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Abstract: Three Schiff-base hydrazones (ONN — donors) were prepared by condensation of
2-amino-4-hydrazino-6-methylpyrimidine with 2-hydroxyacetophenone, 2-methoxybenzal-
dehyde and diacetyl to yield 2-OHAHP, 2-OMeBHP and DHP, respectively. The structures of
these ligands were elucidated by elemental analysis, UV, IR, 'TH-NMR and mass spectra. The
metal-ligand stability constants of Mn?*, Fe*, Co®", Ni2*, Cu?", Zn%", Cd%", UO,>" and Th*"
chelates were determined potentiometrically in two different media (75 % (v/v) dioxane—water
and ethanol-water) at 283, 293, 303 and 313 K at an ionic strength of 0.05 M (KNO;). The
thermodynamic parameters of the 1:1 and 1:2 complexes were evaluated and are discussed.
The dissociation constants of 2-OHAHP, 2-OMeBHP and DHP ligands and the stability con-
stants of Co?", Ni2" and Cu?* with 2-OHAHP were determined spectrophotometrically in 75
% (v/v) dioxane-water.

Keywords: stability constants, thermodynamic parameters, spectrophotometric determina-
tion of stability, Schiff-base hydrazones containing the pyrimidine moiety.

INTRODUCTION

The importance of pyrimidine derivatives arises from their biological, medicinal and
agricultural applications.! Uracil (2,4-dihydroxypyrimidine) and thiamine (5-methylu-
racil) have biological importance in metabolism because some of their derivatives are
building blocks for RNA and DNA.2 5-Fluorouracil is a drug which is available for colon,
rectum and breast tumors.3 Also, transition metal complexes of pyrimidine play an impor-
tant role in the catalysis of drug interactions.* These findings stimulated our interest in a
previous paper? to isolate and characherize some mono-, binuclear and mixed metal com-
plexes of one Schiff-base hydrazone; 2-amino-4-[a-(2-hydroxyphenyl)ethylidene hydra-
zino]-6-methylpyrimidine (2-OHAHP).

In the present study, these investigations were extended to the stability constants and the
thermodynamic parameters of complex formation of 2-OHAHP and other related ligands;
2-amino-4-[ a~(2-methoxyphenyl)methylidenehydrazino]-6-methylpyrimidine  (2-OMeBHP)
and 2-amino-4-[a-(acetyl)ethylidene hydrazino]-6-methylpyrimidine (DHP); (Scheme 1).
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Scheme 1. Tautomeric structures of the Schiff-base hydrazone.
EXPERIMENTAL
All chemicals, metal salts and solvents were either Aldrich, Merck or BDH products.

Analyses and physical measurements

Electronic spectra were recorded at room temperature on a Jasco V 550 UV/Vis spectrophotometer us-
ing 1 cm quartz cells. IR spectra, as KBr discs, were recorded on a Perkin-Elmer 437 IR spectrometer (200 —
4000 cm™"). "H-NMR spectra in DMSO-d,; were recorded on a Varian FT - 290.90 MHz spectrometer using
TMS as an internal standard. Mass spectra were recorded at 70 eV and 300 °C on a GC/MS Finnigan mat SSQ
7000 Mass spectrometer. Microanalyses of carbon, hydrogen and nitrogen were recorded on a Heraeus ele-
mental analyzer at the Microanalytical Center, Cairo University, Cairo, Egypt.

Potentiometric measurements

Appropriate aliquots of standard solutions of metal nitrates (0.0015 M) and ligands (0.003 M) in 75 % (v/v)
ethanol-water medium were titrated potentiometrically with 0.075 M KOH. The pH values were recorded on a
WTW-D-8120 Weilheim digital pH-meter fitted with a combined glass—calomel electrode with an accuracy of +
0.01 units. The ionic strength of the medium was kept virtually constant at 0.05 M with KNO; as the background
electrolyte. The temperature was maintained constant by use of double-jacketed cells with water circulated from a
constant-temperature bath. Purified nitrogen gas was bubbled through the solution before and during the titration.
Multiple titrations were carried out for each system. The pH-meter readings were corrected.®

Preparation and characterization of the ligands

2-OHAHP, 2-OMeBHP and DHP ligands (Scheme 1) were prepared’ by refluxing an ethanolic solution
of the 2-amino-4-hydrazino-6-methylpyrimidine (0.01 mol) with the stoichiometric amount of 2-hydroxy-
acetophenone, 2-methoxybenzaldehyde or diacetyl (0.01 mol), respectively, for one hour. The crystals obtained
were filtered off, washed with ethanol, air-dried and recrystallized from ethanol-water mixture. The structures of
the ligands were elucidated by IR, mass, 'H-NMR and electronic (UV-Vis) spectroscopy, as well as by
microanalytical analyses. The results of the elemental analyses, % yield, m.p. and colour are given in Table .
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TABLE 1. Analytical and physical data of the ligands

Compound M.F.; _ Elemental analyses % Found (Calcd.)

Colour Yield/% M.p./°C

M.Wt) C H N
2-OHAHP 60.7 5.8 27.1 Yellow 75 205
C,3H;5N50 (257) (60.7) (5.9) (27.2)
2-OMeBHP 60.5 5.7 26.7 Pale yellow 68 142
C,3H,5N50 (257) (60.7) (5.9) (27.2)
DHP 52.0 6.3 33.0 Yellow 73 197
CoH,3N:0 (207) (52.2) (6.2) (33.7)

The mass spectra showed molecular ion peaks at m/e: 257.1 (27.82 %), 257.1 (21.58 %) and 207.1 (5.35
%) corresponding to the molecular weights of the 2-OHAHP, 2-OMeBHP and DHP ligands, respectively.
Also, the base peaks were observed at m/e: 91, 124.1 and 164, respectively. No meta-stable ions were ob-
served in any of the mass spectra.

The electronic absorption spectra (UV-Vis) of the organic ligands in 75 % (v/v) dioxane—water dis-
played three bands: (/) 4; (318-345 nm); €, (5240-19480) is associated with intramolecular charge transfer
interaction involving the whole molecule; (i7) A, (285-305 nm); &, (7840-10960) is due to the low energy
n-7t* transitions of the azomethine groups and (i7i) A3 (224-229 nm); &5 (3200-11900) can be ascribed to the
moderate energy m-rt* transitions of both the aromatic and pyrimidine rings.

The IR spectra of the three ligands showed strong bands at 3472-3416 cm™! and 3372-3310
cm! ascribed to v, and v of the amino group, a strong band at 3287-3169 cm™! belongs to V(NH)
and medium bands at 1600-1570 cm™! belong to v(C=N). In the case of the 2-OHAHP Igand, a me-
dium broad band at 3578 cm’!, ascribed to the phenolic v(OH), was also observed. This band disap-
peared in the case of the 2-OMeBHP ligand. The DHP ligand shows a strong band at 1651 cm™!,
which belongs to v(C=0).

Finally, the chemical shift (0 ppm) data extracted from the "H-NMR spectra of the ligands (2-OHAHP
and DHP) in DMSO-d are summarized in Scheme 2. These data together with the data derived from the ele-
mental analyses, IR, mass and electronic spectra confirmed the structure given for these ligands.
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() I|{(e) H, @ @ | | ©
H, /l —N=C (9 HC ~ I N—Nzc\c/(l*s
NN (HHO NYN “
0o
NH, HNH,
()
2-OHAHP DHP
2.15[s, 3H, (a)] 2.05[s, 3H, (a)]
2.40 [s, 3H, (b)] 2.2 [s, 3H, (b)]
5.90 [s, 2H, (¢)] 2.4 s, 3H, (¢)]
6.65-7.65 [m, 5H, (d)] 6.05 [s, 2H, (D]
9.9 [s, IH, (e)] 7.2 [s, 1H, arom. (d)]
12.58 [s, 1H, ()] 9.9 [s, 1H, (e)]

s = singlet and m = multiplet
Scheme 2. 'H-NMR spectra of the ligands in DMSO-dg,8ps.
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RESULTS AND DISCUSSION A

Potentiometric studies

Proton-ligand interaction and dissociation constants. Respesentative plots of the
titraton curves of 3x10-3 M ligands in the absence and presence of some metal ions at 303
K in 75 % dioxane—water are shown in Fig. 1. The values of the dissociation constants of
the free ligands, pKHs, and the stability constants of their metal complexes (Table II-VII)
were determined as described previously,® DHP and 2-OMeBHP contain only one avail-
able proton which is weakly dissociated, while 2-OHAHP has two avalable protons; phe-

14

13

12

1t

10
- @ Co(ll) (1:5)

. 0 Co(I1) (1:253

; A Co(ID) (1:1)

X free ligand

6

5

4 L ] L 1

0 0.4 0.8 1.2 1.6 2
ml of KOH
14 -
12 - A A A A A A
10 -
| A Zn(ll)
E A A : O UQ\(I1)

6 oM ® Fe(lll)
4 3
2
0 T T L T T L

0 0.2 0.4 0.6 0.8 1 1.2 1.4

ml of KOH
Fig. 1. (A, B) Potentiometric titration curves for 310 M DHP ligand in the absence and presence of 1.5x10> M
metal ions in 75 % dioxane—water using [KOH] = 0.075 M at 30 °C, Vo =30 ml and n=0.05 M.



TABLE II. Thermodynamic functions and stepwise stability constants of the 1:1 and 1:2 metal complexes of 2-OHAHP ligands at various temperatures in 75 %
(v/v) dioxane—water

kJ mol! J mol 'K
10°C 20°C 30°C 40°C AGO o o
Complex —AG% —AH AS30
logK, logK, logK; logK, logK;, logK, logK; Ilogk, —AGi) _AGS ~AH f —AH 3 —ASf _ASE
Mn(II) 8.72 - 8.59 - 8.48 - 8.40 - 49.16 - 18.06 - 102.62 -
FedIl)  12.19 - 12.02 - 11.91 - 11.87 - 69.01 - 18.06 - 168.16 -

Co(II) 9.70 7.70 9.52 7.61 9.37 7.49 9.24 7.31 5430  43.43 2596  21.99 93.55 70.77
Ni(II) 9.59 7.67 9.39 7.50 9.21 7.25 9.05 717 5338  42.01 30.47 28.22 75.62 4552
Cudl)  12.29 10.56 12.01 10.49 11.87 10.35 11.75 10.27 68.80 59.98 30.47 1634 12649 144.04

Zn(II) 9.11 - 8.99 - 8.85 - 8.73 - 51.29 - 21.44 - 98.48 -
CddI) 8.03 - 7.92 - 7.77 - 7.65 - 45.02 - 21.44 - 77.79 -
uo,dn  10.07 - 9.82 — 9.61 - 9.45 55.72 - 34.99 — 68.43 —
Th(IV) 1227 - 12.04 - 11.80 - 11.61 - 68.38 - 37.24 - 102.79 -

pk1 12.95 13.72 12.66 13.70 12.43 13.66 12.20 13.63  —72.06 -79.17 —-4230 —5.10 —98.15 —24445
+0.01 +0.02  +0.01 +0.01  +0.02  +0.02  +0.01 +0.02




TABLE III. Thermodynamic functions and the stepwise stability constants of 1:1 and 1:2 metal complexes of 2-OHAHP ligand at various temperatures in 75 %
(v/v) ethanol-water

kJ mol! J mol 'K
10°C 20°C 30°C 40°C o
Complex -AG% —AH® AS3
logK; logK, logK; logK, logK; logK, logK, IlogK, -AG° -AG% -AH f —AH 3 —ASi) —ASS
Mn{l) 7.1 - 7.07 - 7.01 - 6.97 - 40.63 - 7.90 - 108.01 -
Fe(ll)  10.50 - 10.44 - 10.40 - 10.32 - 60.28 - 10.16 - 165.40 -

Co(II) 8.17 6.89 8.10 6.86 8.05 6.82 8.02 6.77 46.65 39.54 8.44 6.77 126.11  108.18
Ni(II) 8.10 6.29 8.03 6.21 7.99 6.15 7.92 6.08 46.31 35.66 10.16 11.83 11934  78.63
Cu(Il) 9.09 5.80 9.04 5.76 9.00 5.73 8.92 5.70 5217  33.23 9.57 5.64 140.57  91.04

Zn(II) 7.70 - 7.68 - 7.61 - 7.57 - 44.10 - 7.32 - 121.39 -
CddI) 6.60 - 6.50 - 6.45 - 6.41 - 37.37 - 10.70 - 88.03 -
Uo,I)  7.66 - 7.57 — 7.52 - 7.49 - 43.60 - 9.57 — 112.32 —
Th(IV)  10.60 - 10.53 - 10.45 - 10.38 - 60.57 - 12.41 - 158.92 -

pkH 11.15 11.90 11.02 11.75 10.90 11.60 10.80 11.53  —63.16 —66.09 -19.73 -20.86 -143.33 —149.27
+0.02  +0.01 +0.01 +0.02  +0.01 +0.02  +0.01 +0.02




TABLE IV. Thermodynamic functions and stepwise stability constants of 1:1 and 1:2 metal complexes of 2-OMeBHP ligand at various temperatures in 75 % (v/v)
dioxane—water

kJ mol! Jmol K-
10°C 20°C 30°C 40 °C
Complex —AG°3 —AH° AS°3,
logK; logK, logK; logK, logK, logK, logK; logK, -AG° -AG% —AH; —AH; —AS;) —AS;
Mn(II) 9.61 - 9.51 - 9.39 - 9.30 - 54.42 - 17.47 - 121.97 -
Fe(III) 13.48 - 13.34 - 13.19 - 13.07 - 76.45 - 23.12 - 176.02 -

Co(II) 8.69 8.80 8.56 8.70 8.43 8.62 8.28 8.40 48.86 4995 2312 2257 8498 9037
Ni(II) 8.71 8.75 8.54 8.61 8.39 8.75 8.27 8.37 48.61 49.66 2483 2144 7850  93.13

Cu(Il) 11.37 — 11.15 - 10.97 - 10.83 — 63.58 - 30.47 - 109.27 -
Zn(II) 9.43 - 9.26 - 9.10 - 8.99 - 52.75 - 24.83 - 92.17 -
Cddrn) 8.65 — 8.54 - 8.39 - 8.27 — 48.61 - 21.44 - 89.66 -
uo,dn  11.42 - 11.21 - 11.05 - 10.93 - 64.04 - 27.63 - 120.18 -
Th(IV) 13.18 - 12.96 — 12.70 - 12.51 - 73.61 - 37.79 - 118.21 -
pkH 13.61 — 13.30 - 13.03 - 12.78 — —75.53 - —-46.82 - -94.72 -

+0.01 +0.01 +0.01 +0.01




TABLE V. Thermodynamic functions and stepwise stability constants of 1:1 and 1:2 metal complexes of 2-OMeBHP ligand at various temperatures in 75 % (v/v)
ethanol-water

kJ mol! J mol 'K
10°C 20°C 30°C 40°C
Complex —AG°3 —AH° AS%3
logK; logK, logK; logK, logK; logK, logK, logK, -AG° —AG% —AH;’ —AH; —AS;’ —AS;
Mn(IT) 8.78 - 8.76 - 8.70 - 8.64 - 50.41 - 7.90 - 140.28 -
Fe(lll)  11.53 - 11.41 - 11.32 - 11.25 - 65.63 - 15.80 - 164.44 -

Cu(Il) 6.99 7.112 6.94 7.05 6.87 7.00 6.84 6.93 39.84  40.59 8.44 10.70  103.62  98.65
Ni(II) 7.08 7.20 7.03 7.17 6.94 7.11 6.89 7.05 40.21 41.21 10.70 8.44 9739  108.18

Cu(II) 9.47 - 9.35. — 9.28 - 9.26 - 53.80 - 11.83 — 138.53 —
Zn(II) 7.71 - 7.65 - 7.62 - 7.58 - 44.18 - 7.32 - 121.68 -
CddI) 7.06 - 6.98 — 6.95 - 6.94 - 40.30 - 6.77 — 110.64 —
uo,I) 9.81 - 9.70 - 9.61 - 9.54 - 55.72 - 1522 - 133.68 -
Th(IVv) 1131 — 11.25 - 11.12 - 11.04 - 64.46 - 1522 - 162.52 -
pk1 11.67 - 11.53 — 11.40 - 11.29 - —66.09 - —21.44 — —147.35 —

+0.01 +0.01 +0.01 +0.01




TABLE VI. Thermodynamic functions and stepwise stability constants of 1:1 and 1:2 metal complexes of DHP ligand at various temperatures in 75 % (v/v)
dioxane—water

kJ mol! J mol 'K
10°C 20°C 30°C 40°C
Complex —AG°3 —AH° AS%3
logK; logK, logK; logK, logK; logK, logK, logK, -AG° —AG% —AH;’ —AH; —AS;’ —AS;
Mn(IT) 9.45 - 9.30 - 9.17 - 9.08 - 53.17 - 20.86 - 106.63 -
Fe(lll)  12.23 - 12.17 - 11.95 - 11.78 - 69.26 - 31.02 - 126.24 -

Co(II) 8.80 8.30 8.63 8.12 8.45 7.99 8.31 7.90 4899 4631 27.63 2257  70.52 78.38
Ni(II) 9.70 8.29 9.50 8.21 9.33 8.09 9.19 7.85 54.09 4690 2876  24.83 83.6 72.86
Cudl)  10.59 8.93 10.39 8.70 10.16 8.62 9.98 8.54 5890 4995 3440  21.99 80.84  92.29

Zn(1I) 8.69 - 8.50 - 8.39 - 8.27 - 48.61 - 23.70 - 82.22 -
CddI) 8.02 - 7.83 — 7.75 - 7.63 - 44.94 - 21.99 — 75.74 —
Uo,(I) 10.29 - 10.07 - 9.85 - 9.66 - 57.10 - 35.53 - 71.19 -
Th(IV) 12.06 — 11.85 - 11.61 - 11.43 - 67.30 - 35.53 - 104.63 -
pk1 12.89 - 12.62 — 12.29 - 12.03 - —71.23 - —48.49 — —75.07 —

+0.01 +0.01 +0.01 +0.01




TABLE VII. Thermodynamic functions and stepwise stability constants of 1:1 and 1:2 metal complexes of DHP ligand at various temperatures in 75 % (v/v) etha-

nol-water
kJ mol! J mol'K-!
10°C 20°C 30°C 40°C
Complex —AG°3 —AH° AS%3
logK; logK, logK; logK, logK, logK, logK, logK, -AG° -AG° —-AH ;’ ~AH 3 AS{’ —ASS
Mn(II) 8.17 - 8.15 - 8.12 - 8.10 - 47.07 - 3.97 - 142.25 -
Fe(Ill)  10.63 - 10.55 10.50 10.42 - 60.86 - 11.83 - 161.81 -
Co(II) 7.69 6.81 7.62 6.76 7.56 6.71 7.51 6.67 43.81 38.87 10.16 7.90 111.06  102.24
Ni(II) 8.20 6.31 8.17 6.30 8.11 6.26 8.07 6.23 47.03  36.28 7.32 451 131.04 104.83
Cu(Il) 9.40 7.09 9.33 7.07 9.23 7.04 9.16 6.99 53.50  40.80 13.54 5.64 131.88 116.04
Zn(II) 7.81 - 7.75 - 7.73 - 7.70 - 44.81 — 6.19 - 127.49 -
Cd(In) 6.63 - 6.60 6.56 6.54 - 38.04 - 5.06 - 108.85 -
Uo,I)  8.96 - 8.89 8.80 8.74 - 51.00 - 12.41 - 127.32 -
Th(IV) 10.75 - 10.67 - 10.60 - 10.57 - 61.45 - 10.16 - 169.29 -
pkH 11.25 - 11.16 11.06 10.97 —64.12 - -15.80 - —-159.47
+0.01 +0.01 +0.01 +0.02
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nolic and azinic protons. The abnormal lower pKH value obtained for DHP (12.29) com-
pared to 2-OMeBHP (13.03) in 75 % dioxane—water (D = 14.31) suggests that the dissoci-
ated proton in the case of DHP is an enolic proton, i.e., the enol form is the predominant
form in 75 % dioxane-water medium. In contrast, in 75 % ethanol-water (D = 36.77) the
values of pKHs for DHP (11.06) and 2-OMeBHP (11.40), suggest that the dissociated pro-
ton is the azinic proton, i.e., the keto form of DHP is the predominant form in 75 % etha-
nol-water.

Metal-ligand interaction and stability constants

Firstly, it has to be mentioned that only log K was calculated for Mn?* and Fe3* com-
plexes since the maximum # < 1.0. This is due to the precipitation before m = 1.0 (m =
number of moles of KOH/mole of metal ion). In the case of UO,2" and Th*" — complexes,
a precipitate after m = 1.0 supports the formation of hydroxo complexes; [UO,L(OH)] or
[ThL(OH)]?*. In the case of Zn?* and Cd?* — complexes (1:2) (M:L), only one sharp in-
flection at m = 1.0 was obtained corresponding to the formation of 1:1 ZnL" or CdL" spe-
cies. However, in case of Cu*, Co?* and Ni2* — complexes, two inflections at m = 1.0 and
m = 2.0 were obtained due to the stepwise formation of ML and ML, chelates (Fig. 1).

It is evident from Fig. 1 that all ligands behave as monobasic species (HL) towards all
metal ions with the exception of Cu?*-2-OHAHP (1:1 only) where two protons were re-
placed upon complexation. This is consistent with the two sharp inflections at m = 1 and m =
2 and could be represented by the following equilibria:

Cu2*+HL+OH — [CuHL)[* +H,0  (m=10)
[CuML)[" +OH- = [CuL]+H,0  (m=2.0)

This structural rearrangement could be represented by the following structures:
CH,

|
H,C /N\ —=C
= = N
\IL/\\I“I———C*u+ :@
\I/ \H \O

NH,

[cuaL)*

_H+
CH

+H*

3

HJC /N\ %C
= = N
T D
g o

NH,

[CuL]
Scheme 3. Structural rearrangement of Cul-2-OHAHP complex.
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Such a structural rearrangement® of [Cu(HL)]* into [CuL] involves a large positive
AS and a small negative AH (Tables I, III). Hence, the 1:1 chelates may be of type CuL,
and the AS noted may be the overall reacton made up of the following two equilibria:

Cu2* +HL- — Cu(HL)*
Cu(HL)" = CuL+H*

Also, such a structural rearrangement was observed by Brarbad!? in his study of the
complexation of Cu2" ion with dipeptides in aqueous media.

The formation of higher complex species than ML, was checked by the titration of
(1:5) M:L ratio for some selected divalent metal ions. These titration curves show only a
weak inflection at 7z = 1.0 and a sharp inflection at m = 2.0 corresponding to the stepwise
formation of ML* and ML, as the highest formed species (Fig. 1).

A number of attempts have been made to find general relatioships which predict the
overall stability of a complex.

Hardness and sofiness. One of the most extensive is Pearson’s classification into hard and
soft ligands and metal ions. The most important generalization about the stability of complexes
is then that soft ligand-soft metal ion and hard ligand-hard metal ion complexes are more stable,
than mixed complexes such as hard metal ion-soft ligand or soft metal ion-hard ligand. Of sig-
nificance is a comparison of the formation constant (log K7) for some similar Schiff-base hy-
drazones containing the triazine moiety,!! pyridazine moiety!? and pyrimidine moiety (our
study) under the same experimental conditions. Such a comparison is shown in Table VIIL

TABLE VIII. Comparison of log K for similar Schiff-base hydrazones

Log K, in 75 % dioxane-water at 303 K

Complex / Ion 2-OHAHP 2-OHAHP (pyridazine) 2-OHAHP (triazine)
(pyrimidine) [Ref. 12] [Ref. 11]
Co(IT) 9.37 11.92 12.26
Ni(II) 9.21 11.85 12.32
Cu(Il) 11.87 12.35 12.44
Zn(Il) 8.85 10.19 11.03

Inspection of the data reveals that for the same metal ion, the order of stability is as fol-
lows; triazine > pyridazine > pyrimidine, which is consistent with increasing electron den-
sity on the heterocyclic ring. This provides strong evidence that the N- atom of the
heterocyclic ring participates in chelation,>!1:12j e., the reactivity of triazines > pyridazines
> pyrimidines towards the same metal ion. In contrast, the softness and hardness of the dif-
ferent metal ions in solution towards a specific ligand are discussed later (Table [X).

Effect of the basicity of the ligands. The complexation process, in most cases, means a
competition between protons (H') and metal ions (M”") for the free chelating speces (L").
Therefore, a higher correlation between the stability constants (log K) and the basicity of
the ligands (pKt) is to be expected. A plot of log K| for Mn2", Fe3*, Cu*, Cd2*, UO,2"



TABLE IX. Electrostatic(el) and non-electrostatic (non) thermodynamic* quantities associated with the reaction of some metal ions with 2-OHAHP, 2-OMeBHP
and DHP ligands in 75 % (v/v) ethanol-water

2-OHAHP 2-OMeBHP DHP
AG%l  AG,, AHYy A, AGYy A, AR AHy, AGy AG,, Ay AH,
Mn(II) 30.97 9.66 11.87 19.77 38.04 12.37 14.59 22.49 38.50 8.61 14.76 18.73
Fe(II) 43.56 16.76 16.72 26.88 43.35 22.32 16.64 32.44 42.72 18.10 16.39 28.22
Co(II) 34.94 11.75 13.42 21.86 30.01 9.82 11.50 19.94 31.64 12.16 12.12 22.28
Ni(ID) 33.44 12.87 12.83 22.99 28.67 11.58 10.99 21.69 36.03 10.99 13.84 21.15
Cu(Il) 38.12 14.09 14.63 24.20 37.66 16.18 14.46 26.29 36.20 17.31 13.90 27.42
Zn(II) 33.90 10.20 13.00 20.31 33.98 10.24 13.04 20.36 35.24 9.57 13.50 19.69
Cddn) 26.58 10.78 10.20 20.90 31.56 8.78 12.12 18.89 31.18 6.90 11.95 17.01
UO,(IT) 31.94 11.70 12.25 21.82 36.62 19.14 14.04 29.26 35.20 15.80 13.50 25.92
Th(IV) 42.13 18.48 16.18 28.59 42.93 21.57 16.47 31.68 44.39 17.05 17.01 27.17

*AG and AH (kJ mol™!) and AS (J mol'! K1)



TABLE X. Calculation of the pK™ values* for 2-OHAHP, 2-OMeBHP and DHP ligands in 75 % (v/v) dioxane-water

2-OHAHP 2-OMeBHP DHP
A=343nm; 4, = 1.250; 4,,;, = 0.774 A=345nm; 4, = 1.924; 4, = 1316 A=318nm; 4, = 1.417; 4, ;= 0.728
pH A A-dpy, A4 B ch ok o 4 adgy, A4 BY ok pH 4 aayy, 44 B b kM
11.40 1.196 0.422 0.054 7.815 0.893 1236 12.05 1.897 0.581 0.027 21.51 1.333 13.23 10.85 1.363 0.635 0.054 11.76 1.07 11.92
11.69 1.156 0.382 0.094 4.064 0.609 12.30 12.28 1.853 0.537 0.071 7.563 0.879 13.16 11.36 1.286 0.558 0.131 4.26 0.629 11.99
11.85 1.131 0.357 0.119 3.00 0477 1233 1247 1.793 0.477 0.131 3.641 0.561 1299 11.79 1.182 0.454 0.235 1.932 0.286 12.08
12.26 1.028 0.254 0.222 1.144 0.058 12.32 12.55 1.753 0.437 0.171 2.556 0.407 12.96 12.05 1.103 0.375 0.314 1.194 0.077 12.13
12.41 0.993 0.219 0.257 0.852 —0.069-12.34 12.63 1.716 0.40 0.208 1.923 0.284 1291 12.54 0.947 0.219 0470 0.466 —0.332 12.21
12.84 0.895 0.121 0.355 0.341 —0.467 12.37 12.71 1.664 0.348 0.260 1.338 0.127 12.87 12.90 0.857 0.129 0.560 0.230 —0.638 12.31
13.29 0.831 0.057 0.419 0.136 —0.866 12.42 1291 1.543 0.227 0.381 0.596 —0.224 12.69 13.19 0.807 0.079 0.610 0.129 —0.888 12.30
13.04 1.479 0.163 0.445 0.366 —0.436 12.60
13.34 1.370 0.054 0.554 0.097 —-1.011 12.33

pKT=1235+0.04

pkH=12.86+0.28

pKT=12.12+0.15

*Based on the modified limiting absorbance method

#B:A *Amin;
A1-4

fC=log [AA_ An;in]
1-



TABLE XI. Stability constants of the Cu(IT), Ni(IT) and Co(IT) complexes of 2-OHAHP ligand in 75 % (v/v) dioxane-water [Ty; = 1.5x10*M and 7} = 6x10“M]
for Cu(II) and Co(Il), [Ty = 2x10“*M and T} = 8x10*M] for Ni(II)

Complex pH Ax AL n log (n/1-n) pL log K,
4.6 1.052 1.23 0.86 0.79 11.08 11.87
4.8 1.064 1.23 0.87 0.83 10.88 11.71
Cu(Il) 5.0 1.114 1.23 0.91 1.00 10.68 11.68 11.64+0.17
at A =385 nm 5.2 1.126 1.23 0.92 1.06 10.49 11.55
54 1.140 1.23 0.93 1.12 10.29 11.41
6.4 0.384 0.521 0.74 0.45 9.26 9.71
Co(II) 6.6 0.440 0.521 0.84 0.72 9.07 9.79 9.89+0.33
atA =370 nm 6.8 0.450 0.521 0.86 0.79 8.88 9.67
7.0 0.512 0.521 0.98 1.69 8.69 10.38
6.15 0.735 1.476 0.50 0.00 9.35 9.35
6.35 1.023 1.476 0.69 0.35 9.18 9.53
Ni(II) 6.55 1.082 1.476 0.73 0.43 8.98 9.41 9.51£0.18
atA =382 nm 6.7 1.155 1.476 0.78 0.55 8.84 9.39
6.9 1.293 1.476 0.88 0.87 8.65 9.52

7.0 1.405 1.476 0.95 1.28 8.56 9.84
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and Th**-complexes vs. pKH was constructed and analyzed statistically by linear regres-
sion analysis. The following relations were obtained in 75 % (v/v) ethanol-water medium
at 303 K with correlation coefficients (r) of ca. 1:

log Kj(Mn2"—chelates) = 26.73 + 3.12 pktl;  r=0.927

log K(Fe3*-chelates) =—10.72 + 1.93 pKH; r=0.976

log K{(Cu?*-chelates) = 3.66 + 0.50 pKH; r=0.847

log K1(Cd?"-chelates) =-4.72 + 1.02 pKH; r=0.994

log K1(UOy2"-chelates) =-34.71 + 3.9 pkH;  »=0.945

log K1(Th**-chelates) = —4.51 + 1.37 pKH; r=0.995

In another attempt to gain further information about the dependence of the stability of
the chelates on the basicity of the ligands, linear regression analysis of log K for the above
chelates vs. log K for the other chelates was constructed and analyzed. The following rela-
tions were obtained in 75 % (v/v) ethanol-water medium at 298 K with a correlation coef-
ficient (7) of ca. 1 and a slope amounting to unity:

log K1(2-OHAHP) =-0.79 + 0.98 log K(2-OMeBHP); »=0.912

log K1(2-OHAHP) =-1.24 + 1.08 log K(DHP); r=0.952

log K{(DHP)=0.17 4+ 0.93 log K;(2-OMeBHP); r=0.985

A slope of unity means both the metal-ligand and the proton-ligand interactions are
similar. This confirms that the basicity of the ligands is the main factor governing the stabil-
ity constants of the chelates for a series of closely related ligands (Scheme 1).

Effect of temperature.The dissociation constants of the ligands (pKtls) as well as the
stability constants of their complexes with Mn2", Fe3*, Co2", Ni2t, Cu?', Zn2t, Cd?",
UO,2" and Th** ions in 75 % (v/v) ethanol/water and dioxane/water have been evaluated
at 283,293, 303 and 313 K. The slope of the plot (pKH or log K vs. 1/T) was utilized to cal-
culate the enthalpy change (AH) for the dissociation or complexation process, respectively.
From the free energy change (AG) and the enthalpy change (AH), the entropy change (AS)
can be calculated using the well-known relationships:

AG=-RTInK and AS=(AH-AG)/T

The data given in Tables II-VII reveal that higher temperatures favour the dissocia-
tion process which is non-spontaneous, endothermic and entropically unfavourable. In
contrast, lower temperatures favour the complexation process which is spontaneous, exo-
thermic and entropically favourable. Large positive values of AS of the complexation pro-
cess indicate that the complex formation is entropically favourable and that the mechanism
of complexation is based upon hydrogen ion (H) liberation and release of water. In gen-
eral, the abnormal high positive values of AS for all the complex systems is consistent with
the hypothesis that a large number of water molecules are released upon complexation. In
order to decide quantitatively whether AS or AH is the driving force, the %(TAS/AG) has
been calculated for Ni2*-complexes, as an example, as shown below,
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. %(TAS/AG)
Medium - - -
Ni2"-2-OHANP Ni2"-2-OMeBHP Ni2"-DHP
75 % Dioxane—water 42.92 % 48.93 % 46.83 %
75 % Ethanol-water 78.07 % 73.39 % 84.44 %

Hence, in 75 % dioxane—water, the entropy term provides about 43 %, 49 % and 47 %
of the free energy change for the interaction of Ni2* ion with 2-OHAHP, 2-OMeBHP and
DHP, respectively. In other words, the enthalpy term provides about 57 %, 51 % and 53 %
of the free energy for the interaction of Ni2* with 2-OHAHP, 2-OMeBHP and DHP lig-
ands, respectively, in 75 % dioxane—water. On the other hand, in 75 % ethanol-water, this
entropy term provides about 78 %, 73 % and 84 % of the free enrgy for the above systems,
respectively. This means that the enthalpy term provides about 22 %, 27 % and 16 % of the
free energy for Ni2*-interaction with 2-OHAHP, 2-OMeBHP and DHP ligands, respec-
tively, in 75 % ethanol-water. Thus, it could be concluded that the entropy term (AS) is the
only driving force for all complexation reactions in the more polar media; 75 % etha-
nol-water. In contrast, both the enthalpy (AH) and the entropy (AS) terms are the driving
forces for such complexation reactions in less polar media; 75 % dioxane—water.

Inspection of the data given in Tables [I-VII reveals that AH has hgher negative val-
ues in 75 % dioxane-water than in 75 % ethanol-water, indicating that the bond strength
from ligand to metal is stronger in 75 % dioxane—water than in 75 % ethanol-water. This is
consistent with the fact that the strong coordinating ability of the solvents (e.g., 75 % etha-
nol-water) may retard the metal-ligand interaction.

In an attempt to evaluate the role of the dielectric constant of the medium on the ther-
modynamic parameters, especially on AH which is related to the bond strength, the com-
parison shown below is significant.

AH(dioxane)/ AH;(ethanol)

Complex X
Mn(II) Co(II) Ni(II) Cu(Il) Zn(II) Cd(II) Th(IV)
2-OHAHP 2.29 3.07 3.00 3.18 2.93 2.00 3.00
2-OMeBHP 221 2.74 2.32 2.58 3.39 3.17 2.48

Inspection of these data reveals that the ratio AH| in 75 % dioxane—water (D = 14.31)
to that in 75 % ethanol-water (D = 36.77) lies in the range 2.00-3.39, which is consistent
with the value 2.57 (Dehanol/Pdioxane)- This indicates that the dielectric constant of the me-
dium is the main factor governing the value of AH.

Electrostatic and non-electrostatic thermodynamic functions

The values of AG, AH and AS in 75 % ethanol-water were separated into their elec-
trostatic (el) and non-electrostatic (non) or (cratic) components (Table [X) as described pre-
viously.8 The electrostatic (el) or (environment) components represent long-range electro-
static forces depending on the environment and temperature; while the non-electrostatic
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(non) or (cratic) components represent short-range or quantum-mechanical forces; insensi-
tive to the environment and independent of the temperature. Inspection of the data (Table
IX) reveals that;

(1) —-AG[DSK1]y >>-AG [DSK2],,op, for all the complex systems, indicating that the
complexation process is highly influenced by temperature and environment.

(ii) The Fe3™ and Th*"-complexes have the largest values of ~AG[DSK3]; of all the
complexes. This may be due to the higher charge on these cations and this is in accordance
with the crystal field theory.

(#fi) AHyg)_has positive values while AH,,,, has negative values. In general, AH,,, arises
from changes in the ligand field stabilization (LFS) accompanying complex-formation and re-
flects the covalent nature of the bonding and also the structural changes upon complexation. 13

(iv) AHyop has three ranges of values; (a) Lower values for the Zn?*, Cd?" and
MnZ2*-complexes. This is consistent with CFSE = 0 [Zn2" and Cd?* = d10-system and
Mn2+ = d3-system in high spin]. (b) Higher values for the Fe3*, Cu?", Th*" and
UO,2"-complexes. This is consistent with their higher stability constant values. (c) Inter-
mediate values for the Co?* and Ni2*-complexes which is also consistent with their inter-
mediate stability constant values.

These three categories are in a good agreement with £, the softness and hardness of
these metal ions in solution towards a specific ligand. This is in accordance with our previ-
ous study8 on Schiff-base hydrazones containing the isatin moiety.

Spectrophotometric studies.

All the spectral studies were performed in 75 % (v/v) dioxane—water at room temper-
ature in 1 cm quartz cell.

Determination of the pKs

Effect of pH on the absorption spectra of the ligands. The dissociation constants of the
organic ligands, 2-OHAHP, 2-OMeBHP and DHP, were determined by varying the pH
values in 75 % (v/v) dioxane-water. Solutions of 5x10-> M for the ligands in 75 % (v/v)
dioxane—water were measured in the region 200-400 nm. The pKH, s were determined us-
ing the modified limiting absorbance method (Table X). The obtained pkH values are in a
good agrement with those obtained pH-metrically as shown below:

Method / pK™ of ligands 2-OHAHP 2-OMeBHP DHP
pH-Metrically 12.43 13.03 12.29
Spectrophotometrically 12.35 12.86 12.12

Determination of the stability constants of the metal complexes. The study was carried
out for Cu?*, Ni?* and Co?* metal ions with 2-OHAHP ligand due to their tendency to
form characteristic coloured chelate compounds.

Effect of pH on the spectra of Cu?*, Ni?* and Co?*-OHAHP. These studies were car-
ried out to evaluate both the optimum pH and the stability constants of the formed chelates
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on solutions containing 1.5x10~4 M (Cu?* and Co2"), 6x10~4 M 2-OHAHP and 2x10~4
M NiZ*, 8x10~4 M 2-OHAHP at different pH values, in 75 % (v/v) dioxane-water, using
the same concentration of the ligand at the same pH as a reference.

The absorbance of the formed complexes increases by increasing pH until a certain
pH value, then decreases at higher pH values. It is evident that the optimum pH for study-
ing the formation of the Cu?™—complex is 5.5 while for the Ni2™ and Co?—complexes it is
7.0 at their A, (385, 382 and 370 nm) for Cu?*, Ni2* and Co?*-complexes, respectively.

The degree of formation of the complex was obtained from the relationship:

n=(Ax—Ar)/ (Amr, - Ar)

where Ax, A1 and Ay, are the absorbances of the partially formed complex at a specific
pH value, the free ligand and the fully formed complex, respectively. The absorbance of
the free ligand (A4 ) was eliminated, since the same concentration of the ligand solution was
used as the reference during measuremenets. The negative logarithm of the concentration
of the non-protonated ligand (pL) was obtained using the following equation:

H H
o By +B|'[H']
(T, —nTy)
where By = 1 and BH is the reciprocal of the acid dissociation constant of the ligand. 7}

and 7y are the stoichiometric concentrations of the ligand and metal ion, respectively. The
equation of the formation curve is given by:

i+ G~ 1)K [L]=0

[pL]

where K is the stability constant of ML complex (Table XI).
The obtained values of the stability constants (Table XI) are in good agreement with
those obtained pH-metrically as shown below:

Method / log K; Cu(Il) Ni(II) Co(Il)
pH-Metrically 11.87 9.21 9.37
Spectrophotometriically 11.64 9.51 9.89

Composition of the metal complexes. The compositions of the Cu?*, Ni2™ and
Co?*-complexes of 2-OHAHP were determined using the mole ratio, the Jobs and slope
ratio methods. All the methods indicated the formation of 1:1 metal : ligand complexes
with the exception of the mole ratio where 1:1 and 1:2; metal : ligand species were formed
in the case of the Ni2* and Co?*-complexes.

Validity of the Beer law. This study was carried out in order to apply the spectrophoto-
metric method for the quantitative determination of Cu?*, Ni?* and Co?" ions in 75 %
(v/v) dioxane—water at the optimum pH, given previously. The molar absorptivities (€) of
the formed complexes were as follows;
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Cu(Il) Ni(II) Co(II)
A/mm log e Amm log & Amm log e
2-OHAHP 385 4.35 384 3.55 365 3.89

(g in dm?mollem™)

Ligand/Metal ion

It is evident that the Beer law is valid in the following ranges:

(1) 0.30-2.9 pg / ml for Cu2™2-OHAHP complexes.

(i) 1.20-10 pg / ml for Cu2* and Ni2*-2-OHAHP complexes.

These values indicate that 2-OHAHP can be used for the spectrophotometric deter-
mination micro amounts of Cu?*, Ni2* and Co?" ions with sufficient accuracy. In conclu-
sion, higher temperatures favours the dissociation of the Schiff-base hydrazones, while
lower temperature favours their complexation. The entropy term (AS) is the only driving
force for all complexation reactions in a more polar media e.g., 75 % (v/v) ethanol-water
while both the enthalpy (AH) and the entropy (AS) terms are the driving forces in less polar
media, e.g., 75 % (v/v) dioxane—water. The basicity of a series of related ligands is the main
factor governing the stability of their chelates.Finally, 2-OHAHP can be used as an analyti-
cal reagent for the determination of Cu?*, Co?* and Ni%* ions spectrophotometrically with
high accuracy.

U3BO

INOTEHUOMETPUIJCKO U CITEKTPOPOTOMETPUICKO I[TPOYYABAKBE
KOMITIIEKCA XMIOPA3OHA MM P®OBNX BA3A KOJE CAIPXE NEPMIBATE
[MMPUMUIVHA

H. S. SELEEM*, B. A. EL-SHETARY, S. M. E. KHALIL and M. SHEBL

Chemistry Department, Faculty of Education, Ain Shams University, Roxy, Cairo, Egypt

Tpu xuppazona ludgosux 6a3a (ONN - foHOPHU) TOOUjEHH CY KOHJICH30BabEM 2-aMUHO-4-X1-
JPpa3uHO-O-METUIIMPUMHUIIHA ca 2-XUAPOKCHAIIETO(EHOHOM, 2-METUIIOKCUOEH3ATAEXU/OM U Ina-
LETHJIOM IIpH YeMy cy fobujern 2-OHAHP, 2-OMeBHP 1 DHP. CtpykType oBUX Juranaga ogpebene
cy enemenTanHoM aHamzoM, UV, IR, 'TH-NMR u MaceHoM criekTpoMeTprjoM. KoHcTanTe cTabui-
noctu xenata Mn?*, Fe3*, Co?*, Ni2t, Cu?*, Zn?*, Cd?*, UO,?" u Th*', ca fo6ujennm muranguma ofipe-
bene cy noTeHIMOMeTpHjcKY Y iBa pasimranTa Meauja (75 % (v/v) IuOoKcaH—BOJia ¥ eTAaHOI—BO/A) HA
283, 293, 303 u 313 K npu jonckoj jaunxu 0,05 M KNOs. Oppebenu cy u AUCKYTOBaHU TEpPMO-
nuHamuuky napamerpu 1:1 u 122 kommiekca. Koncranre puconmjaupje 2-OHAHP, 2-OMeBHP u
DHP Kao JMraHaja, Kao U KOHCTaHTE CTAOWIHOCTH HHXOBHX Komiurekca ca Co?", NiZ™ n Cu?t
onpebete cy ciekTpooToMeTpHjcKr y eMern 75 % (V/v) IMOKCaH-BOfa.

(ITpumsbeHo 26. HoBemOpa 2002, peBuanpano 7. maja 2003)
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