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Hccneoosanue npoyeccog KOMRIEKCOOOPA306AHUA ABNACMCA HAYYHOI OCHOBOI NPU Pa3-
Ppadomke I1eKmpoaumos 6 2anbeanomexnuke. B pabome nonyuensl oannsle no Komniekcooopa-
306anuioe cucmeme yuuk (Ll)—xpom (I1)—koobanvm (I1)— enuyun—eooa. Hccnedosanue komniex-
cooopazoeanusn ¢ cucmeme yunuk(ll)-xpom(Ill)-xooanvm(1l)-eruyun-e00a axmyanvHo é ceéa3u ¢
803MONCHOCHBIO PA3PADOMKU RPOUECCOE INEKMPOIUMUYUECKOZ0 YUHKOBAHUA U NOJIYUEHUA COOM -
8eMCMEYIOUUX ROKPLIMUIL C GbICOKUMU HOKA3AMENAMU KOPPO3UOHHOU cmoiikocmu. Kpome
mozo, 1e2uposanue YUHKOBHIX 2a1b8AHUYECKUX ROKPLIMUIL XPOMOM, KODATbMOM n03601:€m 3a-
MEHUmMb NPUMEHEeHUEe MOKCUUHBIX KAOMUEEbIX NOKPLIMUIL U UCNOIb306AMb MEHbULUE UX MO
wiunvl. Pacmeopvt mepmocmamuposanu npu 25 °C. /na uzmepenus pH npumenanu npuoop HI
2215 pH/ORPMeter. Bpema cnun-peuwiemounoii penaxcayuu T, usmepanu na umnynvcuom AMP-
cnekmpomempe «Minispecmq 20» ¢ uacmomoii 19,75 MI'y. Koncmanmut 06pazosanus Komniex-
€06 U uXx 001U HAKONAeHus paccuumauleanuce no npozpamme CPESSP. B padome npueedenst Oan-
Hble npoeedeHHbIX paHee uccinedosanuil cucmem Xxpom(lll)—eooa, yunx(ll)—enuyun—eooa,
xpom(Ill)—znuyun—eodau yunx(ll)—-xpom(I1l)—znuuun—eooa. Ilonyuenvt dannvie no KOMnaIeKco-
oopazosanuto é cucmeme xpom (I11) - kooanem (I1)-enuyun-eoda. Ycmanosieno oopazosanue ze-
meposdepnozo komniexca CrCoGlys®. Ycmanoenenst cocmasvt zemeposadepuvlx coeounenuil,
Oonu ux Haxonnenus u Koucmaumwl obpazosanusn:CrCoZn(HGly)sGlys* (IgK= 2,31+0,01);
CrCozZn(HGly)sGlys** (IgK= -1,360,05) u CrCoZn(HGly),Glys" (IgK=-4,23+0,09). Makcumanvnas
007131 HAKONJIEHUA 2emepPoa0ePHbIX KOMNIEKC08, KAK NOKA3AIU UCCAe008AHUs, HADaI00aemcs 6
oonacmu pH 2...6. B pabome evickazanvl cooopaxcenusn 00 31eKMpPOXUMUYECKOU PeaKUUOHHOU
CnOCOOHOCMU 2emepoAdepHbIX cOeOuHeHUll. B uacmnocmu, ommeueno, umo ’nekmpoxumuye-
CKOe 8occmanogeHue 6oee I1eKmpoompuyameibHblX Memajiios, 8 ciayude ux HaxXoHcoeHus 8
2emeposa0epHOM KOMRIEKCe, 00IHCHO RPOUCX00UMb C MEHbUIUM NHEPEHANPANCCHUEM PEeAKUUU.

KuaroueBsble ciioBa: KOMITIEKCHBIE TeTeposaepHbie coeauaenus, TUHK(IL), xpom(I1l), kobansT(Il), rim-
uH, pH-MeTprudeckoe TUTpOBaHUE, sIepHAs MATHUTHAS pelakcalus mpoToHoB, porpamma CPESSP
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The study of complex formation processes is the scientific basis for the development of
electrolytes in electroplating. The data on complexation in the zinc (11)—chromium (I11)—cobalt
(IM)—glycine—water system were obtained. The study of complex formation in the zinc (I1)-chro-
mium (I11)-cobalt (11)-glycine-water system is relevant due to the possibility of developing electro-
lytic galvanizing processes and obtaining appropriate coatings with high corrosion resistance. In
addition, the alloying of zinc electroplating coatings with chromium, cobalt makes it possible to
replace the use of toxic cadmium coatings and use their smaller thicknesses. The solutions were
thermostated at 25 °C. The HI 2215 pH/ORPMeter was used to measure pH. The spin-lattice re-
laxation time T, was measured on a pulsed NMR spectrometer **"Minispecmg20™ with a frequency
of 19.75 MHz. The constants of the formation of complexes and their accumulation shares were
calculated according to the CPESSP program. The paper presents data on previously conducted
studies of chromium(lll)—-water, zinc(ll)-glycine—water, chromium(l1l)—glycine-water and
zinc(l1)—chromium(111)—glycine-water systems. Data on complexation in the chromium (I11)-co-
balt (I11)-glycine-water system were obtained. The formation of a heteronuclear complex CrCoGlys*
has been established. The compositions of heteronuclear compounds, their accumulation fractions and
formation constants were established: CrCoZn(HGIy)sGlys*™* (lgk= 2.31+0.01); CrCoZn(HGly)sGlys**
(IgK= -1.36%+0.05) and CrCoZn(HGY).Glys" (IgK= -4.23+0.09). The maximum proportion of accu-
mulation of heteronuclear complexes, as studies have shown, is observed in the pH range of 2...6.
In this paper, considerations are made about the electrochemical reactivity of heteronuclear com-
pounds. In particular, it is noted that the electrochemical reduction of more electronegative metals,
if they are in a heteronuclear complex, should occur with less overvoltage of the reaction.

Key words: complex heteronuclear compounds, zinc(ll), chromium(I11), cobalt(l1), glycine, pH-metric
titration, nuclear magnetic relaxation of protons, CPESSP program
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INTRODUCTION

The study of complexation processes is the sci-
entific basis for the development of electrolytes in
modern electroplating. Data on the composition, stabil-
ity and accumulation of complex compounds depend-
ing on the pH of the solution allow us to develop the
composition of the electrolyte on a scientific basis, es-
tablish the electrolysis mode, investigate the kinetics in
more detail and understand the mechanism of electro-
chemical processes.

The aim of the work is to obtain data on the
complexation of Zn(I1), Cr(11), Co (1) in glycine-con-
taining aqueous solutions.

The electrolytic production of Zn alloys with
metals such as Co, Cr, Ni is being studied most actively
due to great practical and theoretical interest.
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Thus, it was shown in [1-3] that the co-deposi-
tion of zinc with cobalt increases the anticorrosive
properties of zinc coatings and can be used to replace
toxic cadmium coatings. Electrodeposition of the zinc-
cobalt alloy is carried out from glycine-containing so-
lutions [4] and using pulsed current [5].

Zinc-chromium alloys also have increased cor-
rosion resistance compared to zinc, which makes it
possible to reduce the thickness of the covers used [6, 7].

Obtaining zinc-chromium-cobalt alloys makes
it possible to give coatings, in addition to corrosion re-
sistance, such necessary performance characteristics as
microhardness [8]. In [9], it was noted that high-quality
zinc-nickel-cobalt alloy coatings were obtained in so-
lutions containing glycine. In addition, the study of
multicomponent systems is currently relevant in the
case of obtaining high-entropy alloys [10].
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MATERIALS AND METHODS OF RESEARCH

The research methodology and processing of
experimental data are described in detail in [11].

In this work, cobalt (I1) sulfate, chromium (I11)
chloride, zinc (Il) sulfate, and glycine were used as
pure for analysis.

The pH was measured on the HI 2215 pH/ORP
Meter with an accuracy of 0.01 units. The solutions
were thermostated at 25 °C.

The spin-lattice relaxation time T; was meas-
ured on a pulsed NMR spectrometer «Minispecmq20»
with an operating frequency of 19.75 MHz. The study
of complexation by NMR is presented in [12, 13].

The constants of the formation of complexes
and their accumulation shares were calculated in the
CPESSP program [14]. Diagrams of the distribution of
complexes were also constructed using the CRESSP
program.

DISCUSSION OF EXPERIMENTAL RESULTS

We have previously investigated the system of
zinc (1) — chromium (1) — nickel (11) — glycine — wa-
ter [11]. The compositions of complex compounds, sta-
bility constants and the proportion of their accumula-
tion in solutions with different pH values are estab-
lished. The electrochemical behavior of agueous solu-
tions containing heteronuclear compounds is presented
in [15, 16].

The study of complex compounds in the Zn(1l)
— Cr(1I1) — Co(Il) — glycine — water system was pre-
ceded by obtaining data in solutions of Cr(l1l)-water
[17], Zn(11) — glycine — water [18], Cr(lIl) — glycine —
water [19] and Zn(11) — Cr(I1l) — glycine — water [20].

In this paper, the complex formation in the
chromium (111) — cobalt (Il) — glycine — water system
is investigated. Experimental data for the chromium (1)
— cobalt(Il) — glycine system are presented in Table 1.
The formation of a heteronuclear complex CrCoGlys*
is established.

Table 1
Composition and constants of formalized equilibria of
formation of Cr(l111)-Co(ll)-glycine complexes
Taobauya 1. CoctaB M1 KOHCTAHTHI GOPMATU30BAHHBIX
paBHoBecuii o6pazoBanus kommiexcos Cr(l11)-Co (11)-

CJAMIAH
CTGXI/IOMeTpI/I‘leCKaH
MaTpuIia
Neo cor Ter szGI” 0 1gK Kommiekc
@ [ [ v | M
1| 1 1 8 16 |[-19.0840.21 | CrCoGlys*

The formation of the complex occurs accord-
ing to the scheme (1):
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XCr¥*+yH,Gly*+qCo?*—CrxHyGly,Cog+rH* (1)

The distribution of connections is shown in

Fig. 1. As can be seen from the diagram of the frac-

tional distribution obtained using the CPESSP pro-

gram, the heteronuclear complex CrCoGlys* prevails
at pH values of 2.5...6.

0.64

0.4

0.2

pH

0.0+ T T T
0 1 2 3
Fig. 1. Diagram of the fractional distribution of mole fractions of
compounds in the system chromium (l11) - cobalt (I1) - glycine de-
pending on pH: 1 - H2Gly*, 2 - Co?, 3 - HGly, 4 - Cr(HGly)sGly?*,
5 - Cr(HGly)2Gly2*, 6 - CrGlys, 7-Cr2Glys, 8-CrCoGlys*.a- accu-
mulation fraction. C(HGly) = 0.349 mol/L, C(Cr®*) = 0.045 mol/L,
C(Co?*) = 0.046 mol/L
Puc. 1. lnarpaMma 101€BOTO pacrpeneeHns] MOJIBHBIX J0JICH
coenunennit B cucreMe xpoM(I1l)- - kobansT(Il) — rmmyH B 3aBucH-
moctu ot pH : 1 - H2Gly*, 2— Co?*, 3 - HGly, 4 -Cr(HGly)sGly?*,
5 - Cr(HGly)2Gly:", 6 - CrGlys, 7 - Cr2Glys, 8 - CrCoGlys* .o~ nons
nakomtenus. C(HGly) = 0,349 mons/n1, C(Cr3*) = 0,045 mons/m,
C(C0%*) = 0,046 Mosb/1

Experimental data for the Zn(ll)- Cr(lll)-co-
balt (11)-glycine-water system are presented in Table 2.

Table 2
Composition and constants of formalized equilibria of
formation of Cr(I11)-Zn(11)-Co(l1)-glycine complexes
Taoéauya 2. CocTaB M KOHCTAHTHI (OPMATU30BAHHBIX
paBHoBecHii o6pazoBanusi komimiexcos Cr (I111)-Zn (11)-
Co (ID)-rauuuu

CTeXI/IOMeTpI/I'-IeCKaH MaTpulIa)

Ne[Co?*| Cr3* | Zn?* |HoGIF| HY | 1gK Kommiekc
M@ | 6O @0
231+ -
1 1] 1] 1| 8 [11] %3 [crCozn(HGIy)sGly:
2l 1| 1| 1] 8 |13 '%'%%i CrCoZn(HGly)sGlys2=
3l 1|1 1] 8 |14 "(‘)%?éi CrCozZn(HGly):Glys*

The formation of the complex occurs accord-
ing to the scheme (2):
pCr¥* + gqH.Gly* + mCo?* + iZn**
< CrpGlyqComZniHag.r + rH* 2
Fig. 2 shows the dependence of the relaxation
efficiency- pH of the solution for the systems: Cr(ll) —
glycine, Cr(11l) — Co(ll) — glycine, Cr(lIl) — Co(ll) —
Zn(I1) — glycine.
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Fig. 2. Dependence of relaxation efficiency for systems:
1-Cr(l) — raurun, 2-Cr(H1) — Co(ll) — ruuum,
3-Cr(H11) - Co(I1) - Zn(1)— rmrma
Puc. 2. 3aBucuMocTh penakcanioHHON 3¢ GEKTHBHOCTH JUIS CH-
crem: 1-Cr(l1) — romunun, 2-Cr(111) — Co(Il) — rmumu,
3-Cr(111) - Co(ll) - Zn(I)— raurmu

The coincidence of curves 1 and 2 (Fig. 2) sug-
gests the possible absence of heteronuclear complexes.
During the calculation, only one heteronuclear com-
plex of the composition CrCoGlys* was identified. Re-
laxation curve 3 differs significantly from systems 1
and 2 (Fig. 2). The difference in the course of the
curves indicates the formation of heteronuclear com-
plexes Cr (I11), Co (1), Zn (11) with glycine. The de-
pendence of the distribution of complexes on pH is
shown in Fig. 3. These diagrams are also calculated
and constructed using the CPESSP program.

1 2 3 4

Fig. 3. Diagram of the fractional distribution of mole fractions of
complexes in the Cr(l11) - Co(Il) -Zn(ll) - glycine system depend-
ing on pH. Accumulation shares of H2Gly*, Co?*, Zn?*, HGly are
not shown. 1 — Cr(HGIy)sGly?*, 2 — Cr(HGly).Gly2*, 3 — Cr2Glys’,
4 — CrCoZn(HGly)sGlys**, 5 — CrCoZn(HGly)sGlys?*,
6 — CrCoZn(HGly)2Glys*. C(HGly) = 0.349mol/L, C(Cr3*) =
= 0.045 mol/L, C(Co?*) = 0.046 mol/L, C(Zn?*) =0.048 mol/L
Puc. 3. /luarpamMma 1051€BOTO pacnpeaeseHus MOJIbHBIX JT0JIeH
komiutekcoB B cucreme Cr(I1T) - Co(l1)-Zn(I1)- rauime B 3aBHcH-
moctu ot pH. Jlomm maxoruennst H2Gly*, Co?*, Zn?*, HGly He moka-
3ambL 1 — Cr(HGIly)sGly?*, 2 — Cr(HGIy):Gly2*, 3 — Cr2Glys’,
4 — CrCoZn(HGly)sGlys*, 5 — CrCoZn(HGly)3Glys?*,
6 — CrCozZn(HGly).Glys*. C(HGly) = 0,349moms/1, C(Cr3*) =
= 0,045 mons/n, C(Co?*) = 0,046 mons/n, C(Zn?*) =0,048 mons/n
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The CrCoZn(HGIly)sGlys*,
CrCoZn(HGly)sGlys?*, and CrCozZn(HGly).Glys"
complexes exist throughout the studied pH region,
with accumulation maxima at pH 1.6, 2.5 and 4.4, re-
spectively. The triple complex CrCoGlys® does not ac-
cumulate under these conditions.

As follows from the results of the work carried
out, heteronuclear compounds in the system under
study mainly dominate in the pH range of 2...6.

The results of the work can be used in the de-
velopment of electrolytes for electrochemical alloying
of zinc with chromium and cobalt.

In the case of electrochemical alloying of zinc
coatings with chromium and cobalt, the presence of a
positive charge in the complex compounds
CrCoZn(HGly)sGlys*, CrCoZn(HGly)sGlys**,

CrCo Zn(HGly),Glys" creates favorable conditions for
their adsorption on the negatively charged cathode sur-
face and should contribute to their recovery.

In conclusion, based on the analysis of litera-
ture sources and our research [16], some considera-
tions can be made about the electrochemical reactivity
of heteronuclear complexes.

Thus, according to [21] the heteronuclear com-
plex, the orbital of a more electronegative atom makes
a greater contribution to the binding orbital of the en-
ergy diagram, and the orbital of a less negative atom to
the loosening one. Therefore, it can be assumed that the
electrochemical reduction of more electronegative
metals in the case of their presence in a heteronuclear
complex should occur with less overvoltage of the re-
action.

The stated consideration agrees with the fact
that an increase in the size of complex compounds re-
duces the activation energy of their cathodic reduction.
Thus, it was shown in [22] that an increase in the ef-
fective radius of complex compounds reduces the acti-
vation energy of their recovery.

In the development of the electrochemistry of
heteronuclear compounds, the results of the work [23]
may be of interest. Based on quantum mechanical stud-
ies, the authors [23] found that in the case when two
metals are connected by a bridging particle, a unidirec-
tional flow of electrons from one metal to another oc-
curs in such a system.

It is known that there is a direct connection be-
tween ions of different metals in a heteronuclear com-
plex, according to [24, 25], or it is carried out through
a bridging particle. If surfactants are used as ligands,
as in this work-glycine, which can be adsorbed [26] on
the electrode and perform the function of a bridge dur-
ing charge transfer, it is possible that this will contrib-
ute to the joint recovery of ions located in the hetero-
nuclear complex.

W3B. By30B. XumMus u xuM. TexHonorus. 2023. T. 66. Beim. 6



CONCLUSION

The paper presents data on complexation in the
systems: Cr(l1l) — Co(ll) — glycine — water; Zn(ll) —
Cr(I11) — Co(Il) — glycine — water.

It was found that in the Zn(11) — Cr(111) — Co(ll)
— glycine-water system, heteronuclear compounds
CrCozZn(HGly)sGlys*  (Igk = 2.31+0.01);
CrCoZn(HGly)sGlys** (IgKk = -1.36+0.05) and
CrCozZn(HGIly):Glys" (IgK = -4.23+0.09) are bound.
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The maximum proportions of accumulation of hetero-
nuclear compounds are in the pH range of 2...6.

In the work, based on the analysis of literary
sources, considerations are made about the electro-
chemical reactivity of heteronuclear compounds.

A6m0pbl 3asaensom 00 omcymcmeuu KOH-
@ruxma unmepecos, mpedyruezo pacKkpoimus 8 0aH-
HOU cmambe.
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