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During theinteraction in the system ZnSO,~C0SO ,—K,P,0;,-H,0, due to isomorphic intersub-
stitution of cations, two solid solutions of hydrated zinc and cobalt(II) diphosphates are formed —
Zn2 C0,P,0;,5H,0 and Co,,Zn P,0,6H,0. The crystal structures and homoge-
neity ranges of these solid solutions are different: Zn, Co,P,0,5H,0 crystal
lizes in the orthorhombic system (space group Pnma, Z=4), Co,. XZn P,0,6H,0 — in
the monoclinic system (space group P2,/n, Z=4). The homogeneity range of the solid
solution Zn,_,Co,P,0,°5H,0 defined as 0 <x<0.69, is in 1.8 times wider than in the case of
isomorphic substitution of Co(I) with Zn in the Co,P,0,6H,0 structure during crystal-
lization of the Co,_2Zn P,0,6H,0 solid solution (0 <x< 0.39). The fact of the existence
of different homogeneity ranges 1s substantiated by applying the main factors of i somorphism,
the characteristics of co-precipitating cations and the chemical properties of diphosphate-matrix.
Keywords: hydrated diphosphates, solid solution, crystallization, homogeneity ranges.

OcobsmmBocTi KpucTasisanii TBepaAuX po3uYnHiB rifparoanux qudocdaris B cucremi
ZnS0,~Co0S0,-K,P,0,-H,0. H.M. Aumpanuesa, H.B. Conod, O.O. Hpae%emco

Ilig 4ac BSaCMOZLﬁ B cucremi 2ZnSO,-CoSO,-K,P,0,~-H,0 BHaCJIl,EI;OR 130M0pd)H0r0
B3a€MO3aMIINEHHS KATIOHIB YTBOPIOITHCS JiBa TBEpIMX PO3UMHH riIpaToBaHUX ITUHKY 1
RO6aJ‘ILTy(ID ,und)ocd)aTlB— Zn,_Co,P,0,5H,0 i C02 XZn P,0,°6H,0. Kpucramiumi CTPYKTYpH
i obsacTi rOMOTEHHOCTI IMX TBEPAMX PO3UMHIB pisHi: Zn, ,Co,P,0,5H,0 KpI/ICTaJIlsyeTLCH
B OopTopoMOiuHill cuHTOHII (Ip. rp. Pnma, Z=4), Co,_ Zn P,0,6H,0 — B MOHOKIIHHI#I (Ip. TPp.
P2,/n, Z=4). O6macTe TOMOT€HHOCTI TBepAoro po3umHy Zn, Co,P,0,5H,0, Busnavena Ak
0 <x<0.69, y 1.8 pasis mmumpia, HixK y pasi isomopduoro 3amimenus Co(Il) wa Zn B crpykTypi
Co,P,0,°6H,0 mix wac xpucramsaii Teepgoro posuuny Co, Zn P,0,6H,0 (0<x<0.39). ®axr
iCHYBaHHS DPI3HUX MEK TOMOTEHHOCTI OOIPYHTOBAHWM 13 3aCTOCYBAHHSIM OCHOBHUX (PAKTOPIB
i3oMmopdi3My, XapaKTEPUCTUK KATIOHIB, IO CIIBOCAIYKYIOTHCS, Ta XIMIYHUX BJIACTUBOCTEH
nudocdaTiB-MaTPUITh.
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1. Introduction

Polymeric phosphates, particularly diphos-
phates of divalent metals, which have a poly-
meric structure of the phosphate anion, are
capable of such processes as chelation, ion ex-
change and complexation. These processes en-
sure improvement of the physical and chemi-
cal properties and performance characteristics
of various functional materials based on them.
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Solid solutions of diphosphates with two differ-
ent cations, the content of which can be regulat-
ed within wide limits, have a fairly wide range
of applications: as effective sorbents, thermo-
sensitive paints, luminescent materials, cata-
lysts, pigments, corrosion inhibitors, etc. [1-3].

Most of the research related to the chemis-
try of solid solutions of diphosphates is devoted
to anhydrous salts [2, 4-7]. Among the crystal-
line hydrates, the most studied are double salts
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of constant cationic composition, in particular
diphosphates of alkali and polyvalent metals
[8, 9].

Solid solutions of hydrated divalent metal
diphosphates were studied in terms of their
structure, as well as IR spectroscopic and ther-
mal properties [10-12]. Thus, in [10], electronic
structure and atomic structure peculiarities of
isomorphic modified zinc diphosphates were in-
vestigated. The authors of [11] focused on the
study of vibrational spectra and thermal prop-
erties of the solid solution of manganese(II)-
cobalt(Il) diphosphates. Electron structure
peculiarities of disordered Mn and Co diphos-
phates have been studied in [12]. However,
there is no information regarding the synthesis
of the studied diphosphate solid solutions in
these works.

There is little information available in the
scientific resources on systematic studies of the
conditions for the synthesis of solid solutions of
crystalline hydrated diphosphates of divalent
metals. For example, the synthesis of a continu-
ous solid solution of hydrated manganese and
zinc diphosphates by the interaction of aque-
ous solutions of manganese(Il) and zinc sulfates
with potassium diphosphate has been described
[13]. The synthesis of a solid solution of hydrat-
ed manganese and cobalt diphosphates with a
limited homogeneity range is mentioned in [14].

The analysis of the abovementioned studies
indicates that the conditions for synthesis of hy-
drated diphosphates of divalent metals are de-
termined by the structure of the anion and its
behavior in aqueous solution. The tendency of
diphosphates to hydrolytic destruction, which
is influenced by the duration of contact of the
solid phase with the mother liquor, the pH of
the aqueous solution and the temperature of
the interaction, determine the choice of condi-
tions for the synthesis of individual hydrated
diphosphate matrices and crystalline solid solu-
tions based on them. In preparative works [15,
16], it was noted that individual hydrated zinc
and cobalt diphosphates precipitate during in-
teractions in the systems MHSO4—K4P207—H20
(M =Zn, Co). However, zinc precipitates in the
form of crystalline diphosphate, while cobalt(IT)
diphosphate is amorphous. This behavior signif-
icantly complicates the synthesis of solid solu-
tions of crystalline hydrated zinc and cobalt(IT)
diphosphates by the co-precipitation of cations
in the ZnSO,~-CoSO,—K,P,0,~H,0 system.
There is very little data in the scientific works
regarding this process. Systematic studies in
this direction have not been conducted yet.
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The aim of this work is to study the fea-
tures of crystallization of solid solutions of
hydrated =zinc and cobalt(I) diphosphates
in the ZnSO,~CoSO,—K,P,0,~H,0 system.

2. Experimental

The crystallization of solid solutions of hy-
drated diphosphates in the ZnSO,-CoSO,-
K4P,0,~H,0 system was investigated by the
method of residual concentration according
to [17]; zinc sulfate ZnSO,7TH,0, cobalt(I)
sulfate CoSO,7H,0, and potassium diphos-
phate K,P,0; were used as starting materials.

Unlike the classical application of this meth-
od, the ratio of the precipitant to Zn2* and Co%*
(n = P/IM!) was fixed, varying the ratio between
the precipitating cations while maintaining
their total concentration constant.

The data were obtained by specify-
ing the conditions of interaction in the
ZnS0,—K,P,0,—H,0 and CoSO,—K,P,0,—H,0
systems; the following parameters were deter-
mined that ensure the joint precipitation of ZnZ*
and Co2* cations: the ratio in the composition of
theinitial solutions (n=P,0,4/2Zn?*,Co?* =0.2,
K = Zn?*/Co?*, molar, within 0.02<K<9.00),
the initial concentration of the initial solutions
is 0.1 mol/L, the temperature range of interac-
tion is 293-298 K, the duration of contact of the
solid phase with the mother liquor is until equi-
librium is reached.

Since in the case of obtaining solid solu-
tions the duration of reaching equilibrium
is different for the precipitation of indi-
vidual Zn,P,0; x5H,0 and Co,P,05-6H,0,
it was determined for each specific value of
K = Zn?*/Co?* by potentiometric studies in a
separate series of experiments. Taking into ac-
count the property of the diphosphate anion to
be destroyed in aqueous solutions, the anionic
composition of diphosphate upon contact with
the mother solution was studied.

The results of chromatographic analysis of
diphosphates, which were in contact with the
mother solution for different periods of time,
showed that the quantitative indicators of the
destruction process of diphosphate anion re-
mained practically unchanged (at the level of
1.8-2.4% relative to P,Og in the form of mo-
nophosphate anion) for 5-15 days. Increasing
the duration of contact of diphosphate with the
mother solution to 18-20 days was accompanied
by a noticeable destruction of P-O—P bonds. The
amount of monophosphate anions increased to
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Fig. 1. pH changes of mother solutions during interaction in the system ZnSO,—CoSO,—K,P

— in the absence of Co2* (1) for values of K (K = Zn2+/C02+) 9.00 (2); 4.00 (3);

0.67 (7); 0.54 (8); 0.43 (9); b
(3), 0.18 (2), 0.25 (1)

4.0—4.6% relative to P,Og, respectively. There-
fore, the optimal duration for achieving equi-
librium in the ZnSO,-CoSO,-K,P,0,-H,0
system was chosen to be 12 days.

The synthesis of crystalline solid solutions
of hydrated diphosphates was carried by the
method described in [13].

The phosphorus content in the solid phase
was determined by chemical analysis (gravi-
metric quinoline molybdate method, relative
error is 0.2%), water content was estimated
by the loss of mass of samples when heated to
1073 K (relative error is 1%) according to [17].
The content of Zn and Co(II) in their combined
presence was determined by the complexomet-
ric method by the sum of Zn?* and Co?* cat-
ions using the back titration method and by
the spectrophotometric method of determining
the content of Co?* in the form of a complex of
surfactants (1-(2-pyridylazo)-resorcinol) (spec-
trophotometer SF-46, relative error is 0.5%).
The experiments showed that the content of
diphosphate ions in the solution aliquot at the
level of 2.4 pg (recalculated to P) does not af-
fect the analysis results. The zinc content was
calculated as the difference between the total
cations and the Co?* content.

Similarly, the residual concentrations of zinc
cations Cresid(Zn2*), cobalt Cresid-(Co?*), phos-
phorus Cresid(P) were determined in equilibri-
um mother solutions; the pH was measured.

For the identification of the solid phase and
its investigation, a complex of physicochemi-
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$.00 (1); 156(?5) R (6)

— in the absence of Zn2* (7), for values of K 0.02 (6), 0.05 (5), 0.09 (4), 0.11

cal methods was applied: X-ray phase analy-
sis, vibrational spectroscopy methods, electron
microscopy, and crystal-optical analysis, as de-
scribed in [18].

3. Results and discussion

Figure 1 presents the results of potentiomet-
ric investigations aimed at determining the time
required to achieve equilibrium in the ZnSO,—
CoSO,~K,P,0,-H,0 system. Analysis of the
pH change in the mother solutions with differ-
ent Zn%* and Co?* contents during contact with
the solid phase indicates that there are three
different groups of potentiometric curves. The
first group (curves 1-7) refers to solutions with
0.67 < K = Zn?*/Co?* (molar) < 9.0 that are simi-
lar in nature and close in pH values (Fig.1a). The
initial pH values of their mother solutions range
from 4.59 to 4.63. During the first day of contact
with the solid phase, pH increases to 4.70—4.75,
continues to increase over the next 8 days, and
gradually stabilizes by 12—-15 days.

The second group of potentiometric curves
(8-7) shows a fundamentally different charac-
ter of pH change compared to the curves of the
first group (Fig. 1b). These curves correspond
to solutions with 0.11< K < 0.02. Their initial
pH values range from 5.01 to 5.28. With fur-
ther contact between the solid phase and the
mother solutions, the pH sharply decreases to
4.85-4.99 (on the second day). Over days 6-8 of
contact, it gradually increases and practically
stabilizes by 9 day at pH values of 4.92—5.00.

Functional materials, 31, 3, 2024
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The potentiometric curves obtained from
the solutions with 0.18 < K< 0.54 (curves 8, 9in
Fig. 1a and 1, 2 in Fig. 1b) form the third group.
In these solutions, the change in pH and the
specific pH values have features characteristic
of both the first two groups of curves simulta-
neously. The time to reach equilibrium in the
system for these K values increases to 15 days.

The experimentally determined pH val-
ues of the equilibrium mother solutions cor-
relate with the stability constants of hydroxo
complexes formed during the interaction
in the ZnSO,~CoSO,—K,P,0,~H,0 system
(lg K; (ZnOH") = 6.31, Ig K; (CoOH™) = 4.40) [19].

The «composition-property» diagram con-
structed by the results of determining the resid-
ual concentrations of zinc Cresid-(Zn2*) cobalt
Cresid(Co2*), and phosphorus Cresid-(P) in the
equilibrium mother solutions, indicates that
the Zn2* and Co?* contents change adequately
to the composition of the original mother solu-
tions with 0.67 < K< 9.0; the values of Crsid-(P)
and pH remain practically constant (Fig. 2).
This character of the change in residual concen-
trations is maintained up to K=0.67, at which a
clear inflection point is observed on all curves
(less noticeable for Cresid-(P), indicating a change
in the phase state of the equilibrium precipitate.
With further increase in Co?* in the original so-
lutions (0.43 < K < 0.67), there is a sharp de-
crease in the pH values of the mother solutions
and a violation of the linear dependence in the
values of Cresid:(Zn2*) and Cresid.(Co?*).

These changes in the mother solutions indicate
that the formation of the solid phase at 0.67 < K<
9.0 1s accompanied by similar processes, and its
phase composition is the same. At K< 0.67, the
composition of the solid phase and the occurring
processes are fundamentally different.

On the «composition-property» diagram
constructed for the mother solutions with
0.02 < K <0.25, similar changes are registered.
On the residual concentration curves, there
is an inflection point at K=0.11, indicating
the formation of a single-phase precipitate at
0.02<K<0.11.

The chemical composition of the solid phase
is completely consistent with the composition
of the mother solutions (Table 1). The results
of the chemical analysis showed that the simul-
taneous precipitation of Zn?* and Co2* for all
K values from the range of 0.02 < K < 9.0 leads
to formation of diphosphates. This is evidenced
by the ratio n; = P/2Zn,Co = 1.00 corresponding
to the calculated value for diphosphates, the
specific composition of which is determined by
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Fig. 2. The change in residual concentrations

in the equilibrium mother solutions of the sys-

tem ZnSO,~C0S0,—K,P,0,~H,0: 1 — Cresid- (P),

2 _ Cres1d. %an"'), 3 éregui. (C022+), 4— pH
the composition of the original solutions. This
conclusion is also confirmed by the results of
quantitative paper chromatography, according
to which the anionic composition of the solid
phase at all K values is represented by the di-
phosphate anion (98.6-97.4 % relat.).

The content of all ingredients (Zn, P, H,0)
in the diphosphate precipitated in the absence
of Co2* in the initial solutions corresponds to
their calculated values for individual zinc di-
phosphate (Table 1). The X-ray (Fig. 3a) and
spectroscopic (Fig. 3b) characteristics cor-
respond to Zny,P,0,5H,0 [20, 10]. In the
absence of Zn2* in the initial solutions, the
content of Co, P, H,O in the precipitate cor-
responds to that calculated for cobalt(Il) di-
phosphate (Table 1). It was identified (Fig. 3a,
b) as the known Co,P,0;6H,0 [11, 14, 16].
Diphosphates obtained in the solutions with
0.02 < K <9.00 contain both zinc (from 30.82 to
2.10 wt. %) and cobalt (from 1.63 to 27.38 wt. %),
and their content varies depending on the com-
position of the initial solutions (Table 1).

Based on the specific content values of the
ingredients, the crystallized diphosphates are
divided into three different groups, similar to
those determined by the analysis of equilibri-
um mother solutions.

The first group includes diphosphates ob-
tained in the range 0.67 < K < 9.00. They
contain almost the same amount of phospho-
rus and water (Table 1). The change in K,
(K; = Zn/Co, atomic), which characterizes the
zinc and cobalt(Il) content in these diphos-
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Table 1. Characteristics of diphosphates crystallizing in the system ZnSO,-C0SO,-K,P,0,—H,0 (n =
P,0,4/£Zn2*, Co2*= 0.2, C°=0.1 mole/L, 298 K)

The solid phase composition
K=2Zn%
Co2* mnolar Content of ingredients, wt. %
’ Chemical composition Phase composition
Zn Co P H,O
33.08 99.93
*% 15.58 . .
Zn,P,0,5H,0 Zn,P,0-,5H,0
2" 27 2 2527 2
33.12 15.69 | 22.82
9.00 30.82 1.63 15.45 23.03 Zn, 49C0y 11P207°5H,0 Solid solution
4.00 29.71 2.60 15.47 23.10 Zn, g2C0g 1gP207°5H,0 | zn,_ Co,P,0,5H,0
1.50 24.31 7.50 15.46 23.30 Zn, 49C0q 51P207'5H,0 (0<x<0.69)
] orthorhombic sys-
1.00 22.04 9.57 15.47 23.43 Zn 35C0 65P2075H20 | o oo, . Prma
16) 7=4
0.67 2138 | 1013 | 1547 | 2351 | Zn,4,CopeePs0;5H,0 Dan™®)
0.54 19.56 10.64 15.45 24.93
0.43 13,17 15.36 | 15,43 25,78 Mechanical mixture
) ’ ) ’ i Zn4 31C0q goP,07°5H,0 + | of phases with struc-
04 1ZNg 39P2076H,0 | tures Zn,P,0,-5H,0
0.25 11,96 18.70 15.50 25,71 and CogP,0,'6H,0
0.18 8.13 22.25 15.54 25.98
0.11 6.04 2348 | 15.44 27.25 | Coy 51Zng 39P207°6H,0 Solid solution
: : Coy . Zn P,0. 6H,0
0.05 453 25.08 | 1539 | 27.30 | Coj7,2ZNg 2gP207'6H,0 (0<x=0.39)
monoclinic system,
0.02 2.10 27.38 15.37 27.38 C0; 572N 13P207°6H0 | pr. gr. P2, /n, 7=4
29.51 | 1537 | 27.41 Co,P,0,6H,0 Co,P,0,6H,0
*%
929 47 15.49 27.03

** Calculated values

phates, follows a linear dependency but var-
ies inadequately with the K value in the ini-
tial solutions. For K = 1.00, for example, the
K, value is 2.08, emphasizing the predomi-
nant precipitation of Zn2*, whose diphos-
phate complexes are more stable compared to
similar cobalt complexes (stability constants
IgK, (CoP207)2 =6.1;1gK; (ZnP207)2' =8.7) [19].

In diphosphates obtained in the range
0.02<K<0.11 (the second group), the zinc and
cobalt contents change systematically with an
increase in the cobalt content in the initial so-
lutions. The P and H,O contents remain prac-
tically unchanged and are close to the values
determined for Co,P,0,6H,0 (considering
partial substitution of Co by Zn). The H,O con-
tent in this group of diphosphates is 3.8-4.2 wt.
% higher compared to the first group (Table 1).
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The phase composition of these two groups
of diphosphates differs. The results of X-ray
phase analysis of diphosphates formed at 0.67
< K£<9.00 showed the presence of only one crys-
talline phase, all of whose reflections are char-
acteristic of a phase with the Zn,P,0,5H,0
structure (Fig. 3a). Diphosphates formed in the
range 0.02 < K < 0.11 also precipitate as one
crystalline phase, but its structure differs from
the previous one. They are identified as diphos-
phates with a structure similar to that of indi-
vidual CoyP,0, 6H,0 (Fig. 3a).

The chemical and phase composition of di-
phosphates obtained in the range 0.18 < K< (.54
(the third group) simultaneously contains fea-
tures of diphosphates of the first two groups. X-
ray diffraction patterns of these diphosphates
clearly indicate a mechanical mixture of diphos-
phates with Zn,P,0, 5H,0 and Co,P,0, 6H,0

Functional materials, 31, 3, 2024
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Fig. 3. X-ray diffraction patterns (a) and IR absorption spectra (b): Zn,P
limited solid solutions of composition Zn, §1C00 69P207-59H,0 (2), Co, 61%n0 39

phates obtained in the range 0.18 < K< 0.54 (3)

structures (Fig. 3a). The chemical composition
of these diphosphates (Table 1) also differs
from that of the first two groups, especially in
water content, which changes sharply for K <
0.67 (from 23.51 to 24.93 wt.%) and K > 0.11
(from 27.25 to 25.98 wt.%).

The results of chemical and X-ray phase
analyses indicate that obtained crystalline di-
phosphates in the range 0.67 < K < 9.00 form
a limited substitution solid solution with
the general formula Zn,,Co,P,0,5H,0 and
the structure Zn,P,0;-5H,0. The homoge-
neous range determined by chemical analy-
sis 18 0 < x < 0.69. The saturated solid solu-
tion is a diphosphate with the composition
Zn4 31C0q goP207-5H,0. With increasing cobalt
content in the initial solutions (0.02 < K< 0.11),
diphosphates crystallize to form a limited sub-
stitution solid solution with the general for-
mula Co,_Zn P,0,:6H,0 (0<x < 0.39) and
the Co,P,05:6H,0 structure. The composition
of the saturated solid solution corresponds to
diphosphate Co, 5;Zn 39P50,6H,0O obtained
at K =0.11. For 0.18 < K< 0.54, a mechanical
mixture of diphosphates with Zn,P,0,5H,0
and Co,P,0,-6H,0 structures is formed.

This is also confirmed by IR spectroscopy
studies of diphosphates of these two solid so-
lutions with different crystalline structures
(Fig. 3b). A broad intense absorption band with
two maxima and a shoulder is observed in the
IR spectrum of Zn; 3,Co4 oP,07-5H,0 in the
v(OH) range. In the case of forming a mechanl
cal mixture of two crystalline phases (0.18 < K

Functional materials, 31, 3, 2024
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<0.54), the v(OH) band becomes more complex,
with maxima characteristic of the hexahydrate
Co4 1Zng 39P,076H,0 (3531, 3495, 3424,
3239, 3065 cm™l). Its shape corresponds to the
cumulative envelope for diphosphates of differ-
ent hydrations.

Differences are also observed in the range
of deformation vibrations of water molecules,
where two bands and one shoulder are regis-
teredin the spectrum of Zn, 5,Co 59P,07-5H,0.
In the spectra of diphosphates obtained at 0.18
< K < 0.54, an additional band at 1543 cm1,
is fixed, characteristic of diphosphates with the
Co,P,04:6H,0 structure (Fig. 3b). Three com-
ponents of the 6(H,0) band indicate the pres-
ence of three crystallographically non-identical
types of water molecules in the diphosphates
of the solid solution Zn, 3,CoggP,075H,0
structure. Analysis of the shape and spectral
positions of the v(OH) bands indicates the in-
equality of their energy state and participation
in the formation of hydrogen bonds of differ-
ent strengths. Estimative calculations of the
hydrogen bond energy, performed on the basis
of the v(OH) band shift to the low-frequency
spectrum range, showed that their values vary
within the range of 21.7-40.2 kJ/mol depend-
ing on the diphosphate composition.

Absorption bands typical for diphosphates
which correspond to the stretching vibrations
of POg-groups (1170-980 cm™!), bridge P-O-P
bond (930-720 cm'l), and bending vibrations
of P-O groups (630—-550 cm'l) are registered
in the range of anion sublattice vibrations of
Zn, 3,Co 59P50; 5H,0. The presence of a band
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Table 2. Parameters of the unit cell of diphosphates of solid solution Zn,_ Co,P,0,'5H,0, 0 <x < 0.69,

(orthorhombic system, Pnma space group)

Diphosphate a, nm b, nm ¢, nm V, nm3
Zny,P,0,5H,0 2.5581 0.9164 0.8368 1.9614

Zn, g,Co 15P505H,0 2.5580 0.9130 0.8361 1.9525
Zn; 43Co( 39P5075H,0 2.5571 0.9123 0.8358 1.9497
Zn; 5,Co 59P9075H,0 2.5562 0.9116 0.8327 1.9403

with a maximum at 744 cm'! indicates the low
symmetry of the diphosphate anion, which
has a non-centrosymmetric configuration
(POP angle # 180°).

The IR spectrum of the saturated solid so-
lution Co; g4ZNng 39P,076H,0, in terms of the
absorption nature, the set of absorption bands,
their frequencies, and intensities across the en-
tire spectral range, is generally similar to the
IR spectrum of the individual Co,P,0;6H,0
(Fig. 3b). This indicates the identity of their
structures and simultaneously the structural
difference from the diphosphates of the solid so-
lution Zn,_ Co,P,0,5H,0. This is particularly
clearly observed in the spectra of the diphos-
phates of the solid solution Co,_Zn P,0, 6H,0
in the range of OH-group valence vibrations of
water molecules: a broad band with five distinct
maxima and a shoulder is observed, which are
also present in the spectrum of the diphosphate
matrix Co,P,0,°6H,0. For the saturated solid
solution Coy g1ZNng 3gP,07°6H,0, the v(OH)
values are 3531, 3494, 3427, 3342 (shoulder),
3228, cm'! and 3050 cm™! (Fig. 3b). In the range
of water molecules deformation vibrations three
components of the §(H,O) band are registered
— 1655 cm’l, 1640 cm'f, and 1535 cm'!, which
indicate the presence of three crystallographi-
cally non-identical types of crystallohydrate
water molecules in the diphosphate structure.
The broadening of the v(OH) band and the shift
of frequencies to the low-frequency range of the
spectrum (compared to the vibrations of a free
water molecule v, = 3700 cml) indicate the
existence of a system of fairly strong hydrogen
bonds in the diphosphate structure, differing in
energy and direction. According to the estima-
tion of their energy, the high-frequency maxi-
mum in the spectrum of Co; g1Zng 39P,076H,0
corresponds to the vibrations of OH groups
of water molecules involved in the formation
of relatively weak intermolecular hydrogen
bonds, with an energy not exceeding 11.3 kd/
mol. The low-frequency absorption band (maxi-
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mum 3050 cm'!) corresponds to the existence
of a rather strong hydrogen bond (energy up to
43.3 kd/mol) between the OH groups of water
molecules and the diphosphate anion.

The differences in the IR  spec-
tra of diphosphates of different struc-
tures Zn4 3,C0oq 9P20-5H,0 and
Co4 612N 39P,076H,0 are less noticeable
in the range of diphosphate anion vibrations
(Fig. 3b). The number of absorption bands in
the range of the P2074' anion vibrations of
Co4 g1Zn( 39P5,076H,0 indicates its low sym-
metry, characterized by a bent P-O-P bridge
configuration. Considering the high intensity
and frequency of the v (P-O-P) band, the P-O-P
angle does not exceed 160° and practically does
not change in diphosphates of the solid solution
Co,_,Zn,P,0,6H,0 (0 <x < 0.39) of different
compositions.

The diphosphates of the solid solution
Zn,,Co,P,0,-5H,0 crystallize in the ortho-
rhombic system (Pnma space group). The cal-
culated unit cell parameters change in accor-
dance with the ionic radii of Zn?* (r, .. = 0.089
nm) and Co?* (Tionic = 0.088 nm), consistent
with Vegard’s law, indicating the solid solution
formation (Table 2).

The diphosphates of the solid solution
Co,_,Zn,P,05-6H,0 (0 < x < 0.39) crystallize in
the monoclinic system (P2, /n space group) with
unit cell parameters having similar values re-
gardless of the cation composition. This is due
to the similar ionic radii of Zn?* and Co?* and
the relatively low degree of Co(II) substitution.
For the diphosphate Co, g4Zng 39P,076H,0
with the maximum zinc content, the unit cell
parameters are (in nm): a = 0.7199, b = 1.8356,
¢=0.7680, V=1.0410 nm?, = 92.25".

The formation of limited substitution solid
solutions based on the structures of both isodi-
morphic diphosphate matrices Zn,P,0,-5H,0
and Co,P,05-6H,0 is a consequence of the dif-
ferences in their crystal structures [21, 10, 16].
The homogeneity range 0 < x < 0.69 of the solid

Functional materials, 31, 3, 2024
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Fig. 4. The homogeneity range of the diphos-
phate solid solutions crystallizing in the system
ZnS0,~CoS0,4—K,P,0,~-H,0, and the limits of
variation in their composition content of Zn — 1,
Co—2,P-3 H,0-4
solution ZnyP,0,-5H,0 —Zn,_,Co,P,0,5H,0 is
1.8 times wider than the range 0 < x < 0.39
of the solid solution Co,P,0,6H,0 -
Co,_Zn,P,0,6H,0 (Fig. 4).

The experimental fact of the presence of
such differences in the homogeneity ranges of
these solid solutions cannot be unambiguously
explained using two main factors of isomor-
phism — size (A r) and the proximity of chemi-
cal bonds (Ay). The comparison of ionic radii
("iomic Zn%* = 0.089 nm; Tionic Co?* = 0.088 nm;
A r = 1.1%) and electronegativities (X5, = 1.6,
Xco = 1.8; Ax = 0.2) indicates wide isomorphic
possibilities for this pair of cations and, conse-
quently, similar homogeneity ranges for their
solid solutions.

Significant differences in the manifesta-
tion of isomorphic cation substitutions during
the crystallization of Zn, Co,P,0,5H,0 and
Co,_Zn,P,0,6H,0 solid solutions were ex-
plained by comparing the chemical properties
of the diphosphate matrices — a factor that,
along with other isomorphism factors, has pri-
ority significance for solid solutions of hydrated
salts.

The dominant role of this factor during the
crystallization of solid solutions of hydrated di-
phosphates in the ZnSO,~C0SO,—K,P,0,~H,0
system is indicated by the preferential precipi-
tation of Zn2* cations, as evidenced by the value
K, =Zn/Co (atomic) in the composition of the pre-
cipitated diphosphates (Table 1), as well as the
stability constants of diphosphate complexes (Ig
K, (ZnP,0,)*> = 8.7; g K, (CoP,0,)* = 6.1) [19].

Consequently, the homogeneity range of the
solid solution Zn,_ Co,P,0,5H,0 (0 < x < 0.69)
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based on the Zn,P,0;-5H,0 diphosphate ma-
trix is wider than in the case of isomorphic sub-
stitution of Co(II) with Zn in the Co,P,056H,0
structure during crystallization of the solid so-
lution Co,_,Zn,P,0,6H,0 (0 <x < 0.39).

Thus, as a result of the interaction in the
ZnS0O,4~Co0S0,—K,P,0,~H,0 system, two limit-
ed solid solutions of hydrated zinc and cobalt(II)
diphosphates are formed, which have different
crystal structures and homogeneity ranges.

A comprehensive analysis of the obtained
experimental data using modern theories of
isomorphic substitutions and the main charac-
teristics of cations made it possible to establish
some features of the crystallization of solid solu-
tions of hydrated Zn and Co(II) diphosphates.

4. Conclusions

As a result of the interaction in the
ZnS0O,4~Co0S0,—K,P,0,~H,0 system, two solid
solutions of hydrated zinc and cobalt(II) diphos-
phates Zn, Co,P,0,5H,0 (0<x<0.69) and
Co,_2Zn,P,0,6H,0 (0< x < 0.39) are formed
due to 1somorphic cation substitution.

The crystal structures of these solid solu-
tions are different: Zn,_ Co,P,0,5H,0 crystal-
lizes in the orthorhombic system (Pnma space
group, Z=4), and Co,_,Zn,P,0,6H,0 — in the
monoclinic system (P2;/n space group, Z=4).

The homogeneity range of  the
Zn,_,Co,P,0,5H,0 solid solution, defined as
0<x<0.69,1s 1.8 times wider than in the case
of the Co,_.Zn,P,0,°6H,0 solid solution with
0<x<0.39.

The explanation of this experimentally de-
termined fact, based on a comparison of the
chemical properties of the diphosphate matri-
ces, indicates that the isomorphism factor (in
addition to the dimensional and chemical bond
proximity factors) significantly influences the
homogeneity ranges of the hydrated diphos-
phate solid solutions.

The priority significance of this isomorphism
factor during the crystallization of solid solu-
tions of hydrated diphosphates in the system
ZnS0O,4~CoS0O,—K,P,0,~H,0 is indicated by
the preferential precipitation of Zn2*cations,
as evidenced by K; = Zn/Co (atomic) in the
composition of the precipitated diphosphates,
as well as the stability constants of diphos-
phate complexes (Ig K, (ZnP207)2' = 8.7;
lg K, (CoP,0,)% = 6.1).
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