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An attempt is made to find the relation between the crystal structures of some salts of the type
Me(OCOCH,3), - nH,O (Me?* = Mg, Ca, Mn, Co, Ni, Cu, Zn, Cd) and their ability to form mixed
crystals or double salts by taking into account the difference in the ground-state configurations of the
metal (II) ions. Such a treatment is based on the theoretical argument that the formation of
isomorphous and isodimorphous mixed crystals occurs when the admixed ion may assume the
coordination environment of the substituted ion in the crystal structure of the host salt. Double salts
are formed mainly between the acetates of the d®, d*) and p® metal ions, i.e., for ions that allow strong
angular deformations of the coordination polyhedra or when at least one of the metal ions meets this
condition so that acetate bridge bonding may occur.

Introduction

The processes of cocrystallization in a
number of systems of the type
Me(OCOCH;),-Me(OCOCH;),-H,O have
been extensively studied (/-8). The present
work represents an attempt to find the
relation between the crystal structures of
the individual salts participating in the sys-
tems under consideration and their ability
to form mixed crystals or double salts, by
taking into account the differences in the
ground-state electronic configuration of the
metal (II) ions. Such a treatment is based
on the theoretical argument that the forma-
tion of isomorphous and isodimorphous
mixed crystals occurs when the admixed
ion may assume the coordination environ-
ment of the substituted ion in the crystal
structure of the host salt.
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Crystal Structures of the Salts of the
Me(OCOCH,), - nH,O Type

The crystal lattice parameters of the salts
of the type Me(OCOCHj,3), - nH,O (Me? =
Mg, Ca, Mn, Co, Ni, Cu, Zn,Cd; n = 4, 2,
1, or 0) are listed in Table 1. It is seen from
the table that the structures of these salts
vary considerably and, in order to explain
the differences in these crystal structures, a
more detailed treatment is needed. For this
purpose, the available data on the Me-O
bond lengths and O-Me-O angles in the
structures of the salts under consideration
are listed in Table II.

According to the acetate bonding type to
the metal ions, the crystal hydrates of the
metal (II) acetates may. be divided into
several groups:

—bridge-bonded acetates as those in the

192



ACETATE DOUBLE SALTS

TABLE |
CRrYSTAL LATTICE PARAMETERS OF THE SALTS OF THE TYPE Me(OCOCH;), - nH,O
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Compound

Mg(OCOCH;), - 4H.0

Mn(OCOCH;), - 4H,0

Co(OCOCH;), - 4H,0

Ni(OCOCH;), - 4H,

Parameter (Ref. (9)) (Ref. (10))  (Ref. (/1)) {Ref. (72)) (Ref. (13)
a (A) 4.75 9.13 1.1 4.77 4.746
b (A) 11.79 17.62 17.6 11.85 1.711
¢ (A) 8.52 19.76 8.42 8.425

B 94°54’ 94.5° 118.62° 94°3() 93.6°
/ 2 6 2 2
P2,/c P2 /c P2 /c P2,/c

Space group

Zn(OCOCHy,), - 2H,0

Cd(OCOCHj3;), - 2H,0

Cu(OCOCH;), - H,O

Mg(OCOCH;), - HO

(Ref. (14)) (Ref. (15)) (Ref. (17)) (Ref. (16))
a {A) 14.50 8.690 13.168 11.74
b (A) 5.32 11.920 8.564 17.54
¢ (A) 11.02 8.100 13.858 6.65
8 100° 117.02°
7 4 4 4
Space group /e 22,2, C2/e
Mg(OCOCH,;), Zn(OCOCH;,),
(Ref. (/6)) (Ref. (19))
a form 8 form
a (A) 11.27 10.34 10.92
h (A) 15.04 12.35
¢ (A) 10.99 7.726
o 103227
8 14°32
y 81°03

dimer of the copper acetate monohydrate
and manganese acetate tetrahydrate.

—bidentate-bonded acetates as those in
the zinc and cadmium acetate dihydrates.

—unidentate-bonded acetates as those in
the magnesium, cobalt, and nickel acetate
tetrahydrates.

The oxygen octahedron about Cu?* in the
structure of the copper acetate monohy-
drate dimer is strongly distorted: four oxy-
gen atoms from the bridging acetate ions
located at the corners of a square are the
closest neighbors of Cu?*. A water mole-
cule and a second copper atom are located

normal to the plane of four oxygen atoms.
The longest bond in the octahedra (Cu-Cu
= 2.616 A) and the shortest bond (Cu-0 =
1.945 A) differ considerably (A = 0,671 A)
and this difference is the major factor
defining the strong distortion of the octahe-
dron about Cu?* (17).

There are two types of manganese ions,
located at sites of different symmetry, in
the structure of the manganese acetate tet-
rahydrate. One type of the manganese ions
is surrounded by six oxygen atoms pertain-
ing to six acetate ions bridging the metal
ions to the second type of manganese ions.
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TABLE 11
Me~O BOND LENGTHS AND O-M¢—0O ANGLES IN THE STRUCTURES OF SOME ACETATES

Mg(OCOCHs,), - 4H,0

Co(OCOCH,), - 4H,0

Ni(OCOCH,), - 4H,0

Mg-20, 2.11 Co-20,
Mg-20,, 2.08 Co-20,,
Mg-20,, 2.07 Co-20,,
Mg-0,, 2.09 Co-O,,
0,-Mg-0,, 90°48' 0,-Co-0,,
0,,-Mg-0,, 88°48' 0,~Co-0,,

2.12 Ni-20, 2.068

2.11 Ni-20,, 2.081

2.06 Ni-20,, 2.048

2.09 Ni-0,, 2.065
90°44’ 0-Ni-0,, 89.8°
90°33" 0,-Ni-0,, 90.8°
0,-Ni-O,, 91.6°

Zn(OCOCH3), - 2H,0

Cd(OCOCH;), - 2H,0

Cu(OCOCHj;), - H,O

Zn-20, 2.18 Cd-0,
Zn-20, 2.17 Cd-0,
Zn-20,, 2.14 Cd-0,
Zn-0,, 2.16 Cd-0,
Cd-0,,
0,-Zn-0, 61° Cd-O,,
0,-Zn-H,0 103° Cd-0;
0,-Zn-0;, 158° Cd-0,,
0,-Zn-0, 104°
0,-Zn-H,0 96° 0,-Cd-0;}
H,0-Zn-H,0 94° 0,-Cd-0,
Or-Zn-0;, 85° 0,-Cd-0,
H,0-Zn-0; 92° 0,-Cd-0,
H,0-Zn-0; 152° 0,~Cd-0,
H,0-Cd-H,0

2.597 Cu,-0; 1.986
2.294 Cu,-0, 1.994
2.304 Cu,-0; 1.945
2.546 Cu,-0y 1.950
2.325 Cu,-0Oy 2.156
2.299 Cu,—Cu; 2.616
2.297 Cu-0,fac) 1.969
2.379
0;—Cu,-0; 98.4°
133.8° 0;-Cu,-0, 93.0°
52.7° 0;—Cu,-0} 97.7°
79.3° 05-Cu,-0, 93.3°
129.6° 01—-Cu-0, 168.6°
53.6° 0{—Cu,-0; 87.5°
83.1° 0;-Cu,-0, 91.1°
0,Cu-0; 90.1°
0,-Cu,-0, 89.1°
03-Cu,-0, 168.9°

The coordination polyhedron about the sec-
ond type of manganese ions is built up of
two oxygen atoms from two water mole-
cules and four oxygen atoms from four
acetate ions in a bridging position (10, 11).
There are, however, no literature data on
the Mn-O bond lengths and O-Mn-O
bond angles in the structure of
Mn(OCOCHj3;), - 4H,0.

The oxygen octahedron in the zinc ace-
tate dihydrate is built up of two oxygen
atoms pertaining to two water molecules
and four oxygen atoms from two bidentate
acetate ions. The Zn—O bond lengths in the
structure of zinc acetate dihydrate are
equal; the O-Zn-O bond angles, however,

deviate strongly from 90°, which brings
about a considerable distortion of the oxy-
gen octahedron (/4).

The Cd** in the structure of cadmium
acetate dihydrate is surrounded by seven
oxygen atoms: two oxygen atoms from two
water molecules, four oxygen atoms from
two bidentate acetate ions, and the oxygen
atom from an acetate ion bridging the
neighboring cadmium acetate molecule.
The distortion of the oxygen polyhedron is
due to the O—Cd-O angles values, which
are far from 90°, and to the Cd-O bond
length differences for the bidentate ions (A
= 0.30 A) (15).

The unidentate-bonded acetates (Mg,
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Co, and Ni acetate tetrahydrates) have an
oxygen octahedron built up of four oxygen
atoms from four water molecules and two
oxygen atoms from two acetate ions. The
approximately equal Me¢-O bond lengths as
well as the O-Me—O bond angles (close to
90°) locate the ligand atoms in a compara-
tively regular octahedral arrangement
about the metal tons (9, 12, 13).

The following conclusions may be drawn
on the basis of the above considerations,
supported also by the experimental data on
the formation of mixed crystals and double
salts in acetate systems (vide infra):

Bidentate acetate ligands are observed
when the metal-ion polyhedron may be
subjected to a strong angular deformation
(O-Me—-0 valent angle deformation). This
occurs in the presence of d'° ions (Zn** and
Cd?*) and it is also possibie in the high-spin
d’ configuration (Mn®"). In these cases, the
O-Me-0 angles of the bidentate acetate ion
deviate strongly from 90°. Moreover, the
larger the ionic radius of Me?*, the smaller
this angle (52.7° for Cd?* and 61° for Zn?").
The bidentate bond formation is favored
additionally by the higher extent of cova-
lency of the metal-ligand bond. As is
known, the d' ions are the strongest com-
plex-forming reagents with respect to oxy-
gen-containing ligands, and for their ace-
tates bidentate bonding is observed. The p°
ions (Mg?*, Ca®*, Sr?*, and Ba?"), despite
their ability to endure strong angular defor-
mation without loss of energy, due to the
higher extent of ionicity of the Me-O
bonds, do not form bidentate bonds with
the acetate ions (Table III).

The d578 ions (Fe2*, Co?**, Ni?"), due to
loss of crystal field stabilization energy
(the O-Me-O angles are close to 90°,
when the overlap between ligand orbitals
and metal 4 orbitals is most favorable),
give only unidentate bonds with the ace-
tate ions.

The d* and d? ions (Cu?*, Cr?*, Mo?*, and
W:2*), displaying strong radial deformations
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TABLE 111

DEGREE OF IONICITY FOR THE
BONDING Me—O FOR SOME
METAL(II) IoNs (29)

Degree of ionicity

Me-O (%)
Mg-0 73.4
Ca-O 79.0
Sr-0 79.0
Ba-0O 81.5
Mn-O 66.8
Cr-0 66.8
Fe--O 55.5
Co-0O 55.8
Ni-O 5t.4
Zn-0O 63.2
Cd-0O 63.2
Pb-O 59.4
Cu-0 43.0

(large differences between the separate
Me -0 bond lengths as a consequence of the
Jahn-Teller effect), form dimeric molecules
with Me—-Me bonds; the two metal ions in
the dimeric molecule are bridged by acetate
ions (17, 18, 20-22).

Formation of Mixed Crystals between the
Metal Acetates

The results obtained from cocrystalliza-
tion studies on acetate systems may be
used to divide these systems into two major
groups:

1. Systems in which a continuous series
of mixed crystals (isomorphous substitu-
tion) is formed

Mg(OCOCH,),~Co(OCOCH,),-H,0 (2)
Mg(OCOCH,),-Ni(OCOCH,),-H,0 (2)

2. Systems in which a discontinuous
series of mixed crystals (isodimorphous
substitution) is formed. This group is sub-
divided further.

2.1. Two series of mixed crystals are
formed:
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Mn(OCOCH,),~Mg(OCOCH;),-H,0 (3)
Mn(OCOCH,),-Zn(OCOCH,),-H,0  (3)
Mn(OCOCH,),~Co(OCOCH,),-H,0  (4)
Mn(OCOCH,),~Ni(OCOCH,),-H,O (4)

simple salt and mixed crystals

Zn(OCOCH;,),~Co(OCOCH;),~H,0
Zn(OCOCHj,),~Ni(OCOCH;),-H,0
CA(OCOCH;)~Cu(OCOCH;),~H,O

et AR

(1

(1)
(5

As mentioned in the Introduction the
formation of mixed crystals is related to the
possibility of the admixed ion to assume the
coordination environment that is typical for
the metal ion of the host crystal. Obviously,
this possibility is defined by the ground-
state electronic configuration of the metal
ion, which on its turn defines the possibility
of angular and/or radial deformation of the
oxygen polyhedron about the metal ion.

The formation of a continuous series of
mixed crystals is typicai for the isostruc-
tural nickel, cobalt, and magnesium acetate
tetrahydrates.

The Co2?t and Ni?* ions in an octahe-
dral ligand field have ground-state
configurations r§,eZ and t§,eZ, respectively;
deformation of the oxygen polyhedron can-

not acenr withont lange of orvetal field gtahio
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lization energy (the bond lengths Me-O are
equal and the valent angles O-Me-O are
approximately equal to 90°, and for this
reason these ions cannot be incorporated

~fF 72+ Th~

P P
111C lll‘
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corporation of Co?* and Ni%* ions is
observed only in the crystals
of Mn(OCOCH,), - 4H,0. Unfortunately
there are no literature data on the Mn-O
DUIIU 1cngunb dIlU U—IVI e—u aﬂgres ll lIld.y
be thus assumed that at least one of the
oxygen octahedral sites of Mn2* is regular
both with respect to the Mn-O bond
lengths and with respect to the O-Mn-O

angles and may accept Co?* and Ni?* in
the Mn(OCOCHs3;), - 4H,0 crystals.

The Zn** ions may be incorporated isodi-
morphousiy in the Co{OCOCH,;), - 4H,O
and Ni(OCOCH;), - 4H,O crystals by as-
suming the coordination environment of
Co?* and Ni?* (unidentate acetates). Iso-
dimorphous incorporation of Zn*' is
also observed in the crystals of
Mn(OCOCHs;), - 4H,0, in whose structure

the acetate ions are hndmno Zn%t (1§, ed)

ata B by f26%g)

allows a strong angular distortion of its
octahedral site and for this reason it may
adopt unidentate bonding coordination (the
angles O-Me-0 are equal to 90°). Zn?* may

ranlaca hath Mn2+ and AMn2+
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the extent of regularity of the oxygen octa-
hedron.

The Mn** ions (t,e2), similar to Zn2",
ions allow an angular deformation of their
octahedral site and for this reason may be
incorporated isodimorphously in the
Mg(OCOCH;), - 4H,0, Co(OCOCH,), -
4H,0, and Ni(OCOCH;), 4H,0 crys-
tals (regular octahedra) and in the
Zn(OCOCHg3;), - ZH,O crystals (anreguiar
octahedron).

The Cd** ions (t§,e}), similar to Zn%* and
Mn?* ions, allow an angular deformation
but there are also radial deformations in the
Cd2* oxygen polyhedron (A = 0.30 A) due
to the higher coordination number of Cd?**
(seven) and the hrldmng nosition of one of

<y alle VIegaiig pOsinaon O LUC

the bidentate acetate group. The presence
of radial deformation probably defines, in
this case, the incorporation of Cd*" in the
2Cu(OCOCH,), - 2H,0 crystals.

The orannd_ctate alactranic canficiiratian
1 1€ grounda-siatd CieCironic coniguration

of Cu?* ions (1§,€3) requires a radial defor-
mation of the Cu®* oxygen polyhedron,
which on its turn leads to the formation of a
Cu-Cu bond. For this reason the Cu?* ions
in copper acetate monohydrate cannot be
substituted by Mg>*, Mn?", Co?*, Ni**,
or Zn** ions since these ions, due to their
smaller ionic radius, as compared with that
of Cd?* ions, cannot endure such a strong
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radial deformation of the oxygen polyhe-
dron in such wide limits. Cu®** ions cannot
replace any of the ions listed above since
these ions have almost equal Me-O bond
lengths in their structures, and Cu?** ions
are strongly subjected to the Jahn-Teller
effect. Thus the incorporation of Cu®* ions
would result in a considerable strain in the
crystal lattices of these salts and loss of
crystal field stabilization energy.

The results of studies on the cocrystalli-
zation of the systems Mg(OCOCH;),-
Zn(OCOCH;),-H,0 (6) and
Mg(OCOCH;),-Cd(OCOCH;),-H, 0 (3)
have shown that Mg?* ions cannot replace
isodimorphously Zn?* and Cd?** ions in
their acetate dihydrates or, alternatively,
they cannot assume the coordination of a
metal ion with bidentate ligands. If the lack
of bidentate bonds with Mg?* is attributed
to the smaller ionic radius of Mg?* this
would define a larger O-Mg-O bite angle.
To calculate this angle, we assume that the
0-0 distance in the COO group is 2.20 A
(such is the O-O bond length in Zn and Cd
acetate dihydrates) and that the Mg-O
bond length is 2.11 A (this corresponds to
the Mg-O distance in Mg(OCOCH;),
4H,0). The bite angle calculated under
these assumptions is 62.8°;i.e., it is close to
0-Zn-0 (61°). Consequently, the smaller
ionic radius of Mg?* cannot increase con-
siderably the bite angle, and therefore it
cannot be the reason for the lack of biden-
tate bonds in this case.

On the other hand, when studying the
systems Zn(OCOCH;),-Ca(OCOCH;),—
H.,O (8), Cd(OCOCH;),—Ca(OCOCHj;),-
H,0 (3), Zn(OCOCH;),-Ba(OCOCH;),—
H,O (27), it is found that Ca®>" and Ba?*
ions cannot isodimorphously replace the
Zn?* and Cd?* ions, respectively, in their
acetates dihydrates. Studies on the systems
Zn(OCOCH,),-Pb(OCOCH;),-H,0 and
Cd(OCOCH,);-Pb(OCOCH;),-H,O have
shown that Pb?* ions, despite their large
ionic radius can substitute isodimorphously
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Zn?** and Cd?* ions (28). Hence the reason
for the lack of bidentate bonds in the Mg,
Ca, and Ba acetates is probably the higher
extent of ionicity of the Me-O bonds,
whereas for Pb?* ions the ionicity of the
Pb-0 bond is close to that of Zn** and Cd**
ions (Table III).

Formation of Double Sailts by Metal
Acetates

The available data on double salts of
metal (II) acetates are collected in Table
IV. The double salts Cd(OCOCHj;),
Ca(OCOCH;), - 6H;0 and Cu(OCOCH;),
- Ca(OCOCH,), - 6H,0 have bidentate and
bridging acetate ions (24, 25).

It is seen from the table that double salts
are formed mainly between the acetates of
the d®, d°, and p® metal ions, i.e., for ions
that allow strong angular deformation of the
coordination polyhedra or when at least
one of the metal ions meets this condition
so that acetate bridge bonding may occur.
Consequently, to form double salts, the two
metal ions, or at least one of them, should
be a d? d'° or p® ion, allowing angular
deformations. The differences in the ionic
radii favor additionally the formation of
double salts, since in such cases the forma-
tion of mixed crystals is energetically
unprofitable. A similar relationship has
been found also for the formation of double
salts in chloride systems with the participa-
tion of the same metal ions (26).

TABLE 1V

COMPOSITION OF THE DOUBLE SALTS

Temper-

ature Refer-
O Composition ence
25 Zn(OCOCH;), - Mg(OCOCH,;), - 4H O {0}
25 Cd(OCOCH;), - Ca(OCOCH,), - 6H,0 (B3]
25 Cu(OCOCH;), - Ca(OCOCH;), - 6H,O 5
25 Cd(OCOCH,), - Mg(OCOCHs,), - 6H,0 )
20 Zn(OCOCH;), - Ba(OCOCH;), - 2H,0 (27}
60 Zn(OCOCH,), - Mn(OCOCH,). - 2H,O (23)
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