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Researching complexation of cyclophosphate—metal systems
by physico-chemical methods

We carried out potentiometric and photometric research in the cyclophosphate-modifier system. We set
composition of complex compounds formed in systems, show their relative stability. It was given an
explanation of the results from the point of view of classical Inorganic Chemistry, theory of hard and soft
acids and bases of Pearson and theory of Usanovich.
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Nowadays problem of focused synthesis and control of individual and multicompenént phosphorus-
containing systems and polymers composition is very difficult and at the same timedmsolvediyet. Due to the
lack of a fundamental approach to the selection of modifying componeats for the preparation of compounds
with multifunctional properties, the synthesis of multicomponent modified phosphate systems, regardless of
their area of use, is carried out by empirical way. In connection with this, it is necessary to have more
knowledge on the mechanisms of the hydrolytic decomposition@and,complexation of polyphosphate — ions
with various modifiers.

The purpose of the work is research which enables scientifically justified selection of conditions for the
synthesis of compounds and materials based on inorganic phosphorus=containing compounds with multifunc-
tional properties. In this connection, working on the establishmen of the composition, properties and deter-
mining the conditions of existence of polyphosphate compounds will allow focused search for their practical
use, in a particular, preparation of polymer comp@sitions;which can be used as highly effective corrosion
inhibitors.

Studies were carried out for systems cy€lotri-i(C3Ry P50y, tetra- (C4P, P,0,,") and hexaphosphate-
(C6P, PsO1s") with di- (Mn**, Fe**, Co*' #Ni%hy, Cu’l) Zn’") and trivalent (AI*", Cr*’, Fe®") cations of p- and
d-elements under standard conditions.

Synthesis of research subjects

Synthesis of cyclophosphate Was conducted by known methods [1-3].

Identification was performed by IR-spectroscopy by spectrometer UR-20 in the frequency range of
400-3600 cm’ in tablets with KBr. The identification data of the synthesized compounds are in full
agreement with the referenceydata:

Research methods

To obtainfthe most reliable results, the research was carried out by two independent methods:
potentiometfiggandiphotometric.

Photométri¢) study of the properties of model systems was carried out using the method of isomolar
séries and the method of mole ratios.

According to the method of isomolar series solutions was prepared with varying concentrations of the
mefal Cy and ligand Cp, herewith their total concentration in the solution remained the same, i.e. Cyy + Cp =
=const = 0.01 mol/L. We measured optical densities of the prepared solutions and plotted the graph
ofdependence of optical density on the molar proportion of the ligand in solution. Maximum absorption has
the solution in which the concentration ratio of the components meets their stoichiometric ratio in the
complex. The less stable complex, the more smoothed maximum on the curve [4, 5].

According to the method of mole ratios (saturation method) we prepared a series of solutions with a
constant concentration Cy and a variable concentration C.. We measured the absorbance of the prepared
solutions, plotted the graph of dependence of optical density from the molar ratio of the components in
solution (saturation curve). The abscissa of the intersection point of the two tangents corresponds to a molar
ratio of components in the complex.
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Potentiometric study of model systems was carried out using two kinds of titration: titration ofmetal salt
solution (0.01 mol/L) with solution of the cyclophosphate (0.01 mol/L); titration of the prepared model
system with 0.1 mol/L sodium hydroxide solution [6, 7].

In the titration by the first method the so-called «bath» — specific sites are formed on the potentiometric
titration graph, characterizing thecomponents ratio in which stable complexes are formed in the system.
Stability of pH over some range of values indicates the formation of a relatively strong compound, the
composition of which corresponds to the ratio of the volume of the titrated saltsolution and titrant [8—10].

By the second method the number of available products in the solution of hydrolytic cleavage of initial
ortho- and di-form phosphates are determined. Considering that the jump of the titration in such systéms is
very negligible and to fix it accurately on a regular pH dependence of titrant volume graph with requi
accuracy is very difficult, we used the method of constructing differentiated titration curve in i
ApH/AV calculating the required data by the formula

ApH _ pH, — pH,

AV
Results and discussion
Figures 1 and 2 show the graphics results of photometric studies based @1 — P;0,°" model
system,
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Figure 1. Photomefric the Ni*" — P;0," model system by the method of isomolar series
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Figure 2. The photometric study of the Ni** — P;0,> model system by the method of molar ratios
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Both methods gave similar results — in the system a stable complex with a ratio of 1:1 is formed. An
analysis of all systems under study was carried out similarly. By results we obtained the following data about

the composition of complex compounds (Tables 1 and 2).

Table 1

Composition of the complex compounds in model systems by the method of isomolar series

C3Pp C4P C6P
1\/[1’12Jr Ml’lP30g- Ml’lP40122- MHP60184-
F62+ FCP309- FCP40122- FeP60184-
COZJr COP309- C0P40122- COP60184-
N NiP;Oy NiP,O,” NiRgO 5"
Cll2Jr Ctu,Og- CHP40122- CU.P60184-
ZI'12Jr ZnP309' ZHP40122- ZnP60184-
NG AlP;0,’ AIP,0,,° ALPO
CI'SJr CI'P3090 CI'P4012- Cr2P6013
FCSJr FCP3090 FCP4012- F92P6018

Table 2

Composition of the complex compounds in model systems by the method of'mole ratios

C3P C4P C6P
1\/[1’12Jr Ml’lP30g- Ml’lP4O 122- MHPGO 1 84-
Fe’ FeP;0y EePi0 35 FePeO 5"
COZJr COP309- COP40122- COP60184-
N NiP;0y NP0\~ NiPsO 5"
Cll2Jr Ctu,Og- CU.P40122- CuP60184-
ZI'12Jr ZnP309' ZHP40122- Zl’lP60184-
Al AIP;0y’ AlP,O,y ALP¢O)5
CI'SJr CI'P3090 CI'P4012- Cr2P6018
FCSJr FCP3090 FCP4012- F92P6018

In all systems for cyclo-triphosphate, and cyclo-tetraphosphate the formation of most stable complex
compounds at a ratio of 1:1is charagteristic,“and in case for cyclo-hexaphosphate with trivalent cations com-
plexes in a ratio of 2:1 dominate, But'in some parts of graphics of dependences there are ill-defined peaks
corresponding to complexes of different composition, particularly for systems with cyclo-tetraphosphate.

All systems are additighally subjected to spectrophotometric analysis in the wavelength range of 200—
1000 nm determine the presence of interaction of initial components. The absence of absorption in this range
indicating that the reagted substances completely changed their composition, and in most cases the region of
absorption of formed preducts, in contrast to the spectra of the initial materials, extend beyond the study area.

The resultst potentiometric studies are as follows.
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Figure 3. The titration curve of a nickel salt with cyclo-triphosphate solution
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Figure 3 shows that a gradual addition of cyclo-triphosphate solution to a solution of a nickel salt ini-
tially leads to a decrease in pH. In this case, the solution contains an excess of metal ions which promote the
formation of complex compounds in the components ratio closer to 1:1. In aqueous solution of
cyclophosphates, alkali metal atoms are replaced by cation of hydrogen, which is subsequently displaced by
the cation of metal-modifier, and this is due to decrease in pH in the segment AB. When the ratio is close to
1:1 may form compounds having buffer properties. As a result, the segment BC is formed in the curve. Fur-
ther increases in the molar ratio of metal and cyclophosphate leads the increase of pH due to excess of phos-
phate [11, 12].

Similar curves observed for all the systems under study.

In order to determine the qualitative composition obtained cyclophosphate complexes were titrated with
sodium hydroxide solution (Fig. 4).
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Figure 4. The titration curve of the Ni — P3Oy, 1: Wsystem with 0.1 mol/L NaOH solution

The presence of a few equivalence points on mest titration curves confirms the presence of complexes
with a components ratio of 1:1 in systems, butfthe®olufiie of consumable alkali solution differs, due to vari-
ous quantitative ratio of products of the hydrelytic ¢leavage and residue of initial phosphates. The quantita-
tive ratio of products of hydrolytic cleavage depends$ on the nature of the reacting substances.

The results of potentiometric studies‘allows to complement data on the composition of model systems
obtained by optical methods.

So for systems with cycloStetraphesphates and divalent cations in addition to previously identified,
according to the results of phefemetric studies, complexes with composition of 1:1, revealed the formation of
weakly stable neutral compounds at components ratio of 2:1. In the case of cyclo-hexaphosphate most stable
complexes are formed pvithytrivalent cations at a ratio of 1:1, and at a ratio of 2:1 weakly stable compounds
are also formed (Table!3).

Table 3
The most stable forms of the complex compounds in model systems according to the potentiometric studies

C3Pp C4P C6P
Mn2+ MnP309' MHP4O 1 22'Mn2P4O 1 20 MHPGO 1 84-
Fez+ Fer,Og- FeP40122-F62P4O 120 FCP60184-
COZJr COP309- COP40122-C02P40120 COP60184-
Ni* NiP;0y NiP,0,,"Ni,P,0y," NiPsO,5"
C/U.ZJr Ctu,Og- CHP4O 1 22-C112P4O 1 20 CuP6O 1 84-
ZI'12Jr Zl’lP30g- ZHP4O 1 22'Zn2P4O 1 20 ZnP60 1 84-
Al AIP;0y’ AIP,O,y AlPcO15” ALPO
C:I'3+ CrP3090 CI'P4012- CI'P60183- Crzpéolg
Fe3+ FeP3090 FCP4012- FCP60183- Fezpéolg

Interpretation of the data of potentiometric studies isreduced that regardless of the nature of the cation-
modifier for cyclo-triphosphate there is a tendency to form complex compounds with components ratio of
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1:1. For cyclo-tetra- and cyclo-hexaphosphateare characterized by two types of relatively stable compounds:
the most stable at a components ratio of 1:1 and weakly stable at a components ratio of 2:1.

On the basis of potentiometric data calculated constants for the instability of complex compounds, the
dependence of their value on the nature of the cation-modifier and cyclophosphate for 1:1 ratio is illustrated
in Figure 5.
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Figure 5. Dependence of the stability constants (Igf}) for c
depending on the nature of the cation — m
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of polarization in 18-electron ion.

According to the Usanovich’s theo e idic function will have zinc ions and they are soft acids
according to the HSAB. Therefore, the interaction with a hard base (cyclophosphate-ion) is less preferred
and in this case unstable hydrolyza rod are formed. The nature of obtained dependence corresponds
to the chemical behavior of eleménts sub-groups.
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Figure 6. The correlation dependence Igf of complex compounds on change
of the ionization potential and the ionic radii of metal-modifiers
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The curves in Figure 6 show a regular change in the stability constants in the range of Zn*" — Cu*" —
Co”" — A’ —Fe* — Mn*" — Ni*" — Cr’* — Fe’" by increasing the ionization potentials and the corresponding
decrease in ionic radii. Such a sequence of changes in the stability constants is in good agreement with the
provisions of HSAB theory, Usanovich’s and positions of the classical theory of Inorganic Chemistry.

Change in complexing ability of cyclophosphate is associated with the change in nature of the P-O
bond, in big cyclesapproachingto the bond character inchained phosphates and removing voltage, existing in
small rings. Cyclic phosphate anions withsmall size have a relatively high charges and their metal complexes
are much less durable, that is explained by low mobility and difficult accessibility of the functional groups
for interaction with cation-modifiers. As a result, bytransition to the big cycles the complexing ‘ability
increases dramatically.

Conclusions

By results of the research, the composition of the most stable complex compounds forthed in these®ys-
tems, was set with sufficient accuracy.

The sequence of changes in the stability of cyclophosphate complexes is analogougfto the change in the
stability of diphosphates in water, which is obviously related to their structure and the jprevalence of
diphosphate-ion as the main product of the hydrolytic cleavage of the initial compoufids. Thefabove range of
influence of cation-modifiers is related with change of the second ionizatign potentialsef metals, which af-
fects the reduction of their acidic properties, reduction of compound strength and strengthening the hydrolyt-
ic processes. Increasing the strength of complex compounds in the ttansitien, from cyclo-tri- to cyclo-
hexaphosphates is related with increasing charge and mobility of theWindividual fragments of cyclo-
hexaphosphate anion due to removing voltage, whereby the latter becomes more hydrolytically stable.
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A.E.Hapumanosa, A.b.Husz6exoBa, H.B.Axarses, T.A.Illakupos, H.X.Aiimyp3uHa

Huxnogochar merasn Kyiecinaeri KOMIUIEKE TY3YAi
(pu3nKa-XUMHAJIBIK J/1iCIIeH 3epTTey

[ukiaodochar-MoaudukaTop KyieciHae MHOTCHUUOMETPIIK JKoHE (OTOMETPIIK 3epTTey IKYprisiaui.
KemeHai KOChUIBICTApIbIH JKYHECIHIE CallBICTHIPMANbl TYPAKTBUIBIK KepceTinai. bepiireH keskapac —
KJIACCHKANIBIK OeHOpraHUKaJIbIK XUMUSHBIH HOTHIKECI, KATTBI )KOHE KYMCAK KBIIIKBUIIBIH, [ITHPCOHHBIH Heri3i
MeH Y CaHOBUYTHIH KaFuackl OOHBIHINA TYCIHAIPIII.
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A.E.Hapumanosa, A.b.Hus36exoBa, H.B.Axarbes, T.A.Illakupos, H.X.Alimyp3una
HccnenoBanne KOMILIEKCO00OPa30BaAHUA B CHCTEMAaX MUKJI0(pochaT — MeTaLl
(puzuko-xuMHYECKUMHU METOAAMH

IIpoBeneHs! moTeHIOMeTpIYeCKUEe W (POTOMETPUIECKHE MCCIENAO0BAHUS CHCTEM IHKIopocdhar — Moaudu-
KaTop. YCTaHOBJEHBI COCTaBbl OOpPA3yIOLIMXCS B CHUCTEMaxX KOMIUICKCHBIX COEIUWHEHHH, MOKa3aHa MX
OTHOCHTEJbHAS YCTONYMBOCTD. JlaHbl OOBACHEHHS MOJIYYCHHBIX PE3yJIbTaTOB C TOUKHU 3PEHHS KIACCHYECKON
HEOPraHMYeCKOH XMMHH, TEOPHH JKECTKUX U MATKHUX KHCJIOT ¥ OCHOBaHUH [TupcoHa u Teopun Y caHoBuYa.
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