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Formation equilibria of ternary zinc(II) complexes with chloride ions and 2,2’-bipyridyl (bpy) have been
calorimetrically studied in N,N-dimethylformamide (DMF) containing 0.4 mol dm~3 (C,Hjs),NClO, as a constant
ionic medium at 25°C. Formation of binary (2,2’-bipyridyl)zinc(II) complexes has also been explored. The
calorimetric data were satisfactorily explained in terms of formation of the ternary [ZnCl(bpy)]* and
[ZnCly(bpy)] complexes together with the binary [Zn(bpy),]** ("=1—3) ones, and their formation constants and
enthalpies were determined. The formation of the ternary [ZnCl(bpy)]* and [ZnCly(bpy)] complexes is not so
favorable in DMF. It is suggested that both [ZnCl(bpy)]* and [ZnCly(bpy)] complexes have the four-coordinate

tetrahedral structure in DMF.

Complexation of zinc(II) ion with 2,2’-bipyridyl
(bpy) has so far been studied in aqueous solution and
the formation of mononuclear [Zn(bpy),]** (n=1—3)
complexes has been established.!~® However, the com-
plexation equilibria in nonaqueous solvents have not
been well investigated yet. In fact, the only formation
of [Zn(bpy)]* was kinetically investigated in dimethyl
sulfoxide.”

Ternary (2,2’-bipyridyl)zinc(II) complexes with
various carboxylic acids, amino acids (peptides), and
amines have been extensively studied in aqueous
solution.1:® On the other hand, as to the (2,2’-
bipyridyl)zinc(II) complexes with halide ions, their
formation equilibria have not been reported in any
solvent, although the [ZnCly(bpy)] complex was iso-
lated from acetonitrile solution and its crystal struc-
ture was determined.?

In a previous paper,'® we reported the formation
equilibria of the ternary copper(II) complexes with
bromide ions and 2,2’-bipyridyl in DMF. In the
present work, in order to shed more light on the forma-
tion equilibria of ternary metal(II) complexes with
2,2’-bipyridyl and halide ions in solution, we calo-
rimetrically investigated the formation of the ternary
(2,2’-bipyridyl)chlorozinc(Il) complexes in DMF. As
to the related binary zinc(II)-chloride system, the for-
mation equilibria having been previously explored,1!!
the thermodynamic quantities of formation of the
[ZnCl,])? ™t (n=1—4) complexes were used as known
values in the course of the analysis of calorimetric data
obtained in the present study.

Experimental

Reagent. All chemicals used were of reagent grade. 2,2’-
Bipyridyl was used without further purification and dried in
vacuum over P,Os in a desiccator. Other chemicals were
prepared or purified as described elsewhere.!V

Measurements. Calorimetric measurements were carried
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out in a room thermostated at (25.010.2) °C. All solutions
prepared contained 0.4 moldm™3 (C,H;),NClO, as a con-
stant ionic medium. A Dewar vessel was immersed in a
thermostated water-bath at (25.0£0.007)°C. 100 cm3 of a
DMF solution with varying concentrations of Zn(ClO,), and
(C2H5)4NCl] was placed in a Dewar vessel which was filled
with dry nitrogen gas and isolated from moisture with a
P,0; drying-tube, and then it was titrated with 0.1 mol dm~3
2,2’-bipyridyl DMF solution. The concentration of zinc(II)
ion in the initial test solution was varied over the range
3—21 mmoldm™3. Heats of complexation observed at each
titration point were ranged 0.3—3 J with a certainty 10.05 J.
The measured heats of complexation were corrected for heats
of dilution. Heats of dilution were determined in advance by
separate experiments by titrating a 0.4 moldm™3 (CyHj;),-
NC10O4 DMF solution with the 2,2’-bipyridyl solution con-
taining 0.4 mol dm™3 (C,H;);NC10,. The observed heats of
dilution were found to be very small. All of the measure-
ments were carried out by using a fully automatic on-line
system for calorimetry developed in our laboratory.!2:13 The
method of the data treatment was similar to that used in a
previous work.10

Results and Discussion

Calorimetric titration curves obtained for the binary
zinc(II)-2,2’-bipyridyl system are depicted in Fig. 1. In
the figure, enthalpies AH°=—q/(0vCL.u) are plotted
against CL/Cwm, where g, év, CL and Cuy stand for the
heat evolved, the volume of an aliquot of the titrant
added and the total concentrations of chloride and
zinc(II) ions in solution, respectively, at each titration
point, and C., denotes the concentration of 2,2’-
bipyridyl in the titrant solution. The observed AH®
values were all negative, indicating an exothermic
formation of zinc(II) 2,2’-bipyridyl complexes. As well
as in water,! the formation of a series of mononuclear
[Zn(bpy).P* (n=1—3) complexes was expected in
DMF. The calorimetric data were thus analyzed by
assuming the formation of the complexes and their
formation constants and enthalpies were optimized,
the result being summarized in the column of
“Binary” in Table 1. The solid lines in Fig. 1 show the
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titration curves calculated by using the constants in
Table 1, which satisfactorily reproduce the experimen-
tal points over the whole range of CrL/Cwm examined.
Therefore, the formation of the [Zn(bpy).J** (n=1—3)
complexes was concluded in DMF.

Calorimetric titration curves for the ternary zinc(II)-

AH°/kJ mol™!
]
s
T

CM, init/mmol dm3

® 2.984

-15 o] 4.757
© 7.631
o 9.851
. 16.930

-20 1 1

0 2 4 6
CL/Cwym
Fig. 1. Calorimetric titration curves of zinc(II)

2,2’-bipyridyl DMF solutions containing 0.4 mol
dm=3 (CaHs5)sNClO4 at 25°C. Concentrations of
zinc(II) ions, Cwminii/moldm=3, in the initial test
solutions are given in the figure. The solid lines
show the curves calculated by using the constants
in the column of “Combined” in Table 1.

Table 1. The Least-Squares Refinement of Overall For-
mation Constants, log(B1p¢/ mol=#+9 dm3¥+9)),
and Enthalpies, AH 3,4/ k] mol=?, of [ZnCl,-
(bpy)g]*"* (bpy=2,2’-bipyridyl) in N,N-
Dimethylformamide Containing 0.4
mol dm~—3 (CeH35)sNC1O4 at 25°C

Shin-ichi IsHicuro, Laszl6 Nacy, and Hitoshi OHTAKI

Binary Ternary Combined
log Bio1 3.95(0.38) - 3.88(0.22)
log Bioz 7.07(0.41) — 6.87(0.23)
log Bios 8.94(0.50) — 8.73(0.30)
log B — 9.31(0.22) 9.24(0.19)
log B1a: — 14.55(0.10)  14.54(0.08)
AH$ —18.3(0.3) - —18.2(0.3)
AH 02 —38.1(0.8) — —39.1(1.0)
AH %03 —56.4(3.0) — —55.9(3.2)
AH%im — —17.0(3.1) —7.9(4.3)
AH %121 — —15.6(1.9) —16.2(1.5)
U® 0.207 0.490 0.649
R” 0.0251 0.0486 0.0348
N® 135 75 210

Values in parentheses refer to three standard devia-
tions. Values of log B1,0 and AHE0 of formation of
[ZnCl,)*P* (p=1—4) were fixed. a) Error-square
sum. b) The Hamilton R-factor. ¢) The number of
data points.
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C17-2,2’-bipyridyl system are depicted in Fig. 2. In the
figure, the titration curves remarkably shift to lower
CL/Cwy region as the molar ratio of chloride to metal
ions in solution is increased. The titration curves cal-
culated with the only known formation constants and
enthalpies of [ZnCl,]?~"* (n=1—4) and those of
[Zn(bpy).]?* (n=1—3) determined above hardly repro-
duced the experimental points, and thus the formation
of ternary [ZnCl,(bpy),]*»* (denoted as (1pq)) com-
plexes must be taken into account. At the first step of
approach, a plausible set of the ternary complexes
such as (111), (121), and (112) were assumed. Their
formation constants and enthalpies were obtained
with a satisfactorily small Hamilton R-factor of
0.0437. However, the formation constant of the (112)
complex thus obtained was rather small with a rela-
tively large uncertainty, and thus the formation of the
complex was ambiguous. The least-squares analysis
was then carried out by eliminating the (112) complex
from the first set of complexes, the R-factor in this case
being 0.0439. In both cases with and without the (112)
complex, the R-factor remained practically unchanged,
and thus the formation of [ZnCl(bpy),]* may be insig-
nificant in DMF. Subsequent least-squares analyses
were performed by assuming the only formation of
either (111) or (121) complex, together with the binary
chloro and 2,2’-bipyridyl complexes. The Hamilton
R-factors in both cases were relatively large, indicating
that the formation of both complexes must be taken
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Fig. 2. Calorimetric titration curves of the ternary
zinc(II) system obtained by titrating zinc(II) chlo-
ride DMF solutions with a 2,2’-bipyridyl DMF solu-
tion, each containing 0.4moldm= (CeHs)sNClO4
at 25°C. Concentrations of zinc(II) and chloride
ions, Cwmini/moldm=3 and Cx,n/moldm=3, in the
initial test solutions are given in the figure. The
solid lines show the curves calculated by using the
constants in the column of “Combined” in Table 1.
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into account in DMF. The thermodynamic quantities
of the (111) and (121) complexes are summarized in the
column of “Ternary” in Table 1. Finally the whole
calorimetric data obtained for the binary and ternary
systems were analyzed altogether to simultaneously
optimize the thermodynamic quantities of the binary
[Zn(bpy).]2* (n=1—3) and ternary [ZnCl(bpy)]t and
[ZnCly(bpy)] complexes with the fixed values of the
[ZnCl,])®™M* (n=1—4) complexes, the result being listed
in the column of “Combined” in Table 1. The values
are in satisfactory agreement with the corresponding
ones in the columns of “Binary” and ‘“Ternary”. As
seen in Fig. 2, the solid lines, calculated by using the
constants of the binary and ternary zinc(II) complexes
in the column of “Combined” in Table 1 and with
those of [ZnCl,]%™* (n=1—4),! well reproduce the
experimental points over the whole range of C./Cwm
examined.

Distribution of Species. In Fig. 3 the distribution
of species in solutions with varying R. (=Cx/Cw)
values is shown as a function of —log([bpy]/mol
dm™3), which was calculated by using the formation
constants given in the column of “Combined” in
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Fig. 3. Distribution of the [ZnCl,(bpy),]@¢-P+

(denoted as (lpq)) complexes as a function of
—log ([bpy]/moldm3) at the total zinc(II) ion
concentration of 0.0l moldm=3 in DMF. The R.
value stands for the molar ratio of chloride to
zinc(II) ions in solution.
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Table 1, together with those of the zinc(II) chloro
complexes.!! In solutions involving chloride ions
(R.>0), the ternary (111) and (121) complsxes are
formed, the formation of these complexes being
strongly suppressed, however. It is indicated that the
formation of the ternary complexes is very much unfa-
vorable in solution of R.>3 in which the tri- and
tetrachlorozincate(II) complexes are predominated. In
Fig. 4 the distribution of species in solutions with var-
ying R.’ (=CL/Cwm) values is shown as a function of
—log([Cl"]/moldm™3) for comparison. It is seen in
Fig. 4 that the ternary complexes are only formed in a
range —log([Cl~]/mol dm~3)=3—6 and they disappear
in solution of a higher chloride concentration where
the [ZnCl3]™ and [ZnCl,]*~ complexes are mainly
yielded.

Binary (2,2’-Bipyridyl)zinc(I) Complexes. The
thermodynamic -quantities of stepwise formation of
the [Zn(bpy).]** (n=1—3) complexes obtained in DMF
are listed in Table 2 together with those in water.

The stepwise formation constants of each [Zn-
(bpy).J?* complex in DMF are smaller than those in
water, and the smaller values in DMF are mainly due

IIO ’
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Fig. 4. Distribution of the [ZnCly(bpy),]@—P+
(denoted as (lpg)) complexes as a function of
—log ([Cl1-]/moldm=3) at the total zinc(Il) ion
concentration of 0.0l moldm=3 in DMF. The R/
value stands for the molar ratio of 2,2’-bipyridyl
to zinc¢(Il) ion in solution.
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Table 2. Thermodynamic Quantities, log (K»/mol-'dm3), AGs/k] mol~!, AH;/k] mol-}, and AS;/]JK-?
mol-1, for the Stepwise Formation of [Zn(bpy).}2* (n=1—3 and bpy=2,2’-bipyridyl)

0.4 moldm—3 0.1 moldm—2 0.1 moldm—3 I moldm—3
(C2H35)4NCIO4 KNOs® NaClO” KNOs®
DMF? Water Water Water
25°C 25°C 20°C 30°C
log K1 3.95 5.16 5.30 5.26
log K2 3.12 4.44 4.53 4.55
log K3 1.87 3.714 3.80 3.96
AG? —22.5 —29.5 —30.3 —30.0
AGS —17.8 —25.3 —25.9 —26.0
AGS —10.7 —21.3 —21.7 —22.6
\
AHY —18.3 —29.0 —30.0 —26.2
AHS -19.9 —28.4 —22.3 —22.9
AHS —18.3 —24.1 —20.9 —17.4
AS? 14 0 0 15
ASS -7 -9 10 11
AS3 —26 —10 1 18

a) Ref. 2. b) Ref. 4. ¢) Ref. 5. d) N,N-Dimethylformamide.

Table 3. Thermodynamic Quantities, AG®/k] mol-},
AH°/k]J mol-1, and AS°/JK-1mol-}, of Stepwise
Formation of the [ZnCl,(bpy)]*™* (n=0—2,
bpy =2,2’-bipyridyl) Complexes, Together
with Those of Stepwise Formation

of [ZnCl1,]*™* (n=1—4) in N,N-
Dimethylformamide at 25°C

change from tetrahedral to octahedral structure.
Therefore, we suggest an octahedral structure for the
bis(2,2’-bipyridyl)zinc(II) complex. It is also suggested
that the bis(2,2’-bipyridyl)zinc(II) complex may have
the cis-configulation as expressed by [Zn(bpy).-
(dmf)eq(dmf)s]?* because the trans-configulation is
sterically unfavorable.'®

Reaction AG® AH° AS° orable.’ )
Znt+bpy=[Zn(bpy) 95 —183 14 T}'ll“emary 2,2 -Blpyndyl)Fl.llorozmc(II) C9mplexes.
[ZnCl]*+bpy=[ZnCl(bpy)J* —957 —91.6 13 [he thermodynamic quantities of the ste;?w1se forma-
[ZnClz)}+bpy=[ZnCly(bpy)] —15.7 —31.7 —54 tion of the [ZnCl.(bpy)]®@™* (n=0—2) in DMF are
[Zn(bpy)]2++Cl-=[ZnCl(bpy)]* —30.6 11.4 141 summarized in Table 3, which can be calculated from
[ZnCl(bpy)]*+Cl-=[ZnClg(bpy)] —199 —8.6 70  the values in Table 1. The thermodynamic quantities
Z;ZZ;TS-I}-_(;[-ZEC]]Z;I :27'5 147 142 of the stepwise formation of the zinc(II) chloro com-
EZ:CIE] +Cl-=—[[ZZr?C132]]- _ggg —l’}':g lig plexes!! are also listed in Table 3 for comparison.
[ZnCls]-+Cl-=[ZnCl)?~ —127 =19 16 Comparing the enthalpy and entropy values for the

to the less negative enthalpy values in the solvent than
those in water. Since the donicity of DMF (the donor
number Dn=26.6) is stronger than that (Dn=14.8) of
water,!? the less negative enthalpy values of the
zinc(II) 2,2’-bipyridyl complexes in DMF than those in
water may be mainly ascribed to a stronger solvation of
the metal ion in the former solvent than in the latter.
We note that the AS? (n=1—3) values of the zinc(II)
2,2’-bipyridyl complexes are practically the same as
those of the nickel(II)-2,2’-bipyridyl ones with
octahedral structure in DMF.!®
(n=1—3) values are practically kept constant and the
corresponding entropy values stepwise decreased by ca.
20 JK-'mol™! in the zinc(II)-2,2’-bipyridyl system in
DMF. Such changes in the stepwise enthalpy and
entropy values may hardly be expected provided that
the [Zn(bpy),]?* complex has the four-coordinate
tetrahedral structure, because the formation of
[Zn(bpy)s* may be very much unfavorable owing to the

The stepwise AHj

reactions:

Zn?* +bpy =[Zn(bpy)**, )
[ZnCl]* + bpy =[ZnCl(bpy)T*, )
[ZnCl,] +bpy =[ZnCly(bpy)], (3)

in Table 3, we see that the AH® and AS° values for
Reaction 3 are significantly negative compared with
those for Reactions 1 and 2, the result suggesting that
solvation of the [ZnCl;] complex is weaker than that of
Zn2*, as well as [ZnCl1]* in DMF. As noted in a pre-
vious paper,!? the dichlorozinc(II) complex may have
the four-coordinate [ZnCly(dmf),] structure with weak
metal-dmf bonds in DMF, and thus it is plausible that
the DMF molecules within the [ZnCly(dmf),] complex
are replaced to 2,2’-bipyridyl and the four-coordinate
[ZnCly(bpy)] complex is formed in DMF. It has in
fact been revealed that the [ZnCly(bpy)] complex has
the four-coordinate tetrahedral structure in crystal.?)
Similarly, the [ZnCly(phen)] (phen=1,10-phenan-
throline)!” and (ZnXy(py):] (X=Cl, Br, and I, and
py=pyridine)!%19 complexes have the tetrahedral
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structure in crystal.
We subsequently compare the enthalpy and entropy
values for the reactions:

[Zn(bpy)F* + C1~=[ZnCl(bpy)]*, (4)
[ZnCl(bpy)]* + C1~=[ZnCly(bpy)]. (5)

The [Zn(bpy)]?t complex may have the octahedral
structure with four DMF molecules coordinating to
the metal ion, and the DMF molecules are stepwise
liberated in the course of Reactions 4 and 5. As seen in
Table 3, the AH® value for Reaction 4 is positive, while
that for Reaction 5 is negative. The AS® value for Reac-
tion 4 is much more positive than that of Reaction 5.
The result suggests that liberation of DMF molecules
from the central metal ion takes place relatively exten-
sively in Reaction 4. Therefore, it is plausible that the
[ZnCl(bpy)]* complex has the four-coordinate struc-
ture with one DMF molecule within the first coordina-
tion sphere of the metal ion.
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61134043 from the Ministry of Education, Science and
Culture.

References

1) W. A E. McBryde, ““A Critical Review of Equilibrium
Data for Proton- and Metal Complexes of 1,10-Phenan-
throline, 2,2’-Bipyridyl and Related Compounds,” IUPAC

Ternary Zn(II) Complexes with Cl~™ and 2,2’-Bipyridyl in DMF

2869

Chemical Data Series No. 17, Pergamon Press (1978).
2) S. Cabani and M.Landucci, J. Chem. Soc., 1962, 278.
3) G. Atkinson and J. E. Bauman, Jr., Inorg. Chem., 1,
900 (1962).
4) G. Anderegg, Helv. Chim. Acta, 46, 2397 (1963).
5) R. L. Davis and K. W. Dunning, J. Chem. Soc., 1965,
4168.
6) P. G. Daniele, G. Ostacoli, and V. Zelano, Ann. Chim.
(Rome), 65, 455 (1975).
7) D. M. W. Buck and P. Moore, J. Chem. Soc., Dalton
Trans., 1976, 638.
8) H. Sigel and R. B. Martin, Chem. Rev., 82, 385 (1982).
9) M. A. Khan and D. G. Tuck, 4Acta Crystallogr., Sect. C,
40, 60 (1984).
10) S. Ishiguro, L. Nagy, and H. Ohtaki, Bull. Chem. Soc.
Jpn., 60, 2053 (1987).
11) S. Ishiguro, K. Ozutsumi, and H. Ohtaki, Bull. Chem.
Soc. Jpn., 60, 531 (1987).
12) S. Ishiguro, K. Yamamoto, and H. Ohtaki, Anal. Sci.,
1, 263 (1985).
13) S. Ishiguro and H. Ohtaki, J. Coord. Chem., Sect. B,
15, 237 (1987).
14) V. Gutmann, “The Donor-Acceptor Approach to
Molecular Interactions,” Prenum, New York (1978).
15) S. Ishiguro, L. Nagy, and H. Ohtaki, to be published.
16) E. D. Mckenzie, Coord. Chem. Rev., 6, 187 (1971).
17) C. W. Reimann, S. Block, and A. Perloff, Inorg.
Chem., 5, 1185 (1966).
18) W. L. Steffen and G. J. Palenik, Acta Crystallogr.,
Sect. B, 32, 298 (1976).
19) P.T.T. Wong and D. G. Brewer, Can. J. Chem., 47,
4589 (1969).






