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Abstract — Solvation and complexation of Cu(ll) and Ni(ll) with benzoic (L"), p-methoxybenzoic (L"), and
isonicotinic (L) acid hydrazides in aqueous-ethanol solutions (ethanol mole fraction 0.07-0.68) were studied
by pH-metry, spectrophotometry, and nuclear magnetic relaxation. The formation constants of the species
M(L)Z*, M(LY)3*, M(L™)?H M(L™)3Y, M(LH)3*, M(L)?*, M(L)(LH)**, and M(L)5*, where M = Cu?* and Ni?*,
were determined. With isonicotinic acid hydrazide, a change in the coordination mode was observed in an
isomer of Cu(L)%*, with one of the ligands coordinating in the bidentate fashion, and the other, in the mono-
dentate fashion via the pyridine nitrogen atom. The suggested structures were confirmed by analysis of the
parameters of the ESR and electronic absorption spectra of the complexes. The rate constants of ligand ex-
change and formation of the complexes Cu(L")?*, Cu(L")3*, Cu(L")?*, and Cu(L")3* in aqueous solutions were
determined from nuclear magnetic relaxation measurements; the reactions occur by the associative mechanism.
A cyclic process of reduction of Cu(ll) to colloidal copper in the presence of L" and atmospheric oxygen is

described.
DOI: 10.1134/S1070363206030030

An urgent problem in the coordination chemistry of
d metals in agueous-organic solvents is elucidation of
the influence exerted by the nature and relative con-
tent of the organic component on the composition and
stability of the complexes. In this paper, which con-
tinues our previous studies [1-3], we consider the
complexation of Cu(ll) with benzoic (L"), p-methoxy-
benzoic (L"), and isonicotinic (L) acid hydrazides in
agueous-ethanol solutions (ethanol mole fraction 0—
0.68), and aso the complexation of Ni(ll) with iso-
nicotinic acid hydrazide in the same media (supple-
menting our previous data [4]). Our goal was to com-
pare the stability of the Cu(ll) and Ni(ll) complexes
and to assess the role of electronic and solvation fac-
tors in the thermodynamics of formation of hydrazide
complexes in agueous-organic media. One more goal
of this study was to examine the kinetics of ligand
exchange in aqueous solutions of Cu(ll) complexes
with hydrazides of benzoic and p-methoxybenzoic
acids by nuclear magnetic relaxation, as we did previ-
ously for the system Cu(ll)-isonicotinic acid hydra-
zide [5]. It is important that combined evaluation of
the stability constants and ligand exchange rates offers
a unique opportunity to estimate the rate constants of
complex formation.
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Complexation equilibria. For al the systemsunder
consideration, we recorded the absorption spectra of
solutions containing constant concentrations of Cu(Il)
or Ni(Il) ions and acid hydrazides in aqueous-ethanol
solutions with ethanol mole fractions of 0.07, 0.11,
0.16, 0.22, 0.30, 0.39, 0.50, and 0.68. Figures 1 and 2
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Fig. 1. Electronic absorption spectra of solutions in the
system Cu(ll)-isonicotinic acid hydrazide (L)-water—
ethanol (mole fraction 0.22): (1) cgyqyy 49x 10°3;
@ coyqry 49x 103, ¢ 55x1073 and (3) Ceu(ll)
49x 1073 ¢ 1.08x 102 M; pH ~4. | 1 cm, T 293 K
(A is optical density).



COMPLEXATION AND LIGAND EXCHANGE IN AQUEOUS OF Cu(ll) AND Ni(ll) 347

Table 1. Dissociation constants (pK,) of the protonated forms of benzoic (L'), p-methoxybenzoic (L"), and isonicotinic

(L) acid hydrazides in aqueous-ethanol solutions (298 K)

Ethanol mole fraction
Hydrazide
0 0.07 0.11 0.16 0.22 0.30 0.39 0.50 0.68
L' 3.27 2.97 2.91 2.85 2.82 2.79 2.75 2.75 2.70
L" 3.37 3.17 3.14 3.09 2.88 2.84 2.77 2.76 2.82
L2 1.91 1.73 1.59 1.41 1.17 121 1.33 1.28 2.11
3.56 3.40 3.21 2.94 2.72 2.61 2.46 2.47 2.60
@ Upper quantities, pKy; lower quantities, pKp.
show as examples the electronic absorption spectra
and pH dependences of the extinction coefficient of R L R C//O . L
agueous-ethanol solutions of Cu(ll) complexes with L —CS SN +HY @)
at various metd : ligand ratios. From these depend- HN-NH3 HN-NH;
ences, we calculated the complexation patterns and L'H, L'HY L L”
equilibrium constants by computer simulation using Ry — 0 Ko o = 0
the CPESSP program [6]. HN c? =5 N c?
\_7" R \_ 7" Ve, @
The acid dissociation constants of the protonated o4 3 R 2
hydrazide species [equilibria (1)-(3)] in aqueous and LH2 LH
aqueous-ethanol solutions, required for calculating the + = P Kep = pe
complexation parameters, were taken from our previ- HNQC\ — NQC\ )
ous papers [7, 8] and are given in Table 1. HN-NH; HN-NH,
LH* L

For isonicotinic acid hydrazide, in addition to the
data reported in [4], we determined pH-metrically the
acid dissociation constants at ethanol mole fractions
of 0.30, 0.39, 0.50, and 0.68. For this purpose, we
titrated 25-ml portions of 0.08 M aqueous-ethanol
solutions of the hydrazide with a 0.505 M agueous-
ethanol solution of HCl. The acid dissociation con-
stants of L were caculated from the titration data
using the CPESSP program. Data in Table 1 deserve
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Fig. 2. pH dependence of the extinction coefficient ¢ in
the system Cu(ll)-isonicotinic acid hydrazide (L)-water—
ethanol (mole fraction 0.22): (1) ¢y 818 x 103, ¢
8.38 x 1073, (2) cgyqyy 818 % 1073, ¢ 1.68x 1072 M.
2 700 nm, T 298 K.

special consideration, but here we mainly use them
for discussing the complexation.

The constants of the related equilibria in solutions
of L with1:1 and 2: 1 metd : ligand ratios virtualy
coincide, which indicates that no binuclear complexes
with the dibasic ligand are formed.

The speciation diagram (Fig. 3) shows that the
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Fig. 3. Speciation diagram (o is relative content, mole

fraction scale) of complex species in the system Cu(ll)-
isonicotinic acid hydrazide (L)-water—ethanol (mole
fraction 0.22); ccyyyy 8.18 x 108, ¢ 1L7x102M; T
298K. (1) Cu?*, (2) Cu(LH)3*, (3) Cu(L)?*, (4) Cu(L)3",
and (5) Cu(LH)L3*.
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Table 2. Formation constants (logB+0.10) of Cu(ll) complexes with benzoic (L'), p-methoxybenzoic (L"), and iso-
nicotinic (L) acid hydrazides in agueous-ethanol solutions (298 K)

Ethanol mole fraction
Equilibrium

0 0.07 0.11 0.16 0.22 0.30 0.39 0.50 0.68
cu®t + L' Pl Cu(L')2+ 3.67 3.67 3.68 3.63 3.64 3.70 3.77 3.82 3.96
Cu®t + 2L’ Pl Cu(L')2+ 6.10 6.08 6.28 6.32 6.40 6.45 6.49 6.57 6.98
Cu?" + L" 2 CulL"? 395 | 39 | 403 | 4.03 4,01 402 | 405 | 4.03 -
Cu®t + 2L" Pl Cu(L")%* 6.56 6.67 6.94 6.94 6.97 6.95 6.95 7.06 -
Cu®* + LH* Z Cu(LH)3+ 1.75 1.92 2.06 2.40 2.67 2.76 2.88 3.07 -
Cu?" + L 2 CuL)* 363 | 358 | 353 | 3.60 3.74 382 | 405 | 425 -
Cu?" + LH' + L 2 Cu(L)(LH)*" | 427 | (415 | (455) | (460) | (476) | (4.83) | (4.95) | (5.04) | -
Cu®t + 2L Pl Cu(L)%" 5.39 5.37 5.63 5.68 5.78 6.14 6.40 6.60 -
Table 3. Formation constants (log3+0.10) of Ni(ll) complexes with benzoic (L'), p-methoxybenzoic (L"), and iso-
nicotinic (L) acid hydrazides in agueous-ethanol solutions (298 K)

Ethanol mole fraction
Equilibrium

0 0.07 0.11 0.16 0.22 0.30 0.39 0.50
Ni2* + L' 2 Ni(L)? 3.00 2.84 313 3.20 333 3.38 354 | 363
Ni%* + 2L' 2 Ni(L)3" 5.23 4.87 5.27 5.39 5.58 5.65 6.12 | 6.23
NiZt + L" Z Ni(L")=* 3.09 2.87 3.25 3.36 3.37 3.40 3.57 3.71
Ni2t + 2L" Z Ni(L")%Jr 5.40 4.88 543 5.62 572 5.83 6.17 6.42
Ni2* + LH* Z Ni(LH)3+ 154 1.36 1.80 1.94 2.04 2.13 2.27 2.69
Ni* + L 2 Ni(L)** 3.02 3.10 3.37 343 3.50 3.75 399 | 413
Ni?* + LH* + L 2 Ni(L)(LH)3* 4.75 458 4.92 4.84 4.86 - - -
Ni* + 2L 2 Ni(L)3" 5.40 5.41 5.43 5.70 5.88 6.13 6.30 | 6.48

three complexes with isonicotinic acid hydrazide are
accumulated to a significant extent, whereas the
maximal relative content o of the protonated species
Cu(L)(LH)** is as low as 0.05; therefore, the forma-
tion constants for this complex are determined with a
poor accuracy and are hereinafter given in parentheses
(Table 2). The formation constants of the complex
Ni(L)(LH)** are determined with a better accuracy,
and only at high ethanol concentrations (mole fraction
0.30-0.50) their relative content is below the detec-
tion limit (dashes in Table 3). The set of complex
species formed in agueous and aqueous-ethanol solu-
tions in the examined concentration range is similar
for Cu(ll) and Ni(ll).

As seen from Tables 2 and 3, with benzoic and
p-methoxybenzoic acid hydrazidesonly 1:1and 1: 2
complexes with the molecular form of the ligand are
formed. With isonicotinic acid hydrazide, along with
these complexes, aso 1:1 and 1: 2 complexes with
the protonated form of the ligand (LH™) were detected.

In Ni(Il) solutions a high ethanol concentrations
(mole fraction 0.68), the complexation cannot be
monitored because of precipitate formation. Cop-
per(I1) complexes with p-methoxybenzoic and isonic-
otinic acid hydrazides at high ethanol concentrations
show a noticeable tendency to redox transformations
with the precipitation of copper metal (see below).

The formation constants () of the complexes of
similar composition tend to decrease in going from
Cu(ll) to Ni(ll), in agreement with the Irving-Willi-
ams series. The 1:1 and 1:2 complexes of both
metals with p-methoxybenzhydrazide are appreciably
more stable than the related complexes with benzhy-
drazide, in agreement with the electron-donor proper-
ties of the p-CH;O group.

The complexes of Cu(ll) and Ni(Il) with the proto-
nated form of isonicotinic acid hydrazide are consider-
ably less stable than those with the deprotonated form,
because of enhancement of the electron-withdrawing
power of the pyridyl substituent upon protonation of

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.3 2006



COMPLEXATION AND LIGAND EXCHANGE IN AQUEOUS OF Cu(ll) AND Ni(ll)

349

Table 4. Formation constants (logp') and step stability constants of Cu(ll) complexes with benzoic (L'), p-methoxy-

benzoic (L"), and isonicotinic (L) acid hydrazides in agueous-methanol solutions (298 K)

Ethanol mole fraction
Ligand Constant

0 0.07 0.11 0.16 0.22 0.30 0.39 0.50 0.68
L' log B'CU(,_,) 7.15 7.01 6.90 6.71 6.58 6.46 6.33 6.08 5.68
log KCu(L') 3.67 3.67 3.68 3.63 3.64 3.70 3.77 3.82 3.96
log KCu(L'). 2.43 241 2.60 2.69 2.76 2.75 2.72 2.75 3.02
log (KCu(L')/KCu(L')Z) 1.24 1.26 1.08 0.94 0.88 0.95 1.05 1.07 0.94
log B'CU(,_,). 13.06 |12.72 |12.72 | 12.48 12.28 11.97 |11.61 |11.06 |10.42

L" log B'CU(,_,,) 7.43 7.28 7.25 7.11 6.95 6.78 6.61 6.29 -

log KCu(L") 3.95 3.96 4.03 4.03 4,01 4.02 4.05 4.03 -

log K0u(|_")2 2.61 2.71 2.91 291 2.96 2.93 2.90 3.03 -

log (KCU(L,,)/KCU(LH)Z) 1.34 1.25 1.12 1.12 1.05 1.09 115 1.00 -

log Bbu(,_n)z 1352 (1331 (1338 | 13.10 12.85 12.47 |12.07 | 1155 -

L log B'CU(,_H) 5.23 5.24 5.28 5.48 5.61 5.52 5.44 5.33 -

log B'CU(,_) 7.11 6.90 6.75 6.68 6.68 6.58 6.61 6.51 -

log KCu(L) 3.63 3.58 3.53 3.60 3.74 3.82 4.05 4.25 -

log B0u(|_)2 1.76 1.79 2.10 2.08 2.04 2.32 2.35 2.35 -

log (KCu(L)/KCu(L)Z) 1.87 1.79 1.43 152 1.70 150 1.70 1.90 -

log B'CU(,_)Z 12.35 |12.01 |12.07 | 11.84 11.66 11.66 |1152 |11.12 -

the heterocyclic N atom, which leads to weakening of
the donor power of the hydrazide N atom.

The stability constants of the 1: 1 complex species
Cu(L)?" and Cu(L")?* only weakly vary with the ad-
dition of ethanol up to mole fraction of 0.50 (Table 2).
The stability constants of the related Ni(ll) complexes
increase more significantly. At the same time, with
both metals the formation constants of the species
M(L)?* and M(LH)** tend to increase with an increase
in the ethanol content, which is attributable to the de-
hydration of the aguaion in the course of reaction (4):

[M(H,0)gl3f + L
&= M(H0)g (]2 + MH,O, @
logBM(L) = logiyg, + mogH0.  (5)

Indeed, Tables 4 and 5 show that the quantities
logBmy and logBy ) calculated by Eq. (5) taking
into account the bidentate coordination of the ligand
(m = 2) remain essentialy constant throughout the
examined composition range of the agueous-organic
solvent. This is consistent with the fact that the previ-
ously determined free energies of transfer of L and
LH" from water to agueous-ethanol solvents only
weakly depend on the solvent composition up to eth-
anol mole fraction of 0.50 [7, 9.

At the same time, the variation of the formation

constants of the 1:1 and 1:2 complexes with benzoic
and p-methoxybenzoic acid hydrazides and of the 1: 2
complexes with isonicotinic acid hydrazide, taking
place with an increase in the ethanol content, cannot
be attributed solely to dehydration of the metal ion by
reaction (4). The logp' values calculated for these
complexes (at different m, in particular, at m = 2 for
1:1and m=4for 1:2 complexes, Tables 4, 5) are
not constant, owing both to solvation of the ligands
and possible coordination of ethanol molecules to the
metal (at its high concentration).

Table 4 shows that the logarithm of the ratio of the
step stability constants of the Cu(ll) 1:1 and 1:2
complexes [log (Kgyq y/Key),)l Wwith benzoic and
p-methoxybenzoic acid hydrazides is essentialy inde-
pendent of the solvent composition and close to the
statistically expected value for the coordination of
bidentate ligands (1.2 [10, 11]). For the Ni(ll) com-
plexes with the same hydrazides, log(Ky;y/Kyi),)
dlightly exceeds the statistically expected value (0.68
[12]) starting from the ethanol mole fraction of 0.11
(Table 5). With isonicotinic acid hydrazide,
log (KpLy/Kw),) exceeds the statistically expected
value at high ethanol concentrations with M = Ni and
at al ethanol concentrations with M = Cu. This some-
what unexpected result can be accounted for by a
change in the coordination mode of L, namely, by
formation of an appreciable amount of the isomeric
complex M(L)5" in which the second ligand is coordi-
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Table 5. Formation constants (log ') and step stability constants of Ni(ll) complexes with benzoic (L"), p-methoxybenzoic
(L™, and isonicotinic (L) acid hydrazides in agueous-ethanol solutions (298 K)

Ethanol mole fraction
Ligand Constant
0 0.07 0.11 0.16 0.22 0.30 0.39 0.50
L' Iog B'Ni(,_,) 6.49 6.15 6.34 6.29 6.28 6.15 6.09 5.88
log KN,(,_) 3.00 2.84 3.13 3.20 3.33 3.38 3.54 3.63
log KNI L), 2.23 2.03 2.14 2.19 2.25 2.27 2.58 2.60
Iog (KN,(,_ )/KN,(,_ ) ) 0.77 0.81 0.99 101 1.08 111 0.96 1.03
log BN,(L) 12.21 11.49 11.69 11.57 11.47 11.18 11.22 |10.73
L" log BN,(,_ ) 6.58 6.18 6.46 6.45 6.32 6.17 6.14 5.96
Iog KN,(,_ ) 3.09 2.87 3.25 3.36 3.37 3.40 3.59 3.71
log KN,(,_ Y, 2.31 2.01 2.18 2.26 2.35 2.43 2.58 2.71
log (KN,(,_ )/KN,(,_ )2) 0.78 0.86 1.07 1.10 1.02 0.97 101 1.00
Iog BN,(,_ ) 12.38 11.50 11.85 11.80 11.61 11.36 11.27 |10.92
L log BN,(LH) 5.02 5.03 5.02 5.03 4,98 4.89 4.82 4.94
log B‘Ni(,_) 6.50 6.41 6.58 6.52 6.45 6.52 6.54 6.38
Iog KN,(,_) 3.02 3.10 3.37 3.43 3.50 3.75 3.99 413
log BN,(L) 2.38 2.31 2.06 2.27 2.38 2.38 2.37 2.35
Iog (KN,(L)/KN,(L)Z) 0.64 0.79 131 1.16 1.12 1.37 1.62 1.78
log BN,(L)Z 12.36 12.03 11.85 11.75 11.76 11.66 11.40 |10.98

nated with the metal in the monodentate fashion via
the pyridine N atom, as assumed previously for M =
Cu [5].

Our conclusions are confirmed by analysis of the
parameters of the electronic absorption and ESR spec-
tra of the Cu(ll) complexes detected. Examples of the
computer-resolved electronic spectra of particular spe-
cies are shown in Fig. 4, and some ESR spectra (ex-

80r

300 400 500 600 700 800 900

A, Nm

Fig. 4. Computer-resolved €electronic absorption spectra
of particular complex species in aqueous and agueous-
ethanol solutions of Cu(ll) with isonicotinic acid hyd-
razide (L) a 293 K: (1) Cu(L)?* in H,0, (2) Cu(L)?* in
H,O-EtOH (50 vol %), (3) Cu(L)?* in H,O-EtOH
(80 vol %), (4) Cu(L)3" in H,0, (5) Cu(L)3* in H,O-
EtOH (50 vol %), and (6) Cu(L)3" in H,O-EtOH
(80 vol %).

perimental spectra and computer-resolved spectra of
particular species), in Fig. 5.

The spectral parameters are listed in Table 6. It is
seen that an increase in the ethanol content results in
an appreciable increase in the extinction coefficients
of the monoligand complexes, which suggests equa-
torial coordination of ethanol molecules. At the same
time, additions of ethanol only weakly affect the ex-
tinction coefficients of the 1: 2 complexes with ben-
zoic and p-methoxybenzoic acid hydrazides, which is
consistent with the bidentate coordination of both
ligands, leaving no space for the equatorial coordina-
tion of ethanol with Cu(ll). However, the 1: 2 com-
plxes with isonicotinic acid hydrazides behave differ-
ently. They exhibit abnormal electronic absorption
spectra and considerably increased g-factor, which,
according to [13], suggests the coordination of a
weaker field ligand, pyridine nitrogen atom, which was
assumed above on the basis of thermodynamic data.

Ligand exchange. Information on the chemical
exchange in solutions of Cu(ll) with benzoic and
p-methoxybenzoic acid hydrazides was obtained by
nuclear magnetic relaxation measurements from the
pH dependence of the molar spi n—spln relaxation co-
efficient of water protons (Cy Ty, )™ under condltlons
of ligand excess (Fig. 6). An mcrease in (CyTyp )t
with pH suggests acceleration of the chemical ex-
change by the second-order mechanism under the
action of the accumulating free ligand [5].
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4 (b)
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Fig. 5. ESR spectra (circles, experimental; lines, computer-resolved) of the systems (a) Cu(ll)-p-methoxybenzhydrazide (L")-
water at pH 2.43 and (b) Cu(ll)-isonicotinic acid hydrazide (L)-water—ethanol (80 mol %) at pH 0.66. Ceu(ll) 491 x 103, CcLw
1.00x 102, ¢, 1.04x 102 M; T 293 K. Components: (1) Cu(L")?* (Ag 49.1x 10* emL, gy 2.162), (2) Cu(L")5* (Ay
525 x 104 cm1, g5 2.130), (3) Cugy®, (4) Cu(L)?* (Ag 46.1 x 10~ cm™, gy 2.162), and (5) Cu(LH)3* (Aj 45.6 x 1074 cm™,

go 2.171).

Taking into account the calculated relative contents
(o) of &l the species present in each system, including
the agua ion (o), 1: 1 complex (o), and 1: 2 com-
plex (a,), and also the equilibrium concentrations of
the ligands ([L]), we calculated from the dependences
shown in Fig. 6, using the Origin program, the rate
constants of the chemical exchange by the following
expression (cf. [5, 14, 15]):

. X0)
(CmT2p) L =ctoKo + Zoi|Kagy+ —
P Ao (kagy + ke@[LD ™ + Tamgy )’

(6)

where K, is the molar coefficient of spin-spin relaxa-
tion of the Cu?* aqua ion; K,, contribution to the re-
laxation from the coordinated water molecules (taken
equal to 400 | mol™t s for the 1:1 and 1: 2 com-
plexes according to [16]); k,, rate constant of sponta-
neous dissociation of the ligand (first-order pathway);
k , rate constant of the second-order ligand exchange
activated with the free ligand L; P' = Py/c,,, where
Py is the mole fraction of eguatorially coordinated
protons of the hydrazide NH, group; and Ty, Spin-
spin relaxation time of these protons.

The evaluated rate constants correspond to the
following reactions (L stands for any of the three
hydrazides under consideration):

2+ kl(l), 2+
Cu(L)”" &= Cu~" + L, (7

)

k,
Cu(L)?* + *L &= Cu(*L)?* + L, ©)
k1(2)
CulL)s" &= Cu(L)? + L, ©)
kf(2)
kL(Z)
Cu(L)3" + *L &= Cu(L)(*L)?>* + L. (10)

The first-order reaction rate constants k,, corre-
spond to the dissociation of the complexes Cu(L)?* or
Cu(L)%" and are related to the rate constants of forma-
tion of these complexes (k) by

20000 |

—1

(emT2p) ™!, Tmol™! cmy

15000

10000

5000

Fig. 6. pH dependences of the molar spin-spin relaxation
coefficient of water protons [(cMTZp)‘l] (circles,
experimental; lines, calculated) in the systems (1) Cu(l1)-
benzhydrazide (L")-water and (2, 3) Cu(ll)—p-methoxy-
benzhydrazide (L")-water. (1) Ceu(ll) 2.246 x 1073,
(2 coygry 2499x 1073, and (3) cgyqyy 1270 x 1073
c = ¢ = 125x102 M, T 298 K.
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Table 6. Parameters of the electronic absorption spectra and isotropic ESR spectra of complexes in agueous and agqueous-
ethanol solutions of Cu(ll) with hydrazides of benzoic (L"), p-methoxybenzoic (L"), and isonicotinic (L) acids at 293 K

Complex Solvent MnaxE5 MM |epae mol I7tem™t|  gy+0.01 Agx10% cmt
Cu(L)?* H,O 780 26.1 2.164 48.7
Cu(L")?* H,O-EtOH (50 vol %) 776 33.0
Cu(L' )2+ H,O-EtOH (80 vol %) 795 38.6 2.161 47.8
Cu(L' )% H,O 687 67.4 2.134 50.5
Cu(L"3* H,O-EtOH (50 vol %) 684 58.3
Cu(L"3* H,O-EtOH (80 vol %) 680 63.4 2.133 50.5
Cu(L")?* H,O 773 29.5 2.162 49.1
Cu(L")?* H,O-EtOH (50 vol %) 785 39.0
Cu(L")?* H,O-EtOH (80 vol %) 785 40.6 2.158 46.1
c:u(L")2+ H,O 671 68.4 2.130 52.2
Cu(L")3* H,O-EtOH (50 vol %) 673 63.4 2.130 52.6
Cu(LH)3+ H,O-EtOH (80 vol %) 2171 45.6
Cu(L)?* H,O 751 236 2.167 46.1
Cu(L)?* H,O-EtOH (50 vol %) 754 29.1
c:u(L)2+ H,O-EtOH (80 vol %) 754 32.9 2.164 46.1
Cu(L)% H,O 667 713 2.139 48.8
Cu(L)5* H,O-EtOH (50 vol %) 689 51.3
Cu(L)s* H,O-EtOH (80 vol %) 683 50.6 2.143 48.9

kiiy = KoyKio (11)  this trend is due to three factors: (1) decrease in the

where K; is the step stability constant of the complex
CuL)®* (i = 1) or Cu(L)s" (i = 2) (Table 4).

The results of the kinetic calculations are listed in
Table 7 together with the previous data for the corre-
sponding complexes with isonicotinic acid hydrazide
[5]. It should be primarily noted that the rate constants
k(1) and kf(z) are close for each of the ligands L' and
L” (kL(l) - 6 7 X 10 I m0|_ - kf(Z) fOI’ L and

ki = 1.3x10° Imol™ s ~ 1.5 x 10° Imol™* s =

2 for L"). This fact means that the 1:2 complex
CuZL)2 formed by reverse reaction (9) (cf. [9]) is, in-
deed, an intermediate in ligand exchange (8). Table 7
shows that for both 1: 1 and 1 : 2 complexes the con-
stants k ) and ki increase in the order L-L'-L".
The donor power of the ligands increases in the same
order, which is reflected in the corresponding increase
in the stability constants of their Cu(ll) complexes
(Table 2). In agreement with this trend, the quantities
kiz) @nd logK, for L virtually coincide with those for
L' (Table 7). An increase in k ) and ki, with the
enhancement of the ligand nucleophilicity in the order
L-L'-L" is in full agreement with the associative
mechanism of the ligand exchange and formation of
Cu(ll) complexes [17, 18]. With L' and L", kLI and
ki) decrease by a factor of approximately 3 in g0| ng
from the 1:1 to 1:2 complexes. Lower k;,, values
compared to k) are typical of Cu(ll) complexes, and

charge on the metal ion after addition of the first lig-
and, leading to a decrease in the formation constant of
the outer-sphere complex; (2) elimination of Jahn-Tel-
ler distortions in the 1 : 1 complexes; and (3) blocking
by the first coordinated ligand of the site for the attack
of the second ligand (statistical factor) [18]. The first
factor isinsignificant for the neutral hydrazide ligands
in question. At fast Jahn-Teller distortionsinthe1: 1
complex, the statistical factor is 5/12 [18-20]. There-
fore, with L' and L" the ratio ki/kyq) ~ 1/3, close to
the statistical factor of 5/12, is |n |cat|ve of fast Jahn-
Teller distortion in their complexea However, with
isonicotinic acid hydrazide L, ki, is abnormally low
compared to ki, (Table 7), whlch may be due to
coordination of the second ligand L to Cu(L)** via
pyridine nitrogen atom whose nucleophilicity (basici-
ty) is lower. The same conclusion follows from the
thermodynamic and spectral data.

Thus, the structure of the hydrazide ligand strongly
affects the composition, stability, and structure of its
complexes and the kinetics of the complexation and
ligand substitution.

Reduction of Cu(ll). Thesystemsin question show
an interesting behavior on alkalization to pH ~5 in air.
In the presence of L", the spectra gradualy change
(Fig. 7) with a continuous decrease in the solution pH
(insert in Fig. 7). In the process, the intensity of the
absorption band in the near-UV range sharply in-
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Fig. 7. Evolution of the electronic absorption spectra during the period of 12 h (from the bottom upwards) and the spectrum
recorded after storage for 20 h (upper curve). Insert: variation of the pH with time. System Cu(l1)-p-methoxybenzhydrazide
(L")-water—ethanol (50 vol %) in air. ¢y 5.00 x 1073, ¢+ 1.09x 102 M. T 293 K.

creases. Simultaneoudly, an increase in the relative
content of the Cu?* aqua ion is detected by ESR, and
in 36 h it becomes the only ESR-detectable species.
In the first day of storage, the solution becomes collo-
idal, and on the second day finely dispersed copper
starts to precipitate. After storage for several days, the
electronic absorption spectra contain only the band of
the Cu(l1) agua ion with a maximum at about 800 nm
and a new band with a maximum at 410 nm, impart-
ing the yellow color to the solution. Notably, these
transformations do not occur after purging of stock
and freshly prepared solutions with argon and their
storage in sealed cells; monitoring for several days
revealed no changes in the absorption spectra

All these facts are attributable to the occurrence of
the following cyclic process. Mild reduction of Cu(ll)

with an aromatic acid hydrazide RC(O)NHNH,, yields
colloidal copper which is oxidized back to Cu(ll) with
atmospheric oxygen and is returned to the cycle of
oxidation of the hydrazide ligand:

2Cu?* + RC(O)NHNH, + H,0
—— 2Cu + RC(O)OH + N, + 4H", (12)

2Cu + O, + 4H" — 2Cu?* + 2H,0.  (13)

The process continues until the whole amount of
the hydrazide transforms into the aromatic acid
RC(O)OH. This acid is a wesk ligand; therefore,
under the experimental conditions, the free Cu?* is
virtually the only copper species in solution.

The occurrence of the redox processes under mild
conditions and the possibility of their easy control

Table 7. Rate constants of ligand exchange (kq, k; ) and complex formation (k;), spin-spin relaxation times (T,,), and
step stability constants (logK) of Cu(ll) complexes with isonicotinic (L), benzoic (L"), and p-methoxybenzoic (L") acid
hydrazides at 298 K (data for L were taken from [5])

Complex logK ky, st k., I mol-ts?t ke, | mol-ts? Tom
Cu(L)?* 3.63 6.0x 10* 1.4x 107 2.6x 108 6.0x 1077
Cu(L$* 1.76 3.6x10° 1.1x 107 2.1x 107 6.0x 107
Cu(L")?* 3.67 (5.0+0.5) x 10* (6.7+0.9) x 107 2.3x 108 (6.1+£0.9) x 10~/
Cu(L'3" 2.43 (2.5+0.3) x 10° (2.1+0.3) x 107 6.7x 10’ (5.8+0.8)x 10~/
Cu(L")?* 3.95 (5.6+0.6) x 10* (1.3+£0.2) x 108 5.0x 108 (5.8+0.8) x 10~/
Cu(L"5* 2.61 (3.6+0.4) x 10° (4.6+0.4) x 107 1.5x 108 (5.4+0.7)x 10~/
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make the systems Cu(ll)-aromatic acid hydrazides-
ethanol-water attractive for further studies.

EXPERIMENTAL

The complexation of Cu(ll) and Ni(ll) with acid
hydrazides in aqueous-ethanol solutions was studied
by pH-metry, spectrophotometry, and ESR [for Cu(ll)
solutions]. The absorption spectra were taken on an
SF-46 spectrophotometer in 2-cm cells and on a Per-
kin-Elmer Lambda EZ-210 spectrophotometer in a
1-cm cell. The optical density of the solutions was
measured relative to the reference solutions containing
the same components as the solution under considera-
tion, except for the metal ion. All the measurements
were performed at 25°C (temperature control). For
any solution we performed no less than two replicate
measurements of the optical density and pH; the mean
values are reported.

To measure the pH of solutions containing definite
amounts of ethanol, we used a pH-673 pH meter. The
glass electrode was calibrated with HCI solutions of
known concentrations [21]. In the agueous-ethanol
solvents used in the study, the reproducible potential
of the glass electrode was attained within 5-15 min.

The ESR spectra were recorded on a Bruker ESR-
300 spectrometer (working frequency 9.3 GHz). The
signal of diphenylpicrylhydrazyl was used as ref-
erence. Solutions for recording the ESR spectra were
sedled in gpecia capillaries immediately after the
preparation.

The ligand exchange was studied by nuclear mag-
netic relaxation [22]. The spin-spin relaxation times
of water protons (T,) were measured on a pulse co-
herent NMR spectrometer (15 MHz) with an accuracy
of +2% under temperature control. The paramagnetic
() contribution to the spin-spin relaxation rate (1/T,,)
was calculated as the difference between the relaxa-
tion rates in the presence and in the absence of the
paramagnetic ion.

Copper(l1) nitrate and nickel(Il) nitrate were of
chemically pure grade; isonicotinic acid hydrazide
was of pharmacopoeia grade; benzoic and p-methoxy-
benzoic acid hydrazides were purified by recrystalliza-
tion from aqueous-alcoholic solutions. The com-
pounds were identified by the elemental analyses and
melting points. The required pH was adjusted with
titrated HNO; solutions. Solutions of hydrazides were
prepared from accurately weighed portions. The
concentrations of the initial solutions of the salt and
acid (HNO;) were determined by volumetric titration.

The compositions and stability constants of the
complexes were calculated by the CPESSP program
[6] from the pH dependences of the extinction coeffi-
cient of the solutions (¢) at various metal : ligand
ratios (examples are shown in Fig. 2).

The electronic absorption spectra of particular com-
plexes were constructed by computer resolution of the
experimental spectra using the Origin 6.0 program,
taking into account the relative contents of the species
caculated from their stability constants. The ESR
spectra of particular species were constructred by
computer resolution of the experimental spectra using
a specialy developed program, taking into account the
relative content of the species. This program is the
modified version of program [24] based on Wilson-
Kivelson's approach [25, 26] applied to several simul-
taneously present complexes with two magnetic iso-
topes. Using this program, we calculated the isotropic
parameters of the spin Hamiltonian (g, Ap).

The rate constants of ligand exchange were deter-
mined from the pH dependences of the parameter
(cyTop) ™ taking into account the relative contents of
complpex species and equilibrium lihand concentra-
tions (calculated by the CPESSP program) and using
the Origin 6.0 program.

REFERENCES

1. Bychkova, T.I., Shtyrlin, V.G., Sadykova, E.R., and
Zakharov, A.V., Zh. Neorg. Khim., 2000, vol. 45,
no. 3, p. 401.

2. Bychkova, T.I., Shtyrlin, V.G., Sadykova, E.R.,
Zakharov, A.V., and Popova, Yu.l., Zh. Obshch.
Khim., 2001, vol. 71, no. 4, p. 986.

3. Bychkova, T.l., Shtyrlin, V.G., Sadykova, E.R., and
Zakharov, A.V., Zh. Obshch. Khim., 2001, vol. 71,
no. 9, p. 1442

4. Bychkova, T.l., Kasimova, L.F., Shtyrlin, V.G., and
Zakharov, A.V., in Elektrokhimicheskie, opticheskie i
kineticheskie metody v khimii (Electrochemical,
Optical, and Kinetic Methods in Chemistry), Kazan:
Kazan. Gos. Univ., 2000, p. 64.

5. Bychkova, T.I., Shtyrlin, V.G., and Zakharov, A.V.,
Zh. Neorg. Khim., 1989, vol. 34, no. 11, p. 2820.

6. Sa’nikov, Yu.l., Glebov, A.N., and Devyatov, F.V.,
Poliyadernye kompleksy v rastvorakh (Polynuclear
Complexes in Solutions), Kazan: Kazan. Gos. Univ.,
1989.

7. Bychkova, T.l., Kisdev, V.D., and Boos, G.A.
Available from ONIITEKhim, Cherkassy, 1982,
no. 304khp-82.

8. Bychkova, T.I., Boos, G.A., and Aksenova, L.F., Zh.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.3 2006



10.

11.

12.

13.

14.

15.

16.

17.

COMPLEXATION AND LIGAND EXCHANGE IN AQUEOUS OF Cu(ll) AND Ni(ll)

Fiz. Khim,, 1991, vol. 65, no. 9, p. 2412.
Bychkova, T.l., Boos, G.A., and Ageeva, L.A.
Available from ONIITEKhim, Cherkassy, 1988,
no. 244khp-88.

Yatsimirskii, K.B., Kriss, E.E., and Gvyazdov-
skaya, V.L., Konstanty ustoichivosti komplekov
metallov s bioligandami (Stability Constants of Metal
Complexes with Bioligands), Kiev: Naukova Dumka,
1979.

Sability Constants of Metal-lon Complexes, part B:
Organic Ligands, Perrin, D.D., Compiler, Oxford:
Pergamon, 1979.

Beck, M.T. and Nagypa, |., Chemistry of Complex
Equilibria, Budapest: Akad. Kiado, 1985.

Rakitin, Yu.V., Larin, G.M., and Minin, V.V., Inter-
pretatsiya spektrov EPR koordinatsionnykh soedinenii
(Interpretation of ESR Spectra of Coordination Com-
pounds), Moscow: Nauka, 1993.

Shtyrlin, V.G., Gogolashvili, E.L ., and Zakharov, A.V.,
J. Chem. Soc., Dalton Trans., 1989, no. 7, p. 1293.
Ushanov, V.V., Shtyrlin, V.G., Nazmutdinova, G.A.,
and Zakharov, A.V., Zh. Neorg. Khim., 1997, vol. 42,
no. 12, p. 2019.

Shtyrlin, V.G., Zakharov, A.V., Kireeva, N.N., and
Saprykova, Z.A., Koord. Khim., 1987, vol. 13, no. 7,
p. 875.

Zakharov, A.V. and Shtyrlin, V.G., Bystrye reaktsii

18.

19.

20.

21

22,

23.

24,

25.

26.

355

obmena ligandov (Fast Ligand-Exchange Reactions),
Kazan: Kazan. Gos. Univ., 1985.

Zakharov, A.V. and Shtyrlin, V.G., Koord. Khim,
1989, vol. 15, no. 4, p. 435.

Pasternack, R.E. and Sigel, H., J. Am. Chem. Soc.,
1970, vol. 92, no. 21, p. 6146.

Sigel, H., Angew. Chem, Int. Ed., 1975, vol. 14,
no. 6, p. 394.

Aleksandrov, V.V., Kislotnost’ nevodnykh rastvorov
(Acidity of Nonagueous Solutions), Kharkov: Vishcha
Shkola, 1982.

Popel’, A.A., Magnitno-relaksatsionnyi metod analiza
neorganicheskikh veshchestv (Magnetic Relaxation
Method for Analysis of Inorganic Substances),
Moscow: Khimiya, 1978.

Smith, P.A.S., Organic Reactions, Adams, R., Ed.,
New York: Wiley, 1944. Trandated under the title
Organicheskie reaktsii, Moscow: Inostrannaya Li-
teratura, 1951, part 3, p. 322.

Kon'kin, A.L., Shtyrlin, V.G., Zabirov, N.G., Aga
nov, A.V., Zapeche'nyuk, L.E., Kashevarov, S.\V.,
and Zakharov, A.V., Zh. Neorg. Khim., 1996, vol. 41,
no. 7, p. 1156.

Wilson, R. and Kivelson, D., J. Chem. Phys., 1966,
vol. 44, no. 1, p. 154.

Kivelson, D., J. Chem. Phys., 1960, vol. 33, no. 4,
p. 1094.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.3 2006



