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Abstract

The equilibria of the complex formation between the anionic chelate of zinc(II) with the tridentate ligand of
4-(2-pyridylazo)-resorcinol (PAR) and the bulky organic tetrazolium cation of 3-(2-naphtyl)-2,5-diphenyl-2H-
tetrazolium chloride (TV) in the liquid-liquid extraction system Zn(II)-PAR-TV-H,0-2-methyl-1-propanol was stud-
ied by spectrophotometric method. The molar ratio of the reagents was determined by independent methods under the
optimum condition for ion-association and for extraction. The validity of Beer’s law was checked and some analytical
characteristics were calculated. The constants, describing the association process in aqueous phase and the extraction
equilibria, were calculated. Based on this, a reaction scheme, a general formula and a structural formula of the complex
were suggested. The zinc(II) cation is six coordinated with the tridentate ligand through the following atoms: the azo
nitrogen, the pyridine nitrogen and the oxygen atom from the phenolic group, which is in ortho position relative to the
azo group, each of them forming two five-membered chelate rings.
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1. Introduction

The zinc is a typical transition, complex forming
metal essential from biochemical point of view. It is an im-
portant trace element needed by plants,! animals,? and mi-
croorganisms.’ In the human body the zinc content
amounts to 2-4 g.* Zinc is the second most abundant met-
al in the human body and is a cofactor for more than 300
enzymes involved in many processes, including the cellu-
lar respiration, immunity, DNA and protein synthesis, me-
tabolism, cell division, etc.5!° It is known that zinc can be
toxic when exposures exceed physiological needs. Nega-
tive health effects have been documented after short-term
exposure to concentrations of zinc in water and beverages
between 1.0 and 2.5 mg L7}, e.g. poisoning incidents with
symptoms of gastrointestinal distress, nausea and diar-
rhea.!!

The zinc forms metal complexes with potential ap-
plication in the fields of medicine, pharmacy, catalysis,
photoluminescence, or as semiconductor materials.!?-16

Zinc(II) complexes with ligands, containing [S,S], [O,0],
[N,O], [N,N] donor atoms, like 1,10-phenantroline,
2,2 -bipyridene,!”  2-(2"-aminophenyl)benzothiazole,'8
N-benzoyl-glycine, N-acetyl amino acids and their amine
adducts,’®  N-ethyl-3-carbazolecarboxaldehyde-3-thio-
semicarbazone,? tetraphenylporphyrin, meso-tetrakis(4-
sulfophenyl)porphyrin,?!  1-[(5-benzyl-1,3-thiazol-2-yl)
diazenyl]naphthalene-2-ol,2? 1-(2-pyridylazo)-2-
naphthol,?® Schiff bases?*, were synthesized and structur-
ally characterized. Zinc(II) gives colored chelates with
polyphenols and their functional derivatives, containing
azo groups and two or more hydroxyl groups in ortho po-
sition relative to each other, such as 2-(N-acetylami-
no)-6-methylpyridine,® 8-hydroxyquinoline and its deriv-
atives,”® xylenol orange?’, methylthymol blue, 1-(2-pyrid-
ilazo)-2-naphtol, 2-(4,6-dimethyl-2-pyrimidylazo)-1-nap-
hthol-4sulphonate sodium salt.?®

Colored anionic chelates of zinc(II) can form ion-as-
sociated complexes with bulky organic cations, like tetra-
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zolium salts. The structure and properties of tetrazolium
salts determine their ability to form ion-associated com-
plexes.?®3% The bulky hydrophobic organic substituents in
the molecules of the tetrazolium salts increase the extract-
ability of the ion-associated complexes. The presence of a
quaternary nitrogen atom in the molecules of the tetrazoli-
um salts determines the ability to form ionic associates
with chelates of metals in aqueous phase without protona-
tion, as opposed to the amines. Tetrazolium salts are used
as reagents for the preparation of various ion-associated
complexes of metals, e.g. Ga(IlI), Co(II), Ge(IV), Mo(-
VI).2931-39

The liquid-liquid extraction is a part of the chemis-
try of the solutions and the coordination compounds. It
is applied to study the processes of complex formation
and the extraction equilibria.*0-*® The extraction spectro-
photometry is a relatively simple, convenient, sensitive,
selective, rapid to perform and inexpensive method for
preparation and characterization of new complex com-
pounds as well as for their application in the chemical
analysis.*4%

This present work aims to study the extraction
equilibria for complex formation between the anionic
chelate of Zn(II) with the tridentate ligand of
4-(2-pyridylazo)-resorcinol (PAR) and the cation of
3-(2-naphthyl)-2,5-diphenyl-2H-tetrazolium chloride
(TV) in the liquid-liquid system Zn(II)-PAR-TV-
H,0-i-BuOH by spectrophotometric method. The se-
lected organic solvent i-BuOH is characterized by a low
volatility and toxicity, it is readily biodegradable and
non-bioaccumulative, and can be produced from renew-
able resources.”®>! The final goal was to evaluate the pos-
sible applications of the system for the determination of
the traces of zinc(II) in biological, medical, and pharma-
ceutical samples.

2. Experimental

2. 1. Reagents and Apparatus

Zinc(IT) chloride, anhydrous (ZnCl,) (Alfa Aesar,
98%): an aqueous 1.53x1072 mol L™! solution was pre-
pared. 4-(2-Pyridyazo)-resorcinol (PAR) (Sigma-
Aldrich, 96%): PAR was dissolved in slightly alkaline
distilled water to give a 2.0x107* mol L' solution.
3-(2-Naphtyl)-2,5-diphenyl-2H-tetrazolium chloride
(Tetrazolium Violet, TV) (Loba Feinchemie, p. a.): an
aqueous 3.0x1073 mol L! solution was prepared. The
alkalinity of the aqueous medium was determined us-
ing an aqueous sodium hydroxide solution. As organic
solvent  2-methyl-1-propanol  (isobutyl alcohol,
i-BuOH) (Chempur, p.a.) was used. The pH was
checked by HI 83140 pH meter (Romania). A Camspes
M 508 spectrophotometer (United Kingdom), equipped
with 10 mm path length cells, was employed for read-
ing of the absorbance.

2. 2. Procedure for Establishment of the
Optimum Conditions for Chelate
Formation and Ion-association

Aliquots of the solutions of Zn(II), PAR, TV and so-
dium hydroxide (pH = 7.0-10.0) were filled into 100 mL
separatory funnels. The resulting solutions were diluted
with distilled water to a total volume of 10 mL. Then 10 mL
of isobutyl alcohol was added and the funnels were shaken
for a fixed time (up 180 s). A portion of the organic extract
was filtered through a filter paper into a cell. The absorb-
ance was read against a blank sample, which was prepared
in the same manner, but in the absence of zinc(II).>°

3. Results and Discussion

3. 1. Optimum Conditions for Chelate
Formation and Ion-association

The absorption spectra of the extract of ion-associat-
ed complex, formed between the orange-colored anionic
chelate of zinc(II) with 4-(2-pyridyazo)-resorcinol and the
cation of the tetrazolium salt, and the blank sample, con-
taining 4-(2-pyridyazo)-resorcinol and 3-(2-naphtyl)
-2,5-diphenyl-2H-tetrazolium chloride, are shown in Fig-
ure 1. The absorption maximum of the complex appears in
the visible range at 510 nm, where the blank sample ab-
sorbs insignificantly. The maximum and constant extrac-
tion of the ion-associated complex is achieved in the pH
range from 7.0 to 10.0 and aqueous sodium hydroxide
solution was used in all further experiments. The extrac-
tion equilibrium of the ion-associated complex is estab-
lished for shaking time not less than 90 s and for this rea-
son the experiments were performed for 2 min. To
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Figure 1. Absorption spectra of the complex of Zn-PAR-TV and the
bank sample PAR-TV in i-BuOH; Cg,qp) = 1.53 x 107> mol L'}; Cpap
=2.0x 10"*mol L% Cyy=3.0x10"* mol L1, T = 2 min
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determine the influence of the concentration of reagents
on the extraction equilibrium, the fold excess of the rea-
gents was calculated. The chelate formation of Zn(II)-PAR
requires 13.7-fold excess of PAR (Cpag = 1.8 x 107* mol
L) and 19.61-fold excess of TV (Cpy > 2.7 x 1074 mol L)
for maximum association and extraction.

The optimum experimental conditions for the che-
late formation and extraction of the ion-associated com-
plex are summarized in Table 1, column 1.

3. 2. Beer’s Law, Molar Absorptivity and
Other Analytical Characteristics

The linear relationship between the zinc(II) concen-
tration (Cg, ), pg mL™) in the aqueous phase and the ab-
sorbance of the ion-associated complex in the organic
phase after extraction was studied using regression analy-
sis under the optimum conditions for complex formation.
The range of obedience to Beer’s Law, i.e. the linearity, is
observed for concentration up to 2.80 ug mL™! Zn(1I). The
equation of a straight line was found to be Y = 0.6102 X +
0.0013 with a correlation coefficient squared 0.9999. Fur-
ther analytical characteristics, such as apparent molar ab-
sorptivity €, Sandell’s sensitivity, limit of detection and
limit of quantification, are shown in Table 1, column 2.

On the basis of the analytical characteristics of the
extraction system Zn(II)-PAR-H,0-i-BuOH, it can be
concluded that the ion-associate formed between the ani-
onic chelate of Zn(II)-PAR and the tetrazolium cation al-
lows determination of Zn(II) with a high sensitivity.

3. 3. Molar Ratios of the Ion-associated
Complex, Reaction Scheme and
Suggested General Formula
The molar ratios of the components of the ion-asso-

ciated complex were determined by three independent

methods: the mobile equilibrium method, the straight-line
method of Asmus and the method of continuous varia-
tions.>> The results from the application of the mobile

equilibrium method to prove the molar ratios Zn(II):PAR
and Zn(II):TV are presented in Figure 2.
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Figures 2. Straight line by the mobile equilibrium method for deter-
mination of the molar ratio Zn(II):PAR and Zn(II):TV;

Cznan = 1.53 x 10° mol L}, A = 510 nm; T = 2 min; A Zn(II):PAR;
Cry=3.0x 10 mol L% ¢ Zn(II):TV; Cpag = 2.0 x 10 mol L!

The results from the application of the straight-line
method of Asmus to prove the molar ratios Zn(II):PAR
and Zn(II): TV are shown in Figure 3 and Figure 4, respec-
tively.

The results from the application of the mobile equi-
librium method and the straight-line method of Asmus
reveal that the molar ratio for chelate formation between

Table 1. Optimum extraction-spectrophotometric conditions and analytical characteristics of the

system Zn(IT)-PAR-H,0-i-BuOH

Optimum Conditions

Analytical Characteristic

Absorption maximum (A,,) 510 nm
Volume of the aqueous phase 10 cm?

Volume of the organic phase 10 cm?

pH of the aqueous phase 7.0 +10.0
Shaking time (7) 2 min

Concentration of PAR > 1.8 x 104 mol L!
Concentration of TV > 2.7 x 107> mol L™

Apparent molar absorptivity (¢ ")

(3.94 £ 0.06) x 10*L mol~'cm™!

True molar absorptivity (¢)

(3.86 £ 0.06) x 10*L mol~'cm™!

Sandell’s sensitivity (SS) 1.66 ng cm™
Adherence to Beer’s law up to 2.80 pg cm™
Relative standard deviation (RSD) 1.66%
Limit of detection (LOD) 0.04 pug cm™
Limit of quantification (LOQ) 0.13 pug cm™
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Figures 3. Determination of molar ratio (n) Zn(II):PAR by the
method of Asmus; Cyy, ) = 1.53 x 10 mol L™%; Cyy =3.0 x 10™* mol
LA =510 nm; T = 2 min

1000 1 .
mn=1
R? = 0.9811
800 an=2
i en=3
2 600 1 o
:
2
400 R? = 0.9994
200
R? = 0.9683
0 —_—
0 2 4 6 8 10

/A,cm

Figures 4. Determination of molar ratio (n) Zn(II):TV by the meth-
od of Asmus; Cy,qp = 1.53 x 10 mol L}; Cpyg =2.0 x 10 mol L1;
A =510 nm; T =2 min

Zn(II) and PAR is 1:2 and the ion-associated complex
Zn(I1)-PAR-TV is formed in the molar ratio 1:2:2, respec-
tively.

The application of the method of continuous vari-
ations confirmed the molar ratio Zn(II):TV = 1.2 (Fig-
ure 5).

Zincates containing [Zn(OH);]~, [Zn(OH),]*,
[Zn(OH);(H,0)]", [Zn(OH)]*" [Zn(OH),(H,0),]*" in
alkaline solutions are already described in the litera-
ture.>>>* In the pH range from 1.5 to 6.5, functional azo
derivatives of polyphenols, such as TAR or PAR are pre-
sented in a molecular form (H,R). The deprotonation
(HR") starts at pH = 4.0, while a complete deprotona-
tion (R?") is achieved in the alkaline range (pH >11).33
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Figure 5. Determination of the molar ratio (1) Zn(II):TV by the
method of continuous variations Cz,ry + Cry = 3.06x107> mol L;
Cpar = 2.0x10"* mol L}; A = 510 nm; T = 2 min

The carried out experiments showed that the complex
formation and the extraction of the ion-associated com-
plex have occurred in the pH range from 7.0 to 10.0.
Under these conditions, an equilibrium between the
monoprotonated form (HR™) and the deprotonated
form (R?") exists in the solution. Therefore, the com-
plex formation of anionic chelate of zinc(II) with
4-(2-pyridyazo)-resorcinol (C;;HgN3;0,) can be given
by equation (1):

[Zn(OH),(H,0),]* (aq) + [C,;H;N;(OH)O] (aq) +
[C;H;N30,]* (aq) > (1)
[Zn(c11H7N302)2]2_(aq)+ 30H + 3H20

The formation of the ion-associate in aqueous phase,
its distribution between the aqueous and the organic phas-
es and its extraction in i-BuOH can be given the following
equations (2-4):

[Zn(C, H;N;0,),]* (aq) + 2(TV*)(aq) = @)
{(Tv)z[zn(CuH7N302)2]}(aQ)

{(TV),[Zn(CyH;N;0,),]}(aq) = 3)
{(TV)z[Zn(C11H7N302)2]}(Ol‘g)

2(TV)*(aq) + [Zn(C;1H;N30,),)% (aq) < )
{(TV),[Zn(C1H7N;0,),]}org)
Therefore, the ion-associated complex formed be-
tween the anionic chelate [Zn(C,;H,;N;0,),]>~ and the
cation of monotetrazolium salt can be represented by the
general formula (TV),[Zn(C,,H,;N;0,),].
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3. 4. Equilibrium Constants, True Molar
Absorptivity, Recovery Factor and
Suggested Structural Formula of the Ion-
associated Complex

The association process in aqueous phase and the ex-
traction equilibria were investigated and quantitatively
characterized with respect to the following key constants:
association constant f, distribution constant K and ex-
traction constant K,,,, as well as the recovery factor R%.

The ion-association in the aqueous phase between
the anionic chelate [Zn(C,;H;N;0,),]* and the tetrazoli-
um cation (TV)" is given with the association constant ()
by the equation (5):

B = {(TV),[Zn(C;;H;N;0,),]}(aq) / (5)
{TV*}*(aq) x {[Zn(C,;H;N;0,),]*}(aq)}

The association constant p was determined by two
independent methods: Komar-Tolmachev method>? and
Holme-Langmyhr method® and the obtained values
(logP) are given in Table 2, column 2.

The association constant  was calculated by the
equation (6)°%

B=(U/m)"/ [e (tg )] (6)

where 1 is the cuvette thickness (1 = 1 cm); n is the molar
ratio between the components independently determined
(e.g. by the mobile equilibrium method, the straight-line
method of Asmus or the method of continuous variations)
(n = 2); & is the true molar absorptivity.

The true molar absorptivity € was determined by the
method of Komar-Tolmachev from the equation of a

10
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Figure 6. Dependency of (CxI/ A) on A™®*1) (method of Komar-
Tolmachev); Czuqp) = 2Cry = C, mol LY Cpag = 2.0x10™* mol L';; A
- absorbance; I - cell thickness, /=1 cm; n =2; A =510 nm; T = 2
min

straight line Y = 0.3879 X + 2.5940; € = 1/(2.594x107°) L
mol~! em™ (Figure 6).

The distribution of the ion-associated complex between
the aqueous and the organic phase is given by the distribution
constant Kp, of the equation (7):

Kp = {(TV),[Zn(C;H;N30,),]}(org) / )
{(TV)z[Zn(Q1H7N302)z]}(aq)

The distribution constant K, was calculated by the equa-
tion (8):

Kp=A/(A3-Ay) (8)

where A, is the light absorbance obtained after a single extraction
at the optimum conditions; A; is the absorbance obtained after a
triple extraction under the same conditions.>®

The recovery factor was determined by the equation (9):

R% =100 Kp / (Kp + 1) 9)

The extraction equilibrium of the ion-associate between
the aqueous and the organic phases is given by the extraction
constant K, for the equation (10)

Kex = {(TV),[Zn(C,H;N;30,),]}(org) / (10)
{TV*(aq)x{[Zn(C,;H;N50,),)* Haq)}

The extraction constant K,, was calculated by two inde-
pendent methods:

(i) from the equation log K, = log K + log (11)
where p was calculated by the method of Komar-Tolmachev.>?
(ii) by the method of Likussar-Boltz:*7

The method of Likussar-Boltz uses the data from the
method of continuous variations (Figure 5). The extraction con-
stant K, was calculated by the equation of Likussar-Boltz for mo-
lar ratio 1:2 (equation 12):

log K, = 0.3522 - 2 log K + 10g Yp.x — 3 log (1 - Y000 (12)

where K is the total concentration of reagents (K = Cy,qp + Cry
=3.06 x 10~ mol L™); Y,.x and (1-Y,,,,) are determined from
the additionally plotted normalized absorption curve (Y., =
0.8852; (1 - Yp0) = 0.1148).

The values of the equilibrium constants and the re-
covery factor, obtained by the independent methods, are
statistically similar (Table 2). They indicate that the ion-as-
sociated complex, formed between the anionic chelate
Zn(II) and the tridentate ligand (PAR) in the presence of
the bulky organic cation of the tetrazolium salt, is charac-
terized by sufficiently high stability and good extractabili-
ty. Therefore, the ion-associated complex Zn(II)-PAR-TV

Stojnova et al.:  Study on the Equilibria of the Complex Formation ...

299



300

Acta Chim. Slov. 2023, 70, 295-302

Table 2. Values of the equilibrium constants and the recovery factor

Equilibrium Constant and Recovery Factor

Value

Equilibrium (equation 2)-Association constant f3

ﬁ = {(TV)Z[Zn(Cl1H7N302)2]}(aq) / {{TV*}Z(aq) X {[Zn(C11H7N302)2]27}(a(1)}

Equilibrium (equation 3) - Distribution constant K

Kp= {(TV)z[Zn(Cl1H7N302)2]}(01‘g) / {(TV)z[Zn(CnH7N302)z]}(aq)

Equilibrium (equation 4)-Extraction constant K

K. = {(TV),[Zn(C,,H,N;0,),]}(org) H{TV*}(aq) x {[Zn(C,,H,N;0,),1* Haq)}

Recovery factor, R%

logB = (11.05 + 1.08)"
logB = (11.04 £ 0.95)"

logK, = (1.32 + 0.01)°
logk = (1237 + 1.09)°"

logk = (12.15+ 0.10)°
R=1(95.48 +0.01)%"

2 Calculated by Komar-Tolmachev method (equation 6); ® Calculated by Holme-Langmyhr method;** ¢ Calculated by equa-
tion 8; 4 Calculated by equation 11, where { is determined by the Komar-Tolmachev method; ¢ Calculated by Likussar-Boltz

method (equation 12); f Calculated by equation 9.

can be successfully applied for determination of zinc(II) in
alloys, medical, biological and pharmaceutical samples.
The results obtained by the independent methods,
confirm the proposed reaction scheme of the process of
chelate formation of the ion-associate in the aqueous
phase, its distribution between the aqueous and the organ-
ic phases and its extraction into i-BuOH (equations 1-4).
Based on this, the proposed structural formula of the
ion-associated complex is represented in Figure 7. The
zinc(II) cation is six coordinated with the tridentate ligand
through the following atoms: the azo nitrogen, the pyri-
dine nitrogen and the oxygen atom from the phenolic
group, which is in ortho position relative to the azo group,
each of them forming two five-membered chelate rings.

s, o | R
o/fn\ 5
Qetav

Figure 7. Structural formula of the ion-associated complex Zn(II)-
PAR-TV

4. Conclusion

The equilibria of the complex formation between the
orange-colored anionic chelate of zinc(IT) with the triden-
tate ligand of 4-(2-pyridylazo)resorcinol (PAR) and the
bulky organic tetrazolium cation of 3-(2-naphtyl)-2,5-di-
phenyl-2H-tetrazolium chloride (TV) in the liquid-liquid
extraction system Zn(II)-PAR-TV-H,0-i-BuOH was
studied by spectrophotometric method. The optimum
conditions for the ion-association in aqueous phase and
for the extraction of the ion-associated complex Zn(II)-
PAR-TV into i-BuOH were established. The validity of

Beer’s law was checked and some analytical characteristics
were calculated: the apparent molar absorptivity (¢”), the
true molar absorptivity (), the limit of detection (LOD),
the limit of quantification (LOQ) and the Sandell’s sensi-
tivity (SS). From the analytical characteristics of the ex-
traction system Zn(II)-PAR-TV-H,0-i-BuOH, it can be
concluded that the ion-associate, formed between the ani-
onic chelate of Zn(II)-PAR and the tetrazolium cation, al-
lows determinations of Zn(II) with a high sensitivity. The
following key constants, needed for the quantitative as-
sessment of the association process in aqueous phase and
the extraction equilibria, were also calculated: the associa-
tion constant (B), the distribution constant (Kp), the ex-
traction constant (Kex), as well as the recovery factor (R).
The molar ration of the reagents, determined by independ-
ent methods, showed that the ion-associated complex
can be represented with the general formula
(TV),[Zn(C,,;H,;N;30,),], which corresponds to the sug-
gested reaction scheme. A structural formula of the com-
plex also was proposed. The zinc(II) cation is six coordi-
nated with the tridentate ligand through the following
atoms: the azo nitrogen, the pyridine nitrogen and the ox-
ygen atom from the phenolic group, which is in ortho po-
sition relative to the azo group, each of them forming two
five-membered chelate rings.
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Povzetek

S spektrofotometri¢nimi metodami smo raziskali ravnotezno reakcijo tvorbe kompleksa med anionskim kelatom zgra-
jen iz cinka(II) in tridentatnega liganda 4-(2-piridilazo)-resorcinolom (PAR) in organskim tetrazolijevim kationom
3-(2-naftil)-2,5-difenil-2H-tetrazolijevim kloridom (TV) v tekoce-tekoce ekstrakcijskem sistemu Zn(II)-PAR-TV-
H,0-2-metil-1-propanol. Molsko razmerje reagentov je bilo dolo¢eno z neodvisnimi metodami pri optimalnih pogojih
za ionsko asociacijo in ekstrakcijo. Preverili smo veljavnost Beerovega zakona in izracunali nekatere analizne znacilnosti.
Izra¢unane so bile konstante, ki opisujejo proces asociacije v vodni fazi in ekstrakcijsko ravnotezje. Na podlagi tega so
bili predlagani reakcijska shema, splo$na formula in strukturna formula kompleksa. Cinkov(II) kation je $estvezno koor-
diniran s tridentatnim ligandom prek naslednjih atomov: azo dusik, piridinski dusik in kisikov atom iz fenolne skupine,
ki je v orto polozaju glede na azo skupino, vsak od njih pa tvori dva petclenska kelatna obroca.
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