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Abstract—Three new complexes from the family of 3d-metal f luorocarboxylatometallates are synthesized and
studied. Isotypical complex compounds K[Co3(μ3-F)(CF3COO)6(CH3COOH)3](CH3COOH) (I) and
K[Ni3(μ3-F)(CF3COO)6(CH3COOH)3](CH3COOH)0.6(CF3COOH)0.4 (II) are analogs of potassium fluo-
rotrif luoroacetatometallates(II) in which axial ligands are replaced by acetic acid molecules. Complex
NH4[Ni3(μ3-F)(CH3COO)6(CH3COOH)3](CH3COOH)6 (III) is the first example of f luorocarboxylate
with acetate bridging ligands. The presence of acetic acid in the system results in an increase in the coordina-
tion number of alkaline metal and (due to the formation of a developed system of hydrogen bonds) in an
increase in the dimensionality of the structure from the chain one in the earlier studied analogs to the layered
structure. The structure of the complex f luorocarboxylate anion in compound III resembles those of f luoro-
trif luoroacetate analogs I and II, the character of interaction of the complex anion with the single-charge cat-
ion is retained, and the structure exists in the form of corrugated layers formed by chains linked via hydrogen
bonds with the solvate molecules of acetic acid (CIF files CCDC nos. 2124887 (I), 2124888 (II), and 2127163
(III)).
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INTRODUCTION
The present study is a continuation of the cycle of

works devoted to studying and revealing criteria of
existence of the f luorocarboxylatometallate complexes
containing the trinuclear fragment [М3(μ3-
F)(RCOO)6(L)3]. In the previous works we reported
the discovery of the new family of f luorotrif luoroace-
tate complexes, and the subsequent development of
this trend resulted in the synthesis and structural char-
acterization of more than 15 f luorotrif luoroacetate
complexes of transition metals with the general for-
mula M'[M3(μ3-F)(CF3COO)6(L)3] (М' = Li–Cs,
NH4; M = Mn, Fe, Co, Ni, Zn; L = CF3COO–,
CF3COOH, H2O) [1]. At the moment, these data rep-
resent the most systematic study of the structures and
properties of this family of carboxylates. All complexes
studied are formed by the single-charge anions
[M3(μ3-F)(CF3COO)6(L)3]– in which three transition
metal atoms localized at the vertices of an almost reg-
ular triangle coordinate the tridentate f luorine atom
via the planar mode. Each pair of the 3d-metal atoms
is linked with each other by two bidentate trif luoroac-
etate groups. The coordination environment of the 3d-

metal atom is supplemented to the octahedral envi-
ronment by the oxygen atoms of the axial ligands. We
described a possibility of replacing the axial ligands
and, correspondingly, changing the composition of
the complexes by the variation of the synthesis condi-
tions, which can lead to a change in the dimensionality
of the structure [2]. Single-charge alkaline metal,
ammonium, or nitrosonium cations are counterions to
the complex anions [1, 3]. Depending on the complex
anion composition and cation size, solvent molecules
involved in structure formation can enter the compo-
sitions of the compounds.

The fluorocarboxylate complexes containing the
[М3(μ3-F)(RCOO)6(L)3] trinuclear fragment are sta-
ble and serve as structural blocks for the formation of
frameworks when using dibasic carboxylic acids. The
examples are metal-organic frameworks (MOFs) based
on the cadmium isonicotinate complexes [Cd3(μ3-F)-
(Ina)4(4-Рic)3]·BF4, [Cd3(μ3-F)(Ina)3-(4,4'-Bipy)2-
(4-Pic)2]·2BF4·(4,4'-Bipy)·2H2O, and [Cd3(μ3-F)-
(Ina)3(4,4'-Bipy)3]·2BF4·(4,4'-Bipy)·2H2O, where Ina is
isonicotinate, 4,4'-Bipy is 4,4'-bipyridine, and 4-Pic is
4-methylpyridine [4]; MOF [H1.1F0.5Na0.3K0.1][Mn3-
557



558 TERESHCHENKO et al.
(μ3-F)(Tcpep)2(DMF)(H2O)2]·9H2O·2DMF, where
Tcpep is tris(para-carboxyphenylethynyl)phosphine
(P{C≡CC6H5-4-CO2H}3) [5]; and MOFs based on the
cobalt and nickel complexes with 4-(4,4'-bipyridin-
ium)benzoic acid and classical framework-forming
dibasic acids, such as terephthalic acid and its deriva-
tives, biphenyldicarboxylic and stilbenedicarboxylic
acids [6].

Fluorocarboxylate complexes containing the
[М3(μ3-F)(RCOO)6(L)3] trinuclear fragment can be
formed by both p-metals, for example, in the trinu-
clear magnesium trif luoroacetate complex [Mg3(μ3-
F)(TFA)6(OCH3)2(Py)]·4(PyH)·OMe [7], and vari-
ous metal atoms and in the heterometallic pivalate
complexes [Ni2Cr(μ3-F)(Piv)6(HPiv)3], [Ni2Cr(μ3-
F)(Piv)6(Py)3], and [Ni2Cr(μ3-F)(Piv)6(4-CH3-Py)3]
[8]. These compounds are popular objects for investi-
gation due to their magnetic properties.

In this work, we continue the systematic study of
the family of 3d-metal f luorocarboxylatometallates
on the basis of elucidation of criteria for the existence of
these compounds. The main attention is given to a possi-
bility of synthesizing representatives of this family of
compounds when acetic acid is used and to the formation
of complexes in a mixture of acetic and trifluoroacetic
acids. The K[Co3(μ3-F)(CF3COO)6(CH3COOH)3]-
(CH3COOH) (I), K[Ni3(μ3-F)-(CF3COO)6-
(CH3COOH)3](CH3COOH)0.6(CF3COOH)0.4 (II),
and NH4[Ni3(μ3-F)(CH3COO)6-(CH3COOH)3]-
(CH3COOH)6 (III) complexes synthesized for the
first time are described. The structures of the trian-
gular trinuclear anions, the coordination environment
of the alkaline metal cations, and specific features of
the anion and cation packing in these structures are
discussed.

EXPERIMENTAL
The following starting reagents were used:

CoCO3·nCo(OH)2·mH2O (high-purity grade), NiCO3
(analytical grade), KHF2 (special purity grade), NH4F
(analytical grade), CH3COOH (glacial, high-purity
grade), and CF3COOH (99.9%, high-purity grade).

For the synthesis of compounds I–III, solutions of
the starting compounds in glacial acetic acid were pre-
pared and left for concentrating at room temperature
in an desiccator over P4O10. Cobalt and nickel trif luo-
roacetates tetrahydrates M(CF3COO)2(Н2O)4 (M =
Co, Ni) used in the synthesis were prepared using a
known procedure [1]. In all cases, the compounds
unstable in air began to crystallize in 7–9 days. Platy
single crystals of compounds I–III suitable for X-ray
diffraction analysis (XRD) were taken from the
mother liquor of the corresponding compounds. In
two weeks, polycrystalline compounds I–III were fil-
tered off from the mother liquor and dried in an argon
flow. The single-phase character of all the synthesized
RUSSIAN JOURNAL OF C
compounds was confirmed by XRD (Huber G670
Guinier camera, Ge (111) monochromator, CuKα1).

Synthesis of K[Co3(µ3-F)(CF3COO)6-(CН3COOН)3]-
(CН3COOН) (I). A weighed sample of KHF2 (0.260 g,
3.3 mmol) was added to a solution of
Co(TFA)2(H2O)4 (3.570 g, 10 mmol) in glacial acetic
acid (15 mL). The yield of complex I was 64%.

Synthesis of K[Ni3(µ3-F)(CF3COO)6-(CH3COOH)3]-
(CH3COOH)0.6(CF3COOH)0.4 (II). A weighed sample
of KHF2 (0.260 g, 3.3 mmol) was added to a solution
of Ni(TFA)2(H2O)4 (3.570 g, 10 mmol) in 99% acetic
acid (15 mL). The yield of complex II was 76%.

Synthesis of NH4[Ni3(µ3-F)(CН3COO)6(CН3COOH)3]-
(CН3COOH)6 (III). A weighed sample of NH4F
(0.122 g, 3.3 mmol) was added to a solution of
Ni(OAc)2(H2O)4 (2.488 g, 10 mmol) in glacial acetic
acid (25 mL). The yield of complex III was 58%.

XRD. Data for compounds I and II were collected
using a Bruker D8 Quest diffractometer with a Photon
III detector (MoKα radiation, λ = 0.71073 Å) at 100(2)
K in the ϕ and ω scan modes. Experimental data for
compound III were collected on a Bruker SMART
APEX II automated diffractometer (MoKα radiation,
λ = 0.71073 Å, graphite monochromator) at 150 K in
the ω scan mode. An absorption correction was
applied by measuring equivalent reflection intensities
[9]. The structures were solved by direct methods and
refined by full-matrix least squares for F 2 using the
SHELXTL and Olex2 program packages [10–12].
Hydrogen atoms were placed in the calculated posi-
tions and refined by the riding model. Populations of
disordered CF3 groups were refined using free vari-
ables. The crystallographic data and experimental
structure refinement parameters are given in Table 1.

The coordinates of atoms, bond lengths, bond
angles, and thermal shift parameters were deposited
with the Cambridge Crystallographic Data Centre
(CIF files CCDC nos. 2124887 (I), 2124888 (II), and
2127163 (III)).

RESULTS AND DICUSSION
Compounds K[Co3(μ3-F)(CF3COO)6-(CH3COOH)3]-

(CH3COOH) (I) and K[Ni3(μ3-F)(CF3COO)6-
(CH3COOH)3](CH3COOH)0.6(CF3COOH)0.4 (II)
were synthesized by the reactions of nickel or cobalt
trif luoroacetate tetrahydrate with an excess of concen-
trated acetic acid in the presence of acidic potassium
fluoride. Weaker acetic acid existed in the system pre-
dominantly in the nondissociated form and entered
the crystal structure of the complex as a neutral ligand.

Ammonium fluoroacetatonickelate(II) NH4[Ni3-
(μ3-F)(CН3COO)6(CН3COOH)3](CН3COOH)6 (III)
was synthesized for the first time using nickel acetate
as the starting compound. Compounds I–III are built
of trinuclear complex anions of the general formula
OORDINATION CHEMISTRY  Vol. 48  No. 9  2022
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Table 1. Crystallographic data and experimental structure refinement parameters for compounds I–III

Parameter
Value

I II III

Empirical formula C20H16F19O20KCo3 C20H16F19O20KNi3 C30H58FNO30Ni3

FW 1153.22 1174.15 1107.90
Temperature, K 100(2) 100(2) 150(2)
Crystal size, mm 0.133 × 0.129 × 0.038 0.154 × 0.133 × 0.046 0.600 × 0.300 × 0.080
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/n

a, Å 10.2799(4) 10.3517(9) 13.0632(2)
b, Å 22.9727(7) 22.7966(18) 14.2954(2)
c, Å 17.0025(6) 16.9531(15) 26.9907(4)
β, deg 96.993(2) 97.464(3) 101.8180(10)

V, Å3 3985.4(2) 3966.8(6) 4933.50(13)

Z 4 4 4

ρcalc, g/cm3 1.922 1.966 1.492

μ, mm–1 1.500 1.683 1.227

F(000) 2268 2318 2312
Range of θ, deg 2.15–26.00 1.98–26.00 2.099–27.00
Range of indices –12 ≤ h ≤ 12,

–23 ≤ k ≤ 28,
–20 ≤ l ≤ 20

–12 ≤ h ≤ 12,
–27 ≤ k ≤ 28,
–20 ≤ l ≤ 20

–16 ≤ h ≤ 16,
–18 ≤ k ≤ 18,
–34 ≤ l ≤ 34

Total number of ref lections 30671 30268 56898
Independent reflections (Rint) 7820 (0.0659) 7790 (0.0763) 10764 (0.0424)
Data completeness for θ, % 99.9 100 99.9
Number of parame-
ters/restraints

555/45 589/94 647/37

GООF 1.035 1.040 1.011
R1 (I > 2σ(I)) 0.0693 0.0668 0.0346
wR2 (for all data) 0.1817 0.1728 0.0828

Δρmax/Δρmin, e/Å3 1.980/–1.356 1.751/–1.698 0.523/–0.574
[M3(μ3-F)(RCOO)6(CН3COOH)3]– (R = CF3 (I, II)
or CH3 (III)) and potassium (I, II) or ammonium
(III) cations. The d-metal atoms forming the complex
anion are arranged at the vertices of an almost regular
triangle, the tridentate f luorine atom is localized in the
triangle plane, and each pair of metal atoms is bound
to each other by two carboxylate groups (trif luoroace-
tate in I and II or acetate in III). The coordination
environment of the metal atom is supplemented to the
octahedral environment by the oxygen atom of the
acetic acid molecule acting as a neutral ligand.

A comparison of the complex anions in structures I
and II shows a decrease in the bond lengths in the
coordination environment of the transition metal
atoms on going from Co to Ni due to a decrease in the
ion radius of the complexing atom. As can be seen
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
from Table 2, the M–Oequiv bonds with the oxygen
atoms of the bridging trif luoroacetate groups are most
sensitive to a change in the ion radius, whereas the
change in the M–F and M–Oaxial bond lengths is not
so significant. On going from Co to Ni, the change in
the average M–Oequiv bond lengths is 0.044 Å, which
is somewhat lower than the difference in the ion radii
of Co2+ and Ni2+ with the coordination number 6 and
amounts to 0.055 Å [13]. The M M–Oequiv F and M
M–Oequiv Oaxial bonds shorten by 0.027 Å only (on the
average). A decrease in the bond lengths in the coordi-
nation environment of the transition metal leads to a
decrease in the size of the complex anion as a whole.
The average М…М distances in compounds I and II
are 3.51 and 3.46 Å, respectively.
  Vol. 48  No. 9  2022
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Table 2. Distances (Å) and angles (deg) in the coordination environment of the metal atoms in the structures of complexes
I–III

* Averaged M–F bond lengths.
** Averaged M–O bond lengths involving bridging carboxylate groups.

*** Averaged M–O bond lengths involving axial CH3CO2H molecules.

Bond
d, Å

Angle
ω, deg

I II III I II III

M(1)–F(1) 2.032(3) 2.008(3) 1.9696(11) F(1)M(1)O(2) 92.5(1) 92.9(1) 95.38(5)
M(1)–O(2) 2.103(4) 2.050(4) 2.0555(15) F(1)M(1)O(4) 90.3(1) 91.1(1) 92.46(6)
M(1)–O(4) 2.081(4) 2.042(4) 2.0369(15) F(1)M(1)O(7) 93.5(1) 93.6(1) 92.62(6)
M(1)–O(7) 2.065(4) 2.017(4) 2.0250(16) F(1)M(1)O(9) 89.2(1) 90.9(1) 93.59(5)
M(1)–O(9) 2.084(4) 2.025(4) 2.0439(15) F(1)M(1)O(5) 174.5(1) 176.3(1) 178.08(6)
M(1)–O(5) 2.078(4) 2.060(4) 2.0880(15) O(4)M(1)O(2) 87.9(2) 88.7(2) 90.59(7)

O(7)M(1)O(4) 90.3(2) 88.6(2) 89.27(7)
O(7)M(1)O(9) 92.6(2) 93.8(2) 91.06(7)
O(9)M(1)O(2) 89.2(2) 88.8(2) 88.24(6)

M(2)–F(1) 2.014(3) 1.990(3) 1.9734(12) F(1)M(2)O(1) 96.5(1) 96.3(1) 90.90(6)
M(2)–O(1) 2.076(4) 2.037(4) 2.0674(15) F(1)M(2)O(3) 88.7(1) 89.8(1) 94.23(6)
M(2)–O(3) 2.099(4) 2.057(4) 2.0384(15) F(1)M(2)O(14) 92.6(1) 93.0(1) 91.56(6)
M(2)–O(14) 2.084(4) 2.036(4) 2.0139(15) F(1)M(2)O(16) 95.7(1) 96.1(1) 94.82(6)
M(2)–O(16) 2.049(4) 2.017(4) 2.0303(15) F(1)M(2)O(17) 178.0(1) 178.6(1) 178.38(6)
M(2)–O(17) 2.105(4) 2.084(4) 2.1179(16) O(1)M(2)O(3) 89.9(2) 89.9(2) 90.68(6)

O(1)M(2)O(14) 86.1(2) 86.5(2) 89.55(6)
O(16)M(2)O(3) 91.4(2) 90.8(2) 86.12(6)
O(16)M(2)O(14) 92.4(2) 92.3(2) 93.08(6)

M(3)–F(1) 2.033(3) 1.998(3) 1.9792(12) F(1)M(3)O(8) 93.7(1) 93.6(1) 89.40(6)
M(3)–O(8) 2.055(4) 2.014(4) 2.0565(15) F(1)M(3)O(10) 92.8(1) 93.5(1) 93.88(5)
M(3)–O(10) 2.089(4) 2.041(4) 2.0720(16) F(1)M(3)O(13) 91.1(1) 91.2(1) 89.86(5)
M(3)–O(13) 2.049(4) 2.022(4) 2.0387(15) F(1)M(3)O(15) 95.5(1) 95.3(1) 98.13(6)
M(3)–O(15) 2.072(4) 2.030(4) 2.0172(15) F(1)M(3)O(11) 177.2(1) 176.4(1) 178.68(6)
M(3)–O(11) 2.099(4) 2.058(4) 2.0908(15) O(8)M(3)O(10) 90.7(2) 91.6(2) 89.59(6)

O(8)M(3)O(15) 87.9(2) 87.9(2) 88.78(6)
O(13)M(3)O(10) 85.7(2) 85.8(2) 89.82(6)
O(13)M(3)O(15) 94.9(2) 94.0(2) 91.96(6)

M–F* 2.026 1.999 1.974 M(1)F(1)M(3) 119.9(1) 119.4(2) 120.65(6)
M–Oequiv** 2.076 2.032 2.041 M(2)F(1)M(3) 117.7(1) 118.6(2) 117.96(6)
M–Oaxial*** 2.094 2.067 2.099 M(2)F(1)M(1) 122.3(1) 122.0(2) 121.30(6)
It seems reasonable to consider the influence of
ligand replacement on a change in the geometry of the
complex anion in the series [Ni3(μ3-F)-
(CF3COO)6(CF3COOH)3]– [3], [Ni3(μ3-F)-
(CF3COO)6(AcOH)3]– (II), and [Ni3(μ3-F)(AcO)6-
(AcOH)3]– (III). When acetic acid molecules are
inserted as axial ligands instead of trif luoroacetic acid,
the average M–Oaxial bond lengths decrease regularly
(2.118 Å in [3] and 2.067 Å in II) due to an increase in
the donor ability of the ligand. When trif luoroacetate
RUSSIAN JOURNAL OF C
groups are replaced by acetate groups acting as bridg-
ing ligands, an increase in the average M–Oaxial dis-
tances is observed (2.067 Å in II and 2.099 Å in III)
instead of the expected decrease in the M–Oequiv bond
lengths, and the M–F distance decrease (1.999 Å in II
and 1.976 Å in III) resulting in a stronger distortion of
the octahedral environment of the nickel atoms
(Table 2). The average Ni…Ni distances in the consid-
ered series are 3.44 [3], 3.46 (II), and 3.42 (III) Å,
respectively.
OORDINATION CHEMISTRY  Vol. 48  No. 9  2022
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Fig. 1. Structures of complex anions in compounds (a) II and (b) III. 
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In structures I–III, the complex anions are bound
into infinite chains due to the formation of contacts
with the cations, and the chains are joined into layers
of different structures by a system of hydrogen bonds
involving solvate molecules of acetic acid.

In complexes I and II, the oxygen atoms of the
bridging trif luoroacetate groups (O(1), O(14)), car-
bonyl oxygen atom O(17) of the axial molecule of ace-
tic acid, and fluorine atom F(15) of the trif luoro-
methyl group form contacts with the potassium atom,
which, in turn, is bound to the adjacent trinuclear
anion via contacts with the oxygen atoms O(8) and
O(15) of the bridging trif luoroacetate groups, carbonyl
oxygen atom O(11) of the axial acetic acid molecule,
and fluorine atom F(10) (Fig. 1). In addition, the
potassium atom forms a contact with the carbonyl
oxygen atom O(19) of the solvate acetic acid molecule.
It seems difficult to restrict correctly the coordination
polyhedron of the potassium atom. The K…O dis-
tances range from 2.729(4) to 3.122(4) (average
2.85 Å) in structure I and from 2.728(4) to 3.128(5) Å
(average 2.85 Å) in structure II. The K…F distances
are 2.86(3)–3.119(19) Å (average 3.00 Å) in structure I
and 2.842(16)–3.152(19) Å (average 2.97 Å) in struc-
ture II.

The trinuclear anions are bound by the potassium
atoms to form infinite zigzag chains along the с axis.
The solvate acetic acid molecule are joined into
dimers by hydrogen bonds thus connecting the chains
into layers parallel to the {bc} plane (Fig. 2). Interest-
ingly, in structure II the solvate molecules of acetic
acid are partially replaced randomly by trif luoroacetic
acid molecules with populations of 0.6/0.4, respec-
tively. The trif luoroacetic molecules are arranged in
such a way that the hydrogen bond is formed with the
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
O(17) oxygen atom belonging to the adjacent chain
rather than with the solvate molecule of acetic acid.
No similar disordering is observed in structure I.
Thus, the chains in structure II are bound more
weakly than those in structure I. The parameters of
hydrogen bonds for structures I and II are given in
Table 3.

In structure III, the anions are bound to each other
to form spiral chains arranged along the b axis via the
formation of hydrogen bonds with the ammonium
cations: N(1)–H(1А)…O(2), N(1)–H(1В)…O(9),
N(1)–H(1D)…O(3), and N(1)–H(1D)…O(16)
(Fig. 3, Table 3). The chains are crosslinked between
each other to form corrugated layers parallel to the
{0, 0, 1} plane by a system of hydrogen bonds involving
the ammonium cation, two solvate molecules of acetic
acid, and O(8) oxygen atom of the bidentate acetate
group. The hydrogen atom of the ammonium cation
Н(1С) forms the N(1)–H(1С)…O(25) hydrogen
bond with the carbonyl oxygen atom of the solvate
acetic acid molecule, the hydroxyl group of which
forms the О(24)–H(24)…O(22) hydrogen bond with
the carbonyl oxygen atom of the second solvate mole-
cule of acetic acid, and the hydroxyl group of the latter
is bound, in turn, by the О(23)–H(23)…O(8) hydro-
gen bond to the O(8) oxygen atom belonging to the
adjacent chain.

The oxygen atoms from the coordination environ-
ment of the Ni(3) atom participate in the formation of
another system of hydrogen bonds with three solvate
molecules of acetic acid (Fig. 4). The O(11) and O(15)
oxygen atoms form the forked hydrogen bond О(26)–
Н(26)…(О(11), О(15)) with the hydroxyl group of one
solvate molecule of acetic acid. The О(13) oxygen
atom forms the О(21)–Н(21)…О(13) hydrogen bond
  Vol. 48  No. 9  2022
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Fig. 2. Structure of the layer in compound II.
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Fig. 3. Structure of the layer in compound III.
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with the hydroxyl group of another acetic acid mole-
cule, and the carbonyl atom of which forms, in turn,
the О(29)–Н(29)…О(20) hydrogen bond with the
hydroxyl group of the third molecule of acetic acid.
The structure also contains free dimers of acetic acid
arranged between the layers and linked with the rest
structure via van der Waals interactions.

To conclude, the synthesized for the first time
complex NH4[Ni3(μ3-F)(CH3COO)6(CH3COOH)3]-
RUSSIAN JOURNAL OF C
(CH3COOH)6 (III) shows a principal possibility of
existing trinuclear f luoroacetate complexes of transi-
tion metals. The synthesis of complexes K[Co3(μ3-
F)(CF3COO)6(CH3COOH)3](CH3COOH) (I) and
K[Ni3(μ3-F)(CF3COO)6(CH3COOH)3](CH3COOH)0.6-
(CF3COOH)0.4 (II) using in fact a mixture of acetic
and trif luoroacetic acids as the starting compounds
indicates the typical competitive reactions of ligand
exchange that occur during the formation of a frame-
OORDINATION CHEMISTRY  Vol. 48  No. 9  2022
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Table 3. Geometric parameters of hydrogen bonds for complexes I–III

D–H···A
Distance, Å Angle

D–H···A,
degD–H H···A D···A

I

O(6)–H(6)…O(2) 0.840(5) 1.853(5) 2.695(6) 163.1

O(12)–H(12)…O(10) 0.840(5) 1.865(5) 2.687(6) 167.0

O(18)–H(18)…O(3) 0.839(5) 1.804(5) 2.636(6) 165.5

O(20)–H(20)…O(19) 0.840(5) 1.939(6) 2.678(8) 163.5

II

O(6)–H(6)…O(2) 0.840(5) 1.881(5) 2.670(7) 163.4

O(12)–H(12)…O(10) 0.840(5) 1.862(5) 2.683(6) 164.5

O(18)–H(18)…O(3) 0.841(5) 1.815(4) 2.617(7) 162.2

O(20)–H(20)…O(19) 0.840(5) 1.861(5) 2.768(12) 168.7

O(21)–H(21)…O(17) 0.840(5) 2.263(5) 2.888(15) 144.5

III

O(6)–H(6)…O(4) 0.840(3) 1.740(2) 2.568(2) 168.1

O(12)–H(12)…O(10) 0.840(2) 1.723(2) 2.549(2) 167.2

O(18)–H(18)…O(1) 0.840(2) 1.700(2) 2.526(2) 167.0

O(24)–H(24)…O(22) 0.840(3) 1.801(3) 2.605(3) 159.4

O(23)–H(23)…O(8) 0.840(2) 1.786(2) 2.621(2) 171.5

O(21)–H(21)…O(13) 0.840(2) 1.785(2) 2.603(2) 164.1

O(26)–H(26)…O(11) 0.840(2) 2.295(2) 3.046(3) 148.5

O(26)–H(26)…O(15) 0.840(2) 2.241(2) 2.888 134.0

O(29)–H(29)…O(20) 0.840(2) 2.265(3) 2.687(4) 169.4

O(30)–H(30)…O(31) 0.840(2) 2.265(3) 2.653 175.7

N(1)–H(1A)…O(2) 0.958(2) 2.141(2) 2.883 133.4

N(1)–H(1B)…O(9) 0.969(2) 1.953(2) 2.823(3) 148.2(17)

N(1)–H(1C)…O(25) 0.959(2) 2.416(2) 2.802(3) 174.0(18)

N(1)–H(1D)…O(3) 0.959(2) 2.443(2) 3.028(3) 147.4(16)

N(1)–H(1D)…O(16) 0.959(2) 1.955(2) 2.816(3) 125.5(15)
work of the complex anion. The replacement of the
ligands forming the complex anion changes the size of
the complex anion.

Regardless of the nature of carboxylic acid involved
in the formation of the complex anion, the alkaline
metal and ammonium cations bind the complex cat-
ions into chains. An increase in the dimensionality of
the structure due to the formation of many hydrogen
bonds is achieved by the insertion of acetic acid into
the compound.
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Fig. 4. System of hydrogen bonds in compound III.
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