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Solvation and Ionic Association of Bis(2,4-pentanedionato)-
(diamine)cobalt(III) Perchlorates in 1-Propanol,
Acetone, and Their Mixtures

Kazuaki ITo,t* Etsuro IwamoTo, Shigehito SUEHISA,
Hiroyuki Isono, and Yuroku YamamoTo't

Department of Chemistry, Faculty of Science, Hiroshima University, Naka-ku, Hiroshima 730
(Received May 29, 1986)

The conductances of bis(2,4-pentanedionato)(diamine)cobalt(III) perchlorates ([Co(acac)y(diamine)]ClO,,
diamine: en=ethylenediamine, pn=1,2-propanediamine, N,N-dmen=N,N-dimethylethylenediamine, N,N’-
dmen=N,N’-dimethylethylenediamine, N,N,N’-trimen=N,N,N’-trimethylethylenediamine, N,N,N’,N’-tmen=
N,N,N’,N’-tetramethylethylenediamine) were measured in isodielectric solvents, 1-propanol (n-PrOH), acetone
(Me,CO), and 60 and 80 mol% acetone in 1-propanol (n-PrOH-Me,CO) at 25 °C. In spite of the increase in size of
[Co(acac)y(diamine)]* due to the introduction of N-methyl groups, the Walden products (4% ) of the chelate
cations were found to increase in all solvents. The contribution per N-methyl group was large in n-PrOH. 'T'he
variation in the ionic association constants (K,) with the number of NH protons in the chelate cations was small
in all solvents. The K, values for [Co(acac),(N,N’-dmen)]ClO, were larger than those for other chelate salts in all
solvents. These results could be explained in terms of the solvation of the NH protons (diamine in [Co(acac),-
(diamine)]*) by oxygen atoms of n-PrOH and Me,CO, and of oxygen atoms (acac) by the OH proton of n-PrOH
owing to hydrogen bonding interactions and desolvation resulting from the introduction of the N-methyl
groups. For [Co(acac)y(en)]* in n-PrOH a solvation model to form a six-membered ring was proposed.

Our previous conductometric studies of [Co(acac),-
(en)]X (X~=ClO,~, I, and Br™) and their N-methyl
derivatives in nitrobenzene and 1,2-dichloroethane!,?
indicated that NH protons in the chelate cations are
solvated by the dipolar aprotic solvent nitrobenzene,
and that the substitution of N-methyl groups for NH
protons prevents solvation, leading to an increase in
mobility in spite of the increasing size. The N-
methylation results in an apparent increase in the
acidity of the residual and the nearest-neighbor NH
protons. These trends were not observed in 1,2-
dichloroethane with a lower polarity. The association
constants decrease with a decrease in the number of
NH protons in both solvents and the change per
proton is larger in 1,2-dichloroethane. These solvents
are aprotic and weak in basicity but have different di-
electric constants and polarities. Thus, it is suggested
that ionic association processes of the chelate cations
are affected by ion-solvent dipole interactions.

In this study, in an effort to obtain more informa-
tion concerning the effects of the solvent dipole
moment and the solvent acidity and basicity, the con-
ductances of [Co(acac)y(diamine)]C10, were measured
in the protic solvent 1-propanol, aprotic acetone, and
their mixtures. 1-Propanol has acidic and basic sites
that are effective for solvation; acetone interacts
through its electron lone pair. Since the solvents have
nearly the same dielectric constants, the electrostatic
interaction energy between a cation and an anion is
regarded as constant for a given electrolyte. Solvation
of the ClO,~ ion is weak compared to that of halide
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ions. Thus, it is considered that specific cation-solvent
interactions in ionic association process become much
apparent.

Experimental

[Co(acac)y(diamine)]ClO, was prepared and purified as
described previously.?’ 1-Propanol was refluxed over cal-
cium hydride for 2 d and fractionally distilled. Acetone
was refluxed over Drierite after dehydration by molecular
sieves (4A) for one week and fractionally distilled. The dis-
tillation was performed under a flow of N, gas since
the solvents were relatively hygroscopic. Typical densities
(d in gcm™3), viscosities (n in mPa s), and specific conduc-
tances of pure solvents (k in S cm™!) at 25 °C and water con-
tents (wc in wt%) are: for n-PrOH d=0.79963, n=1.952,
k=2X1078, and wc=8X1073; for Me,CO d=0.78426, n=
0.3052, k=2X1078, and wc=5X1073.

The procedure for the conductance measurements and
other measurements (viscosity and density) have been des-
cribed previously.? The water content was measured cou-
lometrically using a Hiranuma AQ-3 aqua counter. n-
PrOH-Me,CO mixtures were prepared by weight just
before a conductance measurement. The dielectric constant
(&) and viscosity (n in mPa s) of the solvents used for an
analysis were as follows: for n-PrOH £=20.45,% n=1.952; for
Me,CO £=20.45,% 7=0.3052; for n-PrOH-Me,CO (60 mol%
Me,CO) £=18.64,% =0.463; for 80 mol% Me,CO £¢=19.37,%
7n=0.361.

Results and Discussion

The measured molar conductances, 4 (S cm? mol~1)
and the corresponding electrolyte concentrations, C
(mol dm™3) for [Co(acac)y(diamine)]ClO, in 1-pro-
panol and acetone are given in Table 1 and those in
1-propanol-acetone mixtures (60 and 80 mol% ace-
tone) in Table 2. The data were analyzed by the Fuoss-
Hsia equation with E=E;4y—2E;, in the form®

A= Ay — S(Cy)!/2 + ECylog Cy
+ JiCr — J=(C1)¥* — K.Crf’A (1)
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Table 1. Molar Concentrations, C/moldm=3, and Molar Conductances, 4/S cm2mol-1!
of [Co(acac)z(diamine)]ClO4 in 1-Propanol and Acetone at 25°C
1-Propanol
[Co(acac)z(en)]C104 [Co(acac)z(pn)]ClO4 [Co(acac)z(N,N-dmen)]ClO,4
CX104 4 CX104 4 CX104 A
10.224 19.505 9.5497 19.816 26.123 17.343
8.3805 20.091 7.6345 20.426 21.880 18.019
7.0600 20.556 5.9069 21.055 17.218 18.916
5.9400 21.002 4.4038 21.702 13.272 19.841
4.5408 21.640 2.9868 22.422 9.8481 20.888
3.6357 22.129 1.9922 23.062 6.9774 21.968
2.6764 22.723 4.8040 23.040
2.0269 23.184 2.7621 23.330
0.9446 24.192
1-Propanol

[Cotacac)e(N,N’-dmen)]ClO4

[Co(acac)z(N,N,N’-trimen)]ClO4

[Co(acac)z(N,N,N’,N’-tmen)]C104

CX10¢ 4 CX10¢ 4 CcX104 4
18.641 17.180 23.911 16.954 21.551 18.430
14.948 17.982 17.556 18.085 17.192 19.296
11.365 18.945 13.257 19.088 14.563 19.910

8.6067 19.865 10.692 19.830 11.067 20.924

6.4579 20.759 7.6271 20.941 9.2711 21.533

4.9530 21.510 5.5441 21.894 6.3357 22.742

3.1541 22.624 3.7396 22.952 4.5616 23.704

2.3229 23.297 2.4411 23.906 2.3837 25.222

Acetone
[Co(acac)z(en)]C104 [Co(acac)z(pn)]ClO4 [Co(acac)z(N,N-dmen)]ClO4

CX10¢ 4 CX104 4 CX104 4
31.363 132.71 42.062 128.84 21.253 142.88
26.509 135.75 27.015 136.60 16.675 146.79
22.820 138.35 21.579 140.33 13.340 150.19
17.781 142.65 16.359 144.61 10.833 153.21
13.613 146.85 12.260 148.72 8.6943 156.25
10.152 151.08 9.1657 152.54 5.1964 162.36

6.1533 157.38 6.1154 157.19 3.3321 166.62

3.2943 163.69

Acetone

[Co(acac)e(N,N’-dmen)]C104

[Co(acac)o(N,N,N’-trimen)]ClO4

[Co(acac)z(N,N,N’,N’-tmen)]ClO4

CX104 4 CX10¢ 4 CX10* A
33.219 128.76 29.541 136.75 30.991 143.57
26.207 133.47 21.870 142.26 26.797 145.91
19.247 139.43 17.930 145.62 22.438 148.69
15.446 143.42 14.988 148.63 18.055 151.90
12.259 147.66 11.763 152.38 13.876 155.63

9.2749 152.22 9.0216 156.14 10.435 159.30

6.5372 157.02 5.9052 161.42 6.3053 165.10

4.1195 163.14 3.9766 165.62 3.7059 170.06

where K, is the ionic association constant, A, is the
limiting conductance, and other symbols have their
usual meaning.

The conductance parameters obtained for 1-
propanol and acetone are given in Table 3 and those
for 1-propanol-acetone mixtures in Table 4. The lim-

iting conductances (A¢/S cm? mol~!) and Walden prod-
ucts (A3+n/S cm?mol~! 107! Pa s) of [Co(acac)y(diami-
ne)]t are obtained from the limiting conductances of
ClO4~ (16.42% and 118.35 S cm? mol~!* in 1-propanol
and acetone, respectively) (Table 5).

Ionic Mobility. Figure 1 shows the variation of the
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Table 2. Molar Concentrations, C/moldm=3, and Molar Conductances, 4/S cm2 mol-!
of [Co(acac)z(diamine)]ClOy4 in 1-Propanol-Acetone Mixtures at 25°C

60 (mol% Acetone)

[Co(acac)z(en)]ClO4 [Co(acac)z(N,N-dmen)]ClO4

CX10¢ A CX104 A
31.273 75.854 33.185 77.649
24.393 78.623 23.971 81.309
19.691 80.955 18.056 84.358
14.878 83.884 14.163 86.894
10.805 86.958 9.4644 90.732

7.7621 89.832 6.2743 94.174

5.3801 92.687 3.7910 97.727
3.3449 95.777 2.5638 99.868

60 (mol% Acetone)

[Co(acac)z(N,N’-dmen)]C104

[Co(acac)z(N,N,N’,N’-tmen)]C104

CX104 4 CX10¢ 4
32.162 75.095 27.439 84.765
26.544 77.468 22.923 86.714
20.531 80.527 17.154 89.695
16.227 83.286 13.512 92.072
12.413 86.215 9.5311 95.232

9.2761 89.208 7.2195 97.533

6.6941 92.237 5.3991 99.678

4.0004 96.382 3.7963 101.97

80 (mol% Acetone)

[Co(acac)z(en)]ClO4 [Co(acac)z(N,N-dmen)]ClO4
CX10¢ A CX104 A
41.089 98.665 36.512 102.89
33.005 101.91 28.838 106.34
25.587 105.75 22.892 109.53
19.780 109.30 17.623 113.05
14.669 113.13 14.183 115.78
10.629 117.09 10.535 119.41
6.6433 122.09 7.6902 122.85
3.8580 126.87 5.0160 126.87

80 (mol% Acetone)

[Co(acac)z(N,N’-dmen)]ClO4

[Co(acac)e(N,N,N’,N’-tmen)]ClO4

CX104 4 CX10¢ 4
36.095 99.126 29.046 112.28
28.375 102.99 23.603 114.97
22211 106.76 17.865 118.52
17.202 110.48 14.133 121.25
13.539 113.83 10.209 124.84
10.241 117.53 7.7400 127.59

7.5489 121.23 5.1022 131.18

4.4823 126.76 2.8076 135.33

Walden products of [Co(acac)y(diamine)]* with the
introduction of methyl groups in 1-propanol and ace-
tone, compared with that of tetraalkylammonium
cations>* for which n refers to the number of carbons
in the alkyl group. For tetraalkylammonium ions

which have approximately the same size as the chelate
cations used here and no specific site for solvation,
the Walden product decreases with increasing ionic
size, as is hydrodynamically expected. It should be
noted that, in contrast, the Walden product of the che-
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Table 3. Conductance Results for [Co(acac)z(diamine)]ClO4 in 1-Propanol and Acetone at 25°C

Ao K. d® b
Electrolyte Solvent oy
S cm? mol-! dm? mol-! A

[Co(acac)z(en)]C1O04 25.8110.02 411+45 14.1 0.011
[Co(acac)z(pn)]Cl1O4 25.371+0.02 369+ 9 20.5 0.008
[Co(acac)z(N,N-dmen)]C1O4 n-PrOH 27.8610.02 467+11 16.2 0.016
[Co(acac)e(N,N’-dmen)]ClO4 26.53+0.01 531£12 17.3 0.010
[Co(acac)e(N,N,N’-trimen)]Cl1O4 27.3110.03 507+36 14.3 0.006
[Co(acac)2(N,N,N’,N’-tmen)]C104 28.5710.02 480%15 16.4 0.015
[Co(acac)z(en)]ClO4 180.03+0.09 180+ 4 14.0 0.06
[Co(acac)z(pn)]C104 178.9 0.1 161+ 3 13.3 0.06
[Co(acac)z(N,N-dmen)]ClO4 MerCO 183.15+0.06 17217 13.3 0.06
[Co(acac)z(N,N’-dmen)]Cl1O4 2 184.1 0.2 228134 12.8 0.17
[Co(acac)z(N,N,N’-trimen)]ClO4 184.0210.08 181+ 4 14.2 0.05
[Co(acac)e(N,N,N’,N’-tmen)]ClO4 186.40+0.04 137+ 2 13.1 0.03

a) Distance parameter with a minimum g, value in Eq. 1. b) Standard deviation (O'A=[Z(Acaled—Aobsd)z/(n-g)]l/z).

Table 4. Conductance Results for [Co(acac)z(diamine)]ClOs in 1-Propanol-Acetone Mixtures at 25°C

a)
Electrolyte mol% Ao K 4 o

Acetone S cm2Z mol-! dm? mol—! A
[Co(acac)z(en)]C104 107.3710.09 24316 15.1 0.06
[Co(acac)z(N,N-dmen)]Cl1O4 } 60 110.1 0.1 23618 14.8 0.11
[Co(acac)z(N,N’-dmen)]Cl1Oq 110.4140.07 28845 14.8 0.05
[Co(acac)(N,N,N’,N’-tmen)]Cl1O4 114.1740.07 208+5 14.8 0.05
[Co(acac)z(en)]ClO4 142.3 £0.1 20914 14.1 0.09
[Co(acac)z(N,N-dmen)]ClO4 } 80 144.7 0.1 20216 13.6 0.07
[Co(acac)s(N,N’-dmen)]ClO4 145.0640.03 24942 13.7 0.02
[Co(acac)e(N,N,N’,N’-tmen)]ClO4 147.6 0.1 16515 14.8 0.09

a) and b) are the same as in Table 3.

Table 5. Ionic Mobilities and Walden Products in 1-Propanol and Acetone at 25°C

A$/Scm2mol-! (A¢n/Scm2mol-110-1 Pas)

1-Propanol Acetone
[Co(acac)e(en)]* 9.39(0.183) 61.63(0.188)
[Co(acac)(pn)]+ 8.95(0.174) 60.5 (0.185)
[Co(acac)z(N,N-dmen)]* 11.44(0.223) 64.75(0.198)
[Co(acac)e(N,N’-dmen)]+ 10.11(0.197) 65.7 (0.201)
[Co(acac)z(N,N,N’-trimen)]+ 10.89(0.212) 65.62(0.200)
[Co(acac)z(N,N,N’,N’-tmen)]+ 12.15(0.237) 68.0 (0.208)

late cations in both 1-propanol and acetone roughly
increases with the N-methylation of NH protons in
spite of the increase in the size of the cations. Similar
results were also obtained in nitrobenzene which has a
poor basicity and can be explained in terms of the
solvation of the NH proton site by nitrobenzene
through an ion-solvent dipole interaction and desolva-
tion by N-methylation.-2

However, this N-methylation effect in 1-propanol is
more marked than in nitrobenzene. The difference in
the Walden products between N,N,N’,N’-tmen and en
complexes in acetone, 0.020 S cm?mol~11071 Pa s is
comparable with that in nitrobenzene; however, a
large difference of 0.054 S cm?mol~! 107! Pa s was
observed in 1-propanol. A small difference of 0.003 S
cm?mol~110"! Pa s was obtained in 1,2-dichloro-

ethane.?? The large variation of the Walden product
with the substituted groups in diamine for the 1-
propanol system is suggestive of a specific solvation of
the chelate cations.

The dipole moment of acetone, 1-propanol, nitro-
benzene, and 1,2-dichloroethane is 2.88, 1.68, 4.22, and
1.40 in Debye, respectively,® and the large variation in
the Walden products in l-propanol can not be
explained by only the dipole moment.

The following two specific interactions for the sol-
vation of chelate cations are considered: A hydrogen-
bonding interaction between the NH protons in
[Co(acac)y(diamine)]t and the oxygen atom of 1-
propanol and acetone which act as hydrogen bonding
acceptor. The second is the hydrogen-bonding of the
oxygen atom of the coordinated acac ligand with the
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Fig. 1. Walden products of [Co(acac)z(diamine)]* as
a function of the increased carbon number, n
compared to [Co(acac)z(en)]t. O: in n-PrOH, @: in
Me2:CO. Diamine, 1: en, 2: pn, 3: N,N-dmen, 4:
N,N’-dmen, 5: N,N,N’-trimen, 6: N,N,N’,N’-tmen.
For onium salts, n refers to the number of carbon in
the alkyl group and the data are from Refs. 3 and 4.

OH proton of 1-propanol which acts as a hydrogen-
bonding donor.

The hydrogen-bonding acceptor ability or donicity
i1s evaluated by the Gutmann donor number. The
donor numbers (DN) of acetone, nitrobenzene, and 1,2-
dichloroethane are 17, 4.4, and 0.0, respectively.” The
DN value of 1-propanol, although not available in the
literature, was reasonably estimated to be around 20,
since that of methanol and ethanol is 19 and 20, respec-
tively. The %Co NMR for [Co(en);]*+ was measured in
several organic solvents and the signal was shifted to a
higher field upon increasing the donicity of the sol-
vents.® This was interpreted as the result of a donor
solvent attack on the NH protons. Although an ion-
dipole interaction for acetone is weaker than that for
nitrobenzene, the solvation of NH protons by aceto-
ne is strengthened by its stronger donicity, resulting
in a comparable difference in the Walden product
between acetone and nitrobenzene.

A relatively large increase in the mobility by the
N-methylation in l-propanol indicates the strong
solvation power of 1-propanol. The IR spectra of
methanol in the carbon tetrachloride solutions of
bis- and tris (2,4-pentanedionato) complexes such as
Be(acac), and Cr(acac); showed that for Cr(acac); hy-
drogen bonding occurrs between the oxygen atom of
acac and the OH proton of methanol but does not
occur for Be(acac), because of a steric hindrance.? The
IHNMR study of paramagnetic Cr(acac); indicated
that the OH group of methanol is closer to the central
metal Cr(III) than the CH3 group of methanol.l?
Furthermore, the X-ray study of [Cr(acac)y(tn)]l
(tn=1,3-propanediamine)!! showed that the intramo-
lecular distance between the NH protons and oxygen
atoms of the acacis 2.5and 2.6 A. A molecular model
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of [Co(acac)y(en)]t indicates that it possesses spaces
enough to accomodate the OH group of 1-propanol.
Thus, it is possible that [Co(acac)y(en)]? is solvated by
1-propanol through hydrogen bonding to form a six-
membered ring.

In 1-propanol-acetone mixtures (Table 4) the
mobility of the complex ions increases with the N-
methylation in a similar manner. The differences in
the Walden product between N,N,N’,N’-tmen and en
complexes are 0.031 and 0.019 Scm?mol~1107! Pa s in
60 and 80 mol% acetone in 1-propanol, respectively.
These values are closer to the value for acetone (0.020)
than that for l-propanol (0.054), thereby suggesting
that the selective solvation of [Co(acac),(en)]t by 1-
propanol is not seen in the mixed solvents.

The methylation effect on the mobility depends on
the substituted position. As can be seen for [Co-
(acac)y(pn)]*, the C-methylation leads to a decrease in
the mobility. A similar result was obtained in nitro-
benzene and 1,2-dichloroethane.? This shows that the
methyl group does not prevent the solvation of NH
protons, but contributes only to a decrease in mobility
by increasing the size. It is interesting to compare the
Walden product between [Co(acac)y(N,N-dmen)]t and
[Co(acac)y(N,N’-dmen)]* in l-propanol: the N,N-
dmen ligand increases more the mobility than the
N,N’-dmen ligand, compared with the ligand en.
Therefore, it is likely that the mono-methylation of the
two NH protons does not have a large desolvation
effect; however, the doble-methylation completely pre-
vents solvation by l-propanol with a six-membered
ring and compensates for the effect of an increasing
size on mobility. This can be also seen in the decrease
in the mobility from N,N-dmen to N,N,N’-trimen and
an increase in the mobility from N,N’-dmen to
N,N,N’-trimen and N,N,N’,N’-tmen.

Ionic Association. The association constants of the
chelate electrolytes show three features: (a) the K, value
in 1-propanol is much larger than that in acetone. (b)
The variation of K, with the number of NH protons in
[Co(acac)s(diamine)]* is small in all solvents. (c) The
K. value of [Co(acac)y(N,N’-dmen)]t is larger than that
of [Co(acac)y(en)]* in all the systems.

Observation (a) held for Buy,NC1O,*: Although the
dipole moment of 1-propanol (1.68 Debye) is small
compared to that of acetone (2.88 Debye), the magni-
tude of the bulk dielectric constant of 1-propanol
which is similar to that of acetone is due to the struc-
ture arising from hydrogen bonding. However, in the
vicinity of the ion pairs, the structure is destroyed by
the solvation of the chelate cations, leading to a dim-
inution of the local dielectric constant. Thus, ionic
association constants in l-propanol are larger than
those in acetone.

(b) The ratio of K. for [Co(acac)y(en)]Cl1O4 to
[Co(acac)y(N,N,N’,N’-tmen)]ClOy is 0.9 and 1.3 for 1-
propanol and acetone, respectively. These values are
smaller than those for 1,2-dichloroethane (7.9) and
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nitrobenzene (2.4).? The NH protons in [Co(acac),-
(en)]* associates with C104~ by hydrogen bonding in
1,2-dichloroethane, leading to the larger K, value for
[Co(acac)s(en)]C10y4. In nitrobenzene, the protons are
solvated due to the high polarity of the nitrobenzene
molecule. However, the ion pair, [Co(acac)y(en)]ClO,
is a contact ion pair, formed by the partial exclusion of
nitrobenzene molecules. On the other hand, in 1-
propanol and acetone the protons are solvated owing
to an acid-base interaction. Especially, the solvation is
large in 1-propanol because [Co(acac),(en)]* is specifi-
cally solvated by the 1-propanol molecule as discussed
in the preceding section. This leads to the formation
of solvent-separated ion pairs and observation (b).
Previous studies showed that the trend of observa-
tion (c) was also seen in nitrobenzene and nitro-
benzene-carbon tetrachloride mixtures but chloroal-
kane solvents such as 1,2-dichloroethane and dichloro-
methane, and that the results could be ascribed to a
difference in polarity of the solvent.!? For the
[Co(acac)y(N,N’-dmen)]* ion in solvents which pro-
vide observation (c), the methyl substitution (CHj-
NH-) interferes with the solvation of the residual NH
protons due to a steric hindrance. This leads to an
increase in the acidity of the NH protons and to a
larger association of [Co(acac)y(N,N’-dmen)]ClO,
compared with [Co(acac)s(en)]C104. The K, value of
[Co(acac)y(N,N,N’-trimen)]ClOy is larger than that of
[Co(acac)y(N,N-dmen)]ClO, in a similar manner. It
can be said that the existence of a relatively strong
specific solvation of NH protons such as solvations
due to ion-dipole and hydrogen-bonding interactions
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gives the pattern shown in (c).
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