5. 4% 104(298)
5.,% 10(313)

DB18C6 1.3, x 105(283) 428.640.2 +14.342.3 +14.242.4
1.0, x 105(298)
7..x 104(313)

Cryp 211 3.75%x10°(283) +51.940.4 +53.8+0.9 —2.141.0

1.2, % 109(298)
4.2,% 108(313)

(B)

(a) [(B)(C)

40 |100
mvV| mv

1 2
Cr/[M*]
Fig. 2. Titration curves for the reaction M*+L=Mj:
(A) M=Na and L=18C6; (B) M=Na and L=
Cryp211; (C) M=Li and L=Cryp211 (at 25 °C).

basic aprotic solvents, as is apparent from Fig. 1 and
Table 1. But the application of this method becomes
somewhat difficult for the complexing of lower formation
constants. We have run similar experiment for complex-
ing of the sodium ion, but the precision of K; was not
sufficiently good. Qualitatively, however, the smaller
AG3s for the sodium complexes could be attributed
mainly to the smaller AH3s. Work is now in progress
for the complexing of other univalent cations.
Complexing of the Sodium Ion in AN with Macrocyclic
Polyethers. Thermodynamic parameters for the
complexing of sodium ion in AN with such macrocyclic
polyethers as 15C5, 18C6, DB18C6, and Cryp2l1 were
determined by titrating sodium ion in 0.01 M Et,NCIO,-
AN with 0.01 M Et,NCIO,~AN solution containing
0.02—0.04 M of macrocyclic ligands. Titrations were
carried out at 10, 25, and 40 °C. Some examples of the
titration results are shown in Fig. 2. Curve(A) is for the
titration with 18C6 and Curve(B) for that with Cryp211.

In each case, the formation constant K, which fitted
well with the titration results, could be found by the
successive approximation method; the solid curves were
obtained from Eqgs. 9 and 10 using such K values.
Thus the assumption of the 1 : 1 complexing is proved
to be reasonable. Curve(C) in Fig. 2 is for the titration
of lithium ion with Cryp211 In this case, the formation
constant of Lit—Cryp211, is expected to be larger than
101° from the potential jump at the equivalence point,
but it is impossible to find a K-value which fits exactly
with the experimental results. This may be due to the
fact that the response of the glass electrode deviates
somewhat from the Nernstian one at such low activities
of lithium ion in the presence of Cryp2l11. The values
of K of the sodium complexes are shown in Table 2.
log K for the complexes of Nat~-DB18C6 and Nat-
18C6 at 25 °C were 5.00 and 4.76, respectively, in good
agreement with the literature values of 4.8,—5.0, for
Na+-DB18C6 and 4.5; for Nat-18C6.%

The relations between RIn K and 1/T are plotted in
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Fig. 3. Relation between RlIn K for the reaction Nat+
L=Na} and 1/T.
L=15C5 (®), 18C6 (®), DBI8C6 (0), and Cryp 211
(®)-
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Fig. 3, and thermodynamic parameters obtained by the
SALS program and Eq. 4 are shown in Table 2. Except
for the complex with Cryp211, the formation constants
are approximately the same order of magnitudes, but
it is interesting to note that the factors determining the
free energies of complex formation are quite different
from one complex to another. For the complex with
15C5 the enthalpy term plays a predominant role, while
for the complex with 18C6 the entropy term is predom-
inant. For the complex with DB18C6, the contributions
from both factors are approximately the same. The
small contribution of the enthalpy term for the 18C6
complex has been found by Popov'® in the calorimetric
investigation of the lithium ion complexing (AH 3s~0
and —TAS3;=13.3k] mol-!). For Nat-Cryp2ll,
most of the free energy of formation was determined by
the ethalpy term.

Because of the importance of complexes with macro-
cyclic polyethers, reports concerning the thermodynamic
parameters of the complexing are recently increasing.
Various methods, such as NMR,12712) conducto-
metry,'314 potentiometry,!® and calorimetry,1%:18) have
been applied in several solvents. In order to discuss
the mechanism of the complexing, however, the data
are still too scarce. The present potentiometric method
will be very convenient to obtain further information on
this problem.

References

1) K. Izutsu, T. Nomura, T. Nakamura, H. Kazama, and
S. Nakajima, Bull. Chem. Soc. Jpn., 47, 1657 (1974).

Potentiometric Study of Thermodynamic Parameters of Complexing in AN

1853

2) T. Nakamura, Bull. Chem. Soc. Jpn., 48, 1447 (1975).

3) T. Nakamura, Bull. Chem. Soc. Jpn., 49, 1304 (1976).

4) K. Izutsu, T. Nakamura, T. Murayama, and T.
Fujinaga, Bull. Chem. Soc. Jpn., 51, 2905 (1978).

5) K. Izutsu, T. Nakamura, and K. Iwata, Anal. Chim.
Acta, 117, 329 (1980).

6) T. Fujinaga, K. Izutsu, and S. Sakura, Pure Appl.
Chem. 44, 117 (1975).

7) J. Timmermans, A. M. Piette, and R. Philippe, Bull.
Soc. Chim. Belg., 64, 5 (1955).

8) E.g.,]J. A. Riddick and W. B. Bunger, “Organic
Solvents, (Techniques of Chemistry),” 3rd ed, ed by A.
Weissberger, Wiley-Interscience, New York (1970), Vol. II,
pp. 446, 450, 466.

9) I. M. Kolthoff and M. K. Chantooni, Jr., 4nal. Chem.,
52, 1039 (1980).

10) A.]J. Smetana and A. I. J. Popov, J. Solution Chem., 9,
183, (1980).

11) M. Shamsipur and A. L. J. Popov, J. Am. Chem. Soc.,
101, 4051 (1979).

12) M. Shamsipur, G. Rounaghi, and A.I. J. Popov,
J. Solution Chem., 9, 701 (1980).

13) E. Shchori, J. Jagur-Grodzinski, Z.Luz, and M.
Shporer, J. Am. Chem. Soc., 93, 7133 (1971).

14) Y. Takeda and H. Yano, Bull. Chem. Soc. Jpn., 53, 1720
(1980).

15) J. M. Lehn and J. P. Sauvage, paper presented at
Conference de Theremodynamique Chimique, Societe Chi-
mique of France, Bordeaux, France, Oct. 20, 1972; J. ]J.
Christensen, D. J. Eatough, and R. M. Izatt, Chem. Rev., 74,
351 (1974).

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






