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It was established that the isostructural salts Cu(HCOO), - 2H,0 and Zn(HCOO), - 2H,0 form a discon-
tinuous series of solid solutions. The deviation from the classical isomorphous theory rules is due to the
properties of the Jahn—Teller copper ions, which cause a strong radial deformation of the comparatively
regular zinc octahedra, replacing the zinc ions in the Zn(HCOOQ), - 2H,0 crystal structure. The observed
shift in the absorption maximum in the visible range is explained by the preferential occupation of the
two available lattice sites by the copper ions when they replace the zinc ions. The shift in the absorption
maximum toward higher energies is evidence in favor of the hypothesis that the copper ions prefer a
mixed coordination environment. The crystal structure of the solid solution Cuy sZn, (HCOO), - 2H,0

may be treated from a crystallochemical point of view as a double salt.

Introduction

It is well known that the metal formate
dihydrates Me(HCOO),-2H,0 (Me=Mg,
Mn,Fe,Co,Ni,Cu,Zn,Cd) are an isostruc-
tural—monoclinic system, with space group
P2,/c. The metal ions occupy two sets of
nonequivalent centers of symmetry: the
metal ion at the Me(1)-site is coordinated by
six oxygen atoms from formate ions; the
metal ion at the Me(2)-site is coordinated by
four water molecules and two oxygen atoms
from formate ions (/-9). The different coor-
dination environments of the metai ions sug-
gest the possibility that when solid solutions
are formed among the above formates, cat-
ions, depending on their nature, preferen-
tially occupy one of the two available posi-
tions. The same crystal structure of the salts
Me(HCOO), - 2H,0 defines the possibility
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for the formation of continuous series of
solid solutions during their cocrystallization
from aqueous solutions (/0-13). However,
some experimental results show a limited
solubility of the salt components (discontin-
uous series of solid solutions) in the
Cd(HCOO0),-Mg(HCOO),-H,0 system at
25°C (/1) and Cu(HCOO),-Mg(HCOO),-
H,O system at 50°C (14). The deviation from
the classical isomorphous theory rules in
the above systems is due to: (i) the differ-
ence in the ionic radii of the metal ions, re-
sulting in bond lengths of Cd-0O,, greater
than those of Mg-0,,, and (ii) the proper-
ties of the Jahn-Teller copper ions, which
cause a strong radial deformation of the
metal coordination octahedra. As a result
of this distortion, a new type of solid
phase (solid solutions) is formed in the
Cu(HCOO),~-Mg(HCO0),-H,0 system at
50°C and has crystal structure considerably
different from those of the simple salts. On
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the other hand, the cocrystallization of
the pair Cu(HCOO),-2H,0/Cd(HCOO), -
2H,0 obeys the classical isomorphous the-
ory rules; i.e., a continuous series of solid
solutions is formed (13).

The purpose of the present paper is to
examine the influence of the copper ions on
the type of solid solutions Cu,Zn,_,
(HCOO), - 2H,0. There are no data in the
literature on the solubility of the Cu
(HCOO0),~Zn(HCOO),H,0 system at 50°C.
It 1s known that the lattice parameters of the
solid solutions Cu,Me,_ (HCOO),-2H,0
{Me=Mn,Zn,Ni) do not change uniformly
with the change in chemical composition
(15). There are no comments, however, on
the type of solid solutions. According to
Ogata et al. the copper ions are localized
mostly at the Me(1)-site in the crystal struc-
ture of the solid solution CugysZngs
(HCOO), - 2H,0. In our previous paper we
assumed that when the copper ions were
included in the crystal structure of some
metal formates they would occupy the

Me(2)-site characterized by mixed (X,Y,)
coordination (/3). The argument for this hy-
pothesis is the fact that only the copper for-
mate crystallizes at room temperature as tet-
rahydrate, having one type of coordination
octahedron in which the copper ions are co-
ordinated by two water molecules and four
oxygen atoms from formate ions (/6). The
higher stability of the copper formate tetra-
hydrate may be explained by the
Jahn-Teller properties of the copper ions,
which have a higher preference for mixed
coordination. The aim of the present study
is to confirm this hypothesis.

Experimental

The metal formates were obtained by neu-
tralization of dilute formic acid solutions
with the corresponding basic carbonates (in
the case of copper formate) and metal oxide
(in the case of zinc formate). Analytical
grade reagents were used. The solubility of
the Cu(HCOO),—-Zn(HCOO0),~H,0 system

TABLE I
SorLuBILITY IN THE Cu(HCOO),-Zn(HCOO),—H,O0 SysTeM AT 50°C

Solid phase

calculated by (8). Distribution
Liquid phase, wt.% wt.% coefficients
Cu(HCOO), Zn(HCOO), Cu(HCOO), Zn(HCOO), Deyiza Dypicu
1. — 8.06 — —_— — —
2. .2.59 6.89 7.32 73.15 0.26 3.84
3. 5.88 5.80 13.26 67.90 0.19 5.26
4. 943 5.44 21.50 39.63 0.20 5.00
5.13.63 3.79 30.54 50.53 0.17 5.88
6.19.19 3.16 34.22 46.86 0.12 8.32
7.23.85 3.00 42.38 38.72 0.14 7.14
8. 25.06 2.89 48.21 32.91 Eutonics
9.25.60 2.52 53.01 28.07 Eutonics
10. 26.24 2.95 57.75 23.44 Eutonics
11.26.31 2.26 66.08 15.07 0.37 2.70
12.27.63 1.17 72.79 8.38 0.37 2.70
13.27.58 0.38 78.15 3.02 0.36 2.78
14.26.92 0.20 79.38 1.79 0.33 3.03

15.25.17 — —
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TABLE 11
LATTICE PARAMETERS OF Cu,Zn,_ (HCOO), - 2H,0 SoLip SOLUTIONS

Solid phase a(A) b (A) c A) B
Zn(HCOO), - 2H,0 8.69 7.14 9.28(1) 97.76
Cuyg gZn, o;(HCOO), - 2H,0 8.70 7.14 9.26 97.72
Cuy, 5Zn, 5:(HCOO), - 2H,0 8.63 7.15 9.29(2) 97.59
Cuy 5Zn, #(HCOO), - 2H,0 8.58 7.14 9.29(1) 97.52
Cuy33Zn, (HCOO), - 2H,0 8.56 7.16 9.30(2) 97.46
Cug 3Zng 5(HCOO), - 2H,0 8.54(1) 7.17 9.30(3) 97.46
Cug Zng 5;,(HCOO), - 2H,0 8.54(1) 7.14 9.26(3) 97.82
Cug g Zn, x(HCOO), - 2H,0 8.52(2) 7.13(1) 9.34(2) 97.41
Cig 9,21, x(HCOO), - 2H,0 8.48(2) 7.13(D) 9.31(2) 97.10
Cuy 55204, ,(HCOO), - 2H,0 8.46 7.12 9.32 96.99
Cu(HCOO), 2H,0 8.49 7.12 9.34(1) 97.34

at 50°C was studied using the method for
isothermal decrease of supersaturation.
Equilibrium was reached in about 2 days.
The experiments were carried out in a slight
excess of formic acid (about 1-2 mass%) in
order to suppress the salt hydrolysis. The
liquid phase concentration and the wet solid
phase concentration were determined as fol-
lows: the copper formate concentration was
determined iodometrically; the sum of the
copper and zinc formate concentrations was
determined complexometrically at pH 5.5-6
using xylenol orange as indicator. The zinc
formate concentration was calculated by
difference. The variation of the Schreine-
makers method of algebraic indirect iden-
tification of the solid phase was used to
calculate the ideally dry solid phase concen-
tration (/7). The solid phases were washed
with alcohol, dried in air, and analyzed as
above. The X-ray diffraction analysis was
carried out with a DRON-3 powder diffrac-
tometer using CoKa radiation. The 24 dif-
fraction range was 10-60°. The lattice pa-
rameters were calculated from the
diffractometric data by least-squares re-
finements. The diffusive reflectance spectra
of the powdery samples were recorded by a
VSU-2P Carl Zeiss (Jena) spectrophotome-
ter in the range 1000-300 nm. MgO was used

as areference medium with 100% reflection.
The Kubelka-Munk function F = (1 —
R)*/2R (R is relative reflectivity), character-
izing the absorption coefficient, was calcu-
lated over the entire range.

Results and Discussion

Solubility in the Cu(HCOO),~Zn
(HCOO),-H,0 system was studied at 50°C,
the temperature at which the two salts crys-
tallize as isostructural monoclinic dihy-
drates. The experimental results are shown
in Table I and Fig. 1. The distribution curve
of the components in molar units is shown
in Fig. 2. The two branches of the curve
lie on one side of the diagonal because the
concentration of one component (copper
formate) in the liquid phase remains higher
than that in the solid phase over the entire
concentration range.

The two branches of the curve indicate
that two series of solid solutions are formed
in the studied system, irrespective of the
isostructure of the salts. Another argument
in favor of this conclusion is the calculated
distribution coefficients between the liquid
and the solid phases, which are different for
the two crystallization fields (Table I). The
distribution coefficient of the copper for-
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F1G. 1. Solubility diagram of the Cu(HCOO),-Zn(HCOO0),-H,0 system at 50°C.

mate in the crystallization field of the solid
solutions, having zinc formate dihydrate as
amain component, has amean value of 0. 18,
and that in the crystallization field of the
solid solutions, having copper formate dihy-
drate as a main component, has a mean
value of 0.36. Points 8, 9, and 10 are eutonic
and lie on the vertical part of the distribution
curve (Fig. 2). It is seen in Fig. 1 that the
Zn(HCOO), - 2H,0 matrix includes a maxi-
mum of 50 mole% copper formate.

The lattice parameters of the solid solu-
tions Cu,Zn, .. (HCOO), - 2H,0 are given in
Table II and Fig. 3. A mixture of the two
types of solid solutions is formed within the
concentration range limited by the crosses
(eutonic area). The volume V is calculated
for one formula unit and does not change
with the chemical composition.

The interruption in the solid solution series
may be explained in the following way: When
the Jahn-Teller copper ions replace the zinc

ions in the Zn(HCOO),-2H,O matrix, they
cause a strong radial deformation of the com-
paratively regular zinc octahedra. The distor-
tion force created by this substitution does
not substantially affect the zinc formate lattice
up to copper formate concentrations of 50
mole% in the solid phase. At copper formate
concentrations higher than about 24 mass%
in the liquid phase, the production of solid
solutions with Cu(HCOO),-2H,O crystal
structure increases stepwise.

The difference in solid solutions of the
type Cu,Zn,_ (HCOO),-2H,0O (a discon-
tinuous series) and the type Cu,Cd, _,
(HCOO),-2H,0 (a continuous series) is
probably due to the difference in the ionic
radii of the cadmium and zinc ions, which
determine different bond lengths. At this
stage in our study we may only assume that
the larger cadmium octahedra handle the
distortion caused by the copper ions more
easily than do the zinc octahedra, resulting
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F1G. 2. Distribution curve of the salt components.

in the formation of a continuous series of
solid solutions. Evidently, more detailed in-
vestigations are needed in order to deter-
mine the influence of the bond length change
with the chemical composition on the type
of solid solution.

Asmentioned above, inthe previous paper
we assumed that the copper ions preferen-
tially replace the cadmium ions character-
ized by mixed coordinatjon. The type of li-
gand environment preferred by the copper
ions was deduced from the diffusive re-
flectance spectra of the solid solutions in the
visible range. The strength of the ligand field
depends on the coordination environment,
thus varying the maximum of the optical ab-
sorption correspondingly. The spectra of the
different known arbitrating crystal struc-
tures support the conclusion that in the case
of tetragonal copper complexes the formate
ions create a ligand field that is stronger than
that of water molecules (/3). The inclusion
of the copper ions in the Zn(HCOO), - 2H,0
crystal structure up to 50 at.% (i.e., an equi-
molar mixture of the two salts) does not in-
fluence the position of the absorption maxi-
mum. A shift in the absorption maximum
toward higher energies is observed when the
copper formate concentration increases
more than 50 mole%. The solutions

Cuy g9Zn, 1,(HCOO), - 2H,0, Cuy g6Zng o4
(HCOQ), - 2H,0, and Cuy ¢3Zn; (,(HCOO), -
2H,0 display an absorption maximum at the
same energy as Cu(HCOO), - 2H,0. The un-
changed position of the absorption maximum
in the spectra of solid solutions having zinc
formate dihydrate as a main component
shows that the copper ions predominantly
occupy one of the two available positions.
The shift toward higher energies, i.e.,
stronger ligand fields, is evidence that the
copperionsreplacing the zincionsinthe Zn(-
HCOO), - 2H,0 matrix prefer the mixed co-
ordination environment. When all the zinc
ions at the Me(2)-site are replaced by copper
ions, the latter begin to occupy the Me(1)-
site and, as a consequence, the absorption
maximum is shifted (Table III).

Conclusion

It was established that a discontinuous se-
ries of solid solutions is formed in the Cu

o

140,0 X—X% —x-x E.F R N
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FiG. 3. Lattice parameters of the solid solutions Cu,
Zn;_ (HCOO),-2H,0.
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TABLE 111
Nature of solid phase Structural element Vpax (€M™
Cu(HCOO), Cu(HCOO)q 14,700
Cu(HCOO),-4H,0 Cu(HCO0)4(H,0), 12,820
Ba,Cu(HCOO); - 4H-O Cu(HCOO),(H,0), 12,820
Cu(HCOO), - 2H,0 Cu(HCOO), 12,500
Cu(HCOO),(H,0),
Cug gZny n(HCOO), - 2H,0 12,500
Cuy gZny x(HCOO), - 2H,0 12,500
Cug gZny ;,((HCOO), - 2H,0 12,500
Cug 5,21, x(HCOO), - 2H,0 12,200
Cuy 52Zny 4(HCOO), - 2H,0 11,900
Cuy 4,70 5s(HCOO), - 2H,0 11,900
Cug 3320, ,(HCOO), - 2H,0 11,900
Cug 34Zngy 74(HCOO), - 2H,0 11,900
Cuyg 1521y g4(HCOQ), - 2H,0 11,900
Cuyg 11Zng 5(HCOO), - 2H,0 11,900
(HCOO),-Zn(HCOO),~H,0 system at 50°C. 2. K.Osak1, Y. Nakal, AND T. WATANABE, J. Phys.

The interruption in the solid solution series is
due to the properties of the Jahn—Teller cop-
per ions, which cause a strong radial deforma-
tion of the comparatively regular zinc octa-
hedra, replacing the zinc ions in the
Zn(HCOO), - 2H,0 crystal structure. At cop-
per formate concentration higher than 24
mass% in the liquid phase, the production of
solid solutions with Cu(HCOO), - 2H,0 crys-
tal structure increases stepwise. The shift in
the maximum in the optical spectra toward
higher energies is evidence in favor of the
hypothesis that when the copper ions replace
the zinc ions they predominantly occupy the
Me(2)-site; i.e., they prefer the mixed coordi-
nation environment. The structure of the solid
solution Cu, sZn, (HCOO),-2H,0 may be
treated from a crystallochemical point of view
as a double salt—the structure is built up by
alternating Cu and Zn octahedra containing
different ligand coordinations.
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