October, 1990] © 1990 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 63, 2785—2789 (1990) 2785
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The ion-association constants, K14, of an ion pair, M2*ClO4~ (M=Ca, Sr, Ba), have been determined by
conductometric measurements in methanol-ethylene glycol mixtures of 0, 20, 40, 60, 80, and 100 wt% of ethylene
glycol at 5, 15, 25, 35, and 45°C. The conductometric data were treated by an improved Fuoss and Edelson
method. The thermodynamic functions of AH149 and AS:14© have also been determined at 25°C from the

temperature dependence of Kia.

In 60—80 wt% of ethylene glycol the K14 values of these metal perchlorates are

similar to each other, since the characteristics of individual metal ions are probably depressed by the strong

solvations of those cations.
bulk solvent.

We studied the ion association of some divalent
transition, post-transition and alkaline earth metal
perchlorates in methanol and in methanol-ethylene
glycol (EG) mixtures in order to determine the effect
of solvation on ion associations.!-3 Generally, an
ion pair may exist not only as one type of contact
structure (contact ion pair), but also as various types
of solvent-separated structures in which the cation
and/or anion remain solvated (solvent-separated ion
pair).¥ Previous studies of Co(II), Ni(II), Cu(II), and
Zn(II) in mixtures of methanol and EG have revealed a
relation between the first ion-association constant, Kia,
and solvation. Thus, the Kia values decrease with
the addition of EG, which has a stronger ability for
cation solvation than does methanol,? since the pro-
portion of the contact ion pair is decreased by the high
solvation ability of EG.2 Another study of Ca(II),
Sr(II), and Ba(II) in methanol showed that the alka-
line earth metal ions are solvated more weakly than
are the above-mentioned transition and post-
transition metal ions, since their K14 values are larger
than those of the transition and post-transition
metals.?’ This means that the solvation mode should
widely change upon the addition of EG in systems of
alkaline earth metals. It has thus been expected that
studies of the alkaline earth metals in mixtures of
methanol and EG will provide further information
concerning the mode of solvation which affects ion
association.

Experimental

The preparation and purification” of Ca(ClO4)2- H20,
Sr(Cl04)2, and Ba(ClO4)2 were described previously,? and
the purification of methanol and EG was carried out in the
same way as previously reported.? Purified methanol and
EG have 1.5X10-7 and 1.6X10-8 S cm~! the conductivities at
25°C, and 0.023 and 0.024 wt% the water content, respec-
tively. The physical properties of solvents as well as out-
lines of the instrumentation and measurement techniques
were also described previously.23) At 25°C the dielectric
constants of 0, 20, 40, 60, 80, and 100 wt% of EG were 32.66,
34.05, 35.49, 36.88, 38.55, and 40.57; their viscosities were

The results are discussed while considering the cation solvation and structure of a

0.5422, 0.8746, 1.499, 2.853, 6.213, and 16.74X10-3 kgm~1s-1,
respectively. About ten solutions in the concentration
range 8X10-4—1.2X10-? mol dm-2 of [M(ClOys)z] were exam-
ined at 5.00, 15.00, 25.00, 35.00, and 45.00£0.01 °C.®

Data Treatment

Considering only one equilibrium (Eq. 1) in a solu-
tion, where the formation of M(C1O4)2 is assumed to
be negligible,

M2t 4 ClO4~ 2 MCIO4* (K1a) (1)

conductance data were analyzed on the basis of Fuoss
and Edelson theory.” Previously, the Fuoss and
Edelson equation was modified by considering a
finite-size ion.2 In this study the previous equation
was further improved, while considering a decrease in
the ionic strength caused by the formation of MCl1O4™.
The new equation can be expressed as

AF = Ao — XK1a/ Ao, (2)
where
X =cys+AF(AF — A0/2),
F=[{1—812/(1+ BaI'2)}~1 +(A — A0)/24]
/{1 + (Ao — Ao)/240}.

Here, A and Ao are the molar and the limiting molar
conductances of 1/2M(ClOs)q, respectively; Ao and ¢ are
the limiting molar conductance and the total concen-
tration of ClO4~, respectively; I is the ionic strength,
I=2[M2*]+c/2; & is the Onsager’s slope for a 2:1
electrolyte divided by Ao; and ya+ is the ion activity
coefficient of M2+, which is calculated by the Debye-
Hiickel second approximation:

logy=—Az212/(1 + Bal'2). (3)

Here, a is an ion-size parameter which is assumed to
be 5A for Sr2t and Ba?t or 6A for Ca2t.89 The
dependence of the Kia value on a was somewhat
described elsewhere; as shown in Table 4 of Ref. 3, the
Ka1a values at 5 A are smaller by about 3% than those at
6 A (this percentage increases a little with a decrease in
Kia).
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A calculation was carried out using an iterative
procedure until the Ao value became constant.? In
every iteration, the I value was calculated by another
iterative procedure so that the values of F and ya+
could be evaluated. The Kja values from this new
calculation are larger by 5—8% than those from the
previous one.

The limiting molar conductance of MCIO4™,
20o(MCIO4t), is assumed to be half of that of 1/2M2*,
Ao(1/2M2%), in Eq. 2: that is, o(MClO4+)=0.5Ao(1/2
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to 80 wt% of EG. Qualitative discussions concerning
them were previously carried out.? According to
recent theories concerning dielectric friction,0-12)
these characteristics should at least be partly caused by

Table 2. Ion-Association Constants, Kia/M-1, of MCl1O4*
in Methanol-Ethylene Glycol Mixtures
at 278.15—318.15 K
EG

M2*)., In order to check this assumption, the Kia wt% 278.15K  288.15K  298.15K  308.15K  318.15K
values were calculated at Ao(MC1047)=0.6 Ao(1/2M2%). CaClOs
The Kia values at Ag(MClO47)=0.6 1o(1/2M2*) were 0 187411 99611 274412 333412 414k
larger by 4—8% than those at Ao(MCIOs+)=0.510 2 13
. 20 11249 12319 13719 15719 177£10
(1/2M2+) These differences are comparable to the 40 109+10 115+10 124+10 136=11 153+11
standard deviations of Kia and increase with an 60 9345 9346  100+6  108+6  117+7
increase in Kja. 80 867 90+7 9516 98+7 10115
100 96t14 114+14 124+16 13016 131%15
Results and Discussion SrClO4*

The values of 4o and K14 are summarized in Tables 1 0 247£10 301%11 374%13 463%15 590+22
and 2, respectively. It is natural that the Ao values 20 1449 16049 177410 201+10  249%15
decrease with the addition of EG because of the 40 80+8 898 1019 11629 137+9

. . . 60 6714 7214 7915 8716 1006
extremely high viscosity of EG. The Walden prod- 80 8846 99+6 90+6 97+6 98+6
ucts for the salts, 4on, show the same three character- 100 5414 6415 7015 7316 7616
istics as do those of the transition and post-transition BaClO4*

tal hlorat le, see Fig. 11 .2):

o B e e;(és an e";‘mf ! ;etcﬁ '8 llm Refhz) 0 313113 387+15 478+17 502420 751424
) the values in EG are about 1.6-times larger than oy j4748" jeox11 19148 21647 24146
those in methanol; 2) the values have a negative 40 12148 13449  153+10 180+10 205+10
temperature dependence, except in methanol (the 60  68+13  70+16  72+17  79+19  80%£21
dependence is very small in methanol); and 3) the 80  73%9 6610  68f10 7710  74%12
maximum temperature dependence appears around 60 100 81+l 89410 94410 93410 98410
Table 1. Limiting Molar Conductances, 4o/(S cm2mol-1), of 1/2M(ClO4)2
in Methanol-Ethylene Glycol Mixtures at 278.15—318.15 K
EG
= 278.15K 288.15K 298.15K 308.15K 318.15K
Wi
Ca(ClOy)2
0 99.11+0.3 115.240.3 132.310.3 150.910.4 171.81+0.4
20 62.210.1 74.510.2 88.110.2 103.140.2 119.3+0.2
40 37.2%0.1 46.610.1 57.240.1 69.110.2 82.31+0.2
60 19.3310.02 25.7710.04 33.38+0.05 42.1910.06 52.1210.08
80 8.2410.02 12.06£0.02 16.8710.03 22.6810.04 29.53+0.04
100 2.6610.01 4.431+0.02 6.88+0.03 10.1210.04 14.21£0.06
Sr(ClO4)2
0 95.940.2 111.5£0.3 128.240.4 146.810.4 167.2+0.6
20 63.710.1 76.510.2 90.410.2 105.810.2 123.11+0.4
40 37.10x0.07 46.531+0.09 57.210.1 69.240.1 82.410.2
60 19.3240.03 25.8510.04 33.5210.06 42.3310.08 52.410.1
80 8.4610.01 12.3840.02 17.2710.03 23.2540.03 30.3210.04
100 2.65010.003 4.4000.006 6.8310.01 10.0410.02 14.10£0.02
Ba(ClO);
0 101.8%0.3 118.3+0.3 135.910.4 155.01+0.5 176.310.6
20 63.310.1 75.91+0.2 90.01-0.1 105.110.1 121.1£0.1
40 37.88+0.08 47.5910.09 58.610.1 71.11+0.1 84.910.2
60 19.59+0.07 26.210.1 33.940.2 42.810.2 52.910.3
80 8.4810.02 12.3810.03 17.2910.04 23.3210.06 30.4010.09
100 2.7991£0.009 4.6510.01 7.20+0.02 10.5510.03 14.88+0.04
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dielectric friction, even if there is not a big difference
in the static dielectric constants of methanol and EG.
However, we can not estimate such a contribution
here, since we do not know all of the solvent proper-
ties necessary for an estimation.

The Walden product for each ion gives more useful
information. However, since all of the values of
Ao(ClO4~) were not available, they were calculated
under some assumption? since they were needed in
calculations of 4o and K1a. Our limiting molar con-
ductance data of each ion, therefore, are not suitable
for any detailed discussion of the Walden product.

Figure 1 shows a plot of the K14 value against the
wt% of EG in comparison with that of the Zn(ClO4)2
system, as a representative of the transition and post-
transition metals. As shown in this figure, the ten-
dency of the Kia values is substantially similar to that
of the transition and post-transition metals. The K14
values of the alkaline earth metal perchlorates, how-
ever, significantly decrease with an increase in the EG
content of the solvent from 0 to 20 wt%; those values at
20 wt% are already close to the Kia value of Zn(ClO4)z.
Furthermore, there is almost no difference regarding
the Kia values at 60—80 wt%. These results mean
that the specific properties of each metal ion hardly
appear in the Kia values in the EG-rich solvents, since
strong cation solvation considerably masks such prop-
erties.’® That is, these facts support the idea that
solvent-separated ion-pairs are dominant in EG rich
solvents.?

The thermodynamic functions at 25 °C are summar-
ized in Table 3 and are compared with those of
Zn(ClOy)2 in Fig. 2. The values of the alkaline earth

I I B

0 20 40 60 80 100
wte of EG

Fig. 1. Ion association constants of the metal(II)
perchlorates at 298:15K: (O) Ca, (A) Sr, (O0) Ba, (®)
Zn.
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Table 3. Thermodynamic Functions of Ion Association
of M2+ClO4~ at 298.15 K

AH,58/k] mol-! AS152/]J K- mol-! AG14°/k] mol~?

wt7
CaClO4*

0 14.6x1.1 9614 —13.940.11
20 8.6X1.6 7016 —12.21+0.16
40 6.3£1.9 6116 —12.0+0.20
60 4.5+1.4 5314 —11.4%0.15
80 2.9%1.6 4815 —11.31+0.17

100 5.313.1 58+10 —12.01+0.31
SrClO4*

0 16.1+0.9 10313 —14.740.09
20 9.91+1.4 76+5 —12.81+0.14
40 9.91+2.0 72+7 —11.510.21
60 7.4%1.4 6115 —10.8%0.16
80 2.1+1.4 4515 —11.24+0.16

100 5.8+1.8 5516 —10.510.19
BaClO4*

0 16.14+0.9 10513 —15.310.09
20 9.3+1.0 75+3 —13.0%0.10
40 10.0x1.4 75+5 —12.51+0.16
60 3.315.3 47118 —10.610.58
80 1.61+3.3 41411 —10.510.36

100 2.8+2.7 4719 —11.310.27
20
102 n
LN N .
. - [== :\:\58:’:’:" _ﬁ
0 N v’

Thermodynamic Functions,/kJmol™

0 20 40 60 80 100
wt°l of EG

Fig. 2. Thermodynamic functions of ion associa-
tions of the metal(IT) perchlorates at 298.15K: (O)
Ca, (A) St, (O) Ba, (@) Zn; (—) AG14®, (----)
AH148, (—-—), —TAS14°.

metal perchlorates also exhibit similar tendencies to
those of Zn(ClO4)2. In detail, however, the AH 14
values of Zn(ClOg4)z are smaller than those of the
alkaline earth metal perchlorates, and are even nega-
tive at 60—80 wt%. It is expected that the AH® value
of ion association is negative if the ions are rigid and
associate in a Coulombic interaction in a dielectric
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continuum media. There are several theories regard-
ing ion association which stand on the above assump-
tion.}415  The theories, however, give positive AH®
values in many solvents, since the theoretical equation
for AH® contains the 1+dlne/dInT term (¢ is the
solvent dielectric constant); thus, the experimental
value of dln&/dIn T makes the theoretical AH® value
positive, contrary to the expectation.

The theoretical AH® values of any ion pair are
positive in methanol, EG, and their mixtures, since
their dlne/dIn T values are smaller than —1 around
room temperature. On the other hand, many experi-
mental AH® values for water!6-18) and methanol?? are
also positive. This agreement between the experi-
mental and theoretical AH® values may mean that the
temperature dependence of &, dlne/dln T, represents
how much the ion solvation is weakened by ion asso-
ciation. Regarding the negative value of AH®, there
are two explanations which consider the participation
of a specific covalent interaction in the ion-association
reaction. The first is that the covalent interaction
somewhat works between ions; if so, the binding
enthalpy between the ions is sufficiently negative to
compensate for the positive contribution from the
weakening of ion solvation. In this case, AG® of the
ion association should have a large negative value (a
large K value) and should depend on the kind of ion.

When an ion pair has a small negative AG® value,
in spite of a negative AH® value, such as Zn2tClO4~ at
60—80 wt% (see Fig. 2), it is inferred that a specific
covalent interaction acts on the primary solvation of
the ion (the second explanation). In the case of
Zn2tCl04™, the primary solvation of Zn2* is probably
very rigid due to the specific interaction between Zn2*
and solvent molecules, perhaps representing EG che-
lation of Zn2t. If so, such tight Zn2* solvation can
not be loosened by ion association as much as
expected from the dlne/dln T value of the solvent.
Consequently, it makes the AH14® value small and
even sometimes negative. On the other hand, the
—AG14° value should be small because the ion pair
Zn2t (solvent)ClO4~ separated by the primary solva-
tion shell of Zn2* is bound by the Coulomb force.
According to the Fuoss’ theory,¥ its AG14® values are
very close to the theoretical values at a=6 A; the theo-
retical AG14® values at 25.0°C were —12.7, —12.1,
—11.5, —11.1, —10.5, and —9.9 kJ mol-! at 0, 20, 40, 60,
80, and 100 wt% of EG.2 If Zn2*(MeOH)ClO4~ is
completely separated by the van der Waals radius of a
MeOH molecule, the a value is estimated at about
7.4A0 It is the distance most separated by one
methanol molecule. Therefore, if a part of a ClO4~
ion falls into a hollow among solvent molecules in the
primary solvation shell, it is not unreasonable that
a=6A, although a may depend on the solvent
composition.

In the case of alkaline earth metal perchlorates, it is
thought that a solvent-separated ion pair is still domi-
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nant in EG-rich solvents, since their AG14© values are
near to the theoretical values at a=5or 6A. However,
it is expected that their primary solvation shells are
not so rigid as Zn2*’s. This means that solvations of
alkaline earth metal ions are more weakened by ion
association than that of Zn2*. This directly affects
the AH14€ values of the alkaline earth metal perchlo-
rates, and makes it larger than those of ZnClOs*. It
also causes larger AS14% values for them than those of
ZnClO4™ (see Fig. 2).

Some particular results have been obtained at 60—
80 wt% of EG: for example, the maximum temperature
dependence of the Walden products for the salts, the
minimum K4 values which least depend on the kind
of the metal ion, and the minimum AH;4® and AS:4®
values. In order to understand these results, we must
consider not only the mode of solvation but also the
condition of a bulk solvent, especially in the case of a
partly structured hydrogen-bonding solvent. Jimenez
et al.19 reported that the maximum negative excess
volume of mixing of methanol and EG appears in
60—70 wt% of EG and that it is bigger than those of
the other normal alcohols with longer chains and EG.
There may be two contradicting explanations for this
fact: 1) the hydrogen-bonding structures of methanol
and of EG (especially EG may be highly structured
because the typical structure-breaking ClO4~ has a
very large Walden product in EG)202D are partially
destroyed by mixing, and 2) a mixture of methanol
and EG which has an interpenetrating structure
through hydrogen bonds is closely packed.

The Walden products of the salts at 60—80 wt%
exhibit the highest negative temperature dependence,
as already mentioned. This probably means that a
solvent of 60—80 wt% is highly structured, since the
Walden product of the typical structure-breaking
ClO4™ usually shows a negative temperature depend-
ence in a structured solvent.22) That is, this supports
explanation 2; it is also consistent with the results of
AH14°, as follows. In a highly structured solvent
related to explanation 2, the structure which is partly
destroyed by ClO4~ is probably recovered by ion asso-
ciation with ClO4~, so that the AH1x® values are
smaller at 60—80 wt% of EG than are other mixtures
which include pure methanol and EG.
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