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Metal complexes of Cu(II), Co(II), Ni(II), Cr(III), and Fe(III) chlorides with the Schiff base ligand (L)
derived from the condensation reaction between leucine and 2-acetylpyridine were prepared. The isolated
complexes were characterized by elemental analyses, spectral analyses (IR, UV), thermal analyses (TGA),
magnetic measurements, and molar conductivities. The IR spectra show that the ligand can act as a neutral
tridentate coordinating to Cu(II), Co(II), or Ni(II) through the pyridyl nitrogen, azomethine nitrogen, and
carbonyl oxygen. Another mode of chelation has been suggested that the ligand can act as a mononegative
tridentate coordinating to Fe(III) or Cr(III) through the pyridyl nitrogen, azomethine nitrogen, and carboxyl
oxygen after displacement of hydrogen from the hydroxyl group. The results suggest tetrahedral geometry
around Co(II) and Ni(II), octahedral geometry around Fe(III) and Cr(III), and square-planar geometry around
Cu(II). Semi-empirical ZINDO/1 calculations have been used to study the harmonic vibrational spectra of
Cu(II) and Fe(III) with the purpose to assist the experimental assignment of the complexes. The molar (Λ)
and limiting molar (Λ°) conductances of the prepared complexes were measured experimentally at 298 K.
From the values of Λ and Λ°, the ion-pair association constants (KA) and the free energy change of association
(∆GA) were calculated and discussed. Also, the densities (d) and the refractive indices (n) of the prepared
complexes were determined in water and 50 % (V/V) dimethylformamide-water solvents at 298 K. Using
the values of n and d, the excess refractive indices (n(E) and ń(E)), atomic polarizations (PA), polarizabilities
(R), and molar refractions (Rm) were calculated and discussed.

Introduction

Schiff base complexes of amino acids have gained importance
not only from the inorganic point of view but also because of
their physiological and pharmacological activities.1,2 Metal
complexes of Schiff base phenolates with favorable cell
membrane permeability have been exploited in cancer multidrug
resistance3 and tested as antimalarial agents.4 Cu(II) salicylidine
amino acid Schiff base complexes exhibit antitumor activity.5

Many articles have reported antibacterial, antifungal, and
anticancer activities for Schiff base complexes.6-8 The con-
densation between the NH2 group of the amino acid and the
carbonyl group of the aldehyde or ketone is very difficult
because of the Zwitterion effect, and the reaction needs special
conditions.

Casella9 showed that these reactions are facilitated by
aldehydes and amino acids of a kind that can form two five-
membered rings, chelated to the metal ion because in such a
case the Schiff base is more planar.

The role of metal ion is not well-known. Christensen10

suggested that atoms of the amino acid will not be held in the
plane of the aromatic ring unless the chelating joins them to
this ring in a planar structure. In our previous work,11 we showed
that pH plays an important role in the process of condensation
between glycine and 3-acetylpyridine. The binuclear Schiff base
of glycine and 3-acetylpyridine were separated in the case of
metal acetates where the pH (5) is suitable for condensation,
while in the case of metal chlorides, the lower pH (2 to 4) blocks
NH2 as NH3

+, glycine, and 3-acetylpyridine coordinate sepa-

rately to the metal ion to form mixed ligand complexes. The
same behavior was observed with the metal complexes of
alanine and 2-acetylpyridine.12 In this work, we were able to
separate the Schiff base complexes from the reaction of some
metal chlorides with leucine and 2-acetylpyridine (although at
the lower pH values 2 to 4). This behavior is explained on the
basis of electron-donating ability of the side chain of the amino
acid which plays a role in achieving the condensation process
between the amino group of leucine and the carbonyl group of
2-acetylpyridine by increasing the electron density on the amino
nitrogen, hence increasing the ability of the nucleophilic attack
from the amino nitrogen on the carbon atom of the carbonyl
group.

The electric conductivity measurements of dilute solutions
of electrolytic complexes are considered to be one of the
important methods for studying the ion-pair association not only
in aqueous solutions but also in nonaqueous or mixed ones.13,14

Also, it was used to study the nature of the solute-solvent
interaction.15 Refractive index and density measurements were
used to shed some light on both the solute-solvent and
solvent-solvent interactions.16,17

In continuation of our work in searching for the conditions
of formation of Schiff bases derived from amino acids, five
metal complexes derived from leucine and 2-acetylpyridine have
been synthesized and characterized using different physico-
chemical techniques. Also, we aim to study some physical
properties of the prepared complexes such as the density,
refractive index, polarization, polarizability, molar refraction,
molar and limiting molar conductance, ion-pair association
constants, and free energy of association.
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Experimental

Reagents and Measurements. All the chemicals used in
preparation of the metal complexes were of analytical grade
and were used without further purification. Dimethylformamide
(DMF) was from the Aldrich Chemical Co. Carbon and
hydrogen contents (( 0.5) were determined at the microana-
lytical unit of Cairo University. Molar conductance measure-
ments of the complexes (10-3 M) in DMSO were carried out
with a conductivity bridge YSI model 32. Infrared spectra were
measured using KBr discs on a Mattson 5000 FTIR spectrom-
eter. Calibration with the frequency reading was made with
polystyrene film. Electronic spectra were recorded on a UV2
Unicam UV/vis spectrophotometer using 1 cm stoppered silica
cells. Thermal analysis measurements (TGA, DTG) were
recorded on a Schimadzu model 50 instrument using 20 mg
samples. The nitrogen flow rate and heating were 20 cm3 ·min-1

and 10 °C ·min-1, respectively. Magnetic measurements were
carried out on a Sherwood scientific magnetic balance. The
calculations were evaluated by applying the following equations
(1, 2, and 3): �g ) Cl(R - R°)/103m (1), �m ) �g ·Mwt ·10-3

(2), µeff ) 2.84�-3 - �mT(3) (where �g ) the mass
susceptibility per g of sample; C ) the calibration constant of
the instrument; l ) the sample length in cm; R ) the balance
reading for the sample tube; R° ) the balance reading for the
empty tube; m ) the weight of the sample in g; T ) the absolute
temperature). Different concentrations (10-4 to 10-2) of the
prepared complexes in water and 50 % (V/V) (DMF-H2O)
solvents were prepared, and their specific conductances were
measured (( 0.1 µS · cm-1) using a conductivity bridge (Jenway,
type 4310) at (298 ( 0.1) K. Saturated solutions of the studied
complexes were prepared in water and 50 % (V/V) (DMF-H2O)
solvents, and then their densities (( 0.0001) and refractive
indices (( 0.0001) were measured using a weighing bottle (1
mL) and Abbe′ refractometer, respectively. Both the conductivity
bridge and Abbe′ refractometer were connected with an Ul-
trathermostate (Kotterman, type 4130) to maintain the temper-
ature at (298 ( 0.1) K.

Preparation of Metal Complexes Using Template Rea-
ction. The metal complexes were prepared by adding stoichio-
metric quantities (1.31 g, 0.01 mol) of leucine in 10 cm3 H2O
to (1.21 g, 0.01 mol) 2-acetylpyridine in 10 cm3 EtOH. The
metal ions (0.01 mol) were dissolved in 5 cm3 H2O and then
added to the reaction mixture of the ligand dropwise with
constant stirring and finally heated under reflux for 3 h on a
hot plate at 50 °C. A fine precipitate of the solid complex
formed. The copper complex was separated after concentrating
the reaction mixture and the addition of a few drops of Et2O.

The isolated metal complexes were filtered off, washed with
Et2O, H2O, and EtOH, recrystallized from dichloromethane, and
preserved in a vacuum desiccator over anhydrous calcium
chloride.

Computational Details. Molecular geometries of the com-
plexes were optimized using molecular mechanics and the
semiempirical ZINDO/1 method using the hyperchem series of
programs.18 The molecular mechanics technique was used to

investigate rapidly the geometries of the suggested structures.
The low-lying conformers obtained from this search were then
optimized at ZINDO/1 (Polak-Ribiere) rms 0.01 kcal where
these methods are commonly used for the calculations of energy
states of transition metal complexes.

Results and Discussion

In this study, two main types of metal complexes have been
prepared from the reaction of leucine and 2-acetylpyridine with
some hydrated metal chlorides. In the first type, the Schiff base
ligand resulting from the condensation of leucine and 2-acetylpy-
ridine (L) can act as a neutral tridentate coordinating to Cu(II),
Co(II), or Ni(II) through the pyridyl nitrogen, azomethine
nitrogen, and carbonyl oxygen. In the second type, the ligand
acts as a mononegative tridentate coordinating to Fe(III) or
Cr(III) through the pyridyl nitrogen, azomethine nitrogen, and
carboxyl oxygen after displacement of hydrogen from the
hydroxyl group. Water-ethanol was used as solvent during the
preparation of all metal complexes.

The formation of the chelates may be represented by the
following equations

L+

MCl2 (hydrated)98
EtOH-water, 3 h reflux

[MHL H2O]Cl2 · nH2O

(1)

(where M ) Cu(II), Co(II), or Ni(II) and n ) 0 to 3/2H2O)

L+MCl3 (hydrated)98
EtOH-water, 3 h reflux

[ML 3H2O]Cl2 +

HCl (2)

(where M ) Fe(III) or Cr(III)).
The analytical data together with some physical properties

of the metal complexes are collected in Table 1. All the
complexes are colored soluble in water and most organic
solvents. The molar conductance values in DMF (80.0 to 100)
Ω-1 · cm2 ·mol-1 suggest the electrolytic nature of these com-
plexes.19 This indicates that the complexes act as 2:1 electro-
lytes. Consequently, two Cl- ions are present outside the
coordination sphere.

The presence of leucine and 2-acetylpyridine in the metal
complexes has been confirmed by the spot test technique20 and
TLC after hydrolysis of the metal complexes. Water of hydration
has been determined from thermal analysis measurements.

Infrared Spectra. The most important IR assignments of the
metal complexes (Table 2) have been determined by careful
comparison of the spectra of leucine and 2-acetylpyridine. IR
spectra of all complexes show the disappearance of the bands
assigned to the (NH2) group of leucine and the (CdO) group
of 2-acetylpyridine and the appearance of a new band in the
range (1642 to 1653) cm-1 assigned to the azomethine group
CdN*. This behavior indicates that condensation between the
amino group of leucine and the carbonyl group of 2-acetylpy-

Table 1. Analytical Data and Physical Properties of the Complexes

% calcd (% found)

compound color yield (%) M.P. (°C) C H M Cl Λ(Ω-1 · cm2 ·mol-1)DMF

[CuHLH2O]Cl2 dark brown 45 125 ( 2 40.4(40.9) 5.1(5.3) 16.6(16.0) 18.3(17.8) 80.0
[CoHLH2O]Cl2 ·3/2H2O dark green 58 117 ( 2 38.1(38.2) 5.3(5.0) 14.4(15.0) 17.5(18.0) 100
[NiHL ·H2O]Cl2 ·H2O dark green 52 120 ( 2 39.0(38.5) 5.5(5.0) 14.6(14.5) 17.4(17.0) 96.0
[FeL ·3H2O]Cl2 brown 49 170 ( 2 37.7(38.0) 5.5(6.0) 13.5(13.8) 17.6(18.0) 90.0
[CrL ·3H2O]Cl2 green 56 185 ( 2 38.0(37.7) 5.6(5.0) 12.7(13.0) 17.5(18.0) 97.0

2568 Journal of Chemical & Engineering Data, Vol. 53, No. 11, 2008



ridine occurred, and the Schiff base has been formed. The Schiff
base ligand (L) can act as a neutral tridentate coordinating to
Cu(II), Co(II), or Ni(II) through the pyridyl nitrogen, azomethine
nitrogen, and carbonyl oxygen (Figure 1). This behavior is
suggested on the basis of the following evidence:

(i) The shift of the bands in the regions (1623 to 1634, 763
to 780, 580 to 594, and 405 to 423) cm-1 assigned to ν(COO-),
δ(COO-), γ(COO-), and F(COO-), respectively.21 The pres-
ence of these bands is taken as evidence of the participation of
the carbonyl group in bonding. (ii) The presence of bands in
the regions (3450 and 1642 to 1654) cm-1 assigned to ν(OH)
and ν(CdN*), respectively. (iii) The shifts of the bands in the
regions (1575 to 1603 and 695 to 715) cm-1 assigned to ν(CdC)
+ ν(CdN) and ring skeletal mode, respectively, indicating the
participation of the pyridyl ring in chelation.22 (iv) The presence
of new bands in the regions (462 to 480, 500 to 530, and 345
to 365) cm-1 assigned to ν(M-O), ν(M-N), and ν(M-N)(Py),
respectively.22

The Schiff base ligand (L) coordinates to Fe(III) or Cr(III)
as a mononegative tridentate coordinating to the metal ion
through the pyridyl nitrogen, azomethine nitrogen, and carboxyl
oxygen after displacement of hydrogen from the hydroxyl group
(Figure 2). This behavior is suggested on the basis of the
following evidence:

(i) The positive shifts of the bands in the regions (1575 to
1610, 690 to 700, 375 to 400, and 345 to 365) cm-1 as signed
to ν(CdC) + ν(CdN), Qi.p, Qo.p., and ν(M-N)(py), respectively,
in addition to the bands observed in the regions (1650 to 1654,
1613 to 1625, 769 to 780, 415 to 430, and 577 to 604) cm-1

assigned to ν(CdN*), ν(COO-), δ(COO-), γ(COO-), amd
F(COO-), respectively.21 Also, the appearance of new bands
in the regions (395 to 448 and 465 to 530) cm-1 assigned to
ν(M-N) and ν(M-O), respectively.23

The cause of the difference between the calculated and
observed frequencies may result from the hydrogen bonded
water molecules which have not been taken into consideration

in the optimized molecules. Also, the experimental data were
obtained from the solid state, whereas the calculated harmonic
frequencies are for the gas phase.

Thermal Analyses. The thermal analyses curves (TG and
DTG) of the [CoHLH2O]Cl2 ·3/2H2O complex were carried out
within a temperature range from room temperature up to 800
°C. The estimated mass losses were computed based on the TG
results, and the calculated mass losses were computed using
the results of microanalyses.

The Co(II) complex gives four stages of decomposition
pattern. The first stage within the temperature range (36 to 127)
°C represents the loss of one and a half water molecules of
hydration (estimated mass loss 6.9 %, theoretical 6.6 %). The
second stage at (163 to 261) °C represents the loss of one
coordinated water molecule with an estimated mass loss of 5.5
% (theoretical 4.4 %). The third stage of decomposition within
the temperature range (261 to 481) °C represents the loss of a
Cl2 molecule and a methyl group (estimated mass loss 22.1 %,
theoretical 21.0 %). The next step of decomposition within the
temperature range (556 to 650) °C (with an estimated mass loss
15.0 %, theoretical 13.9 %) is accounted for by the loss of
(CH3)2CHCH2. The last step represents the loss of CNCHCOOH
leaving (CoPy) as a residue in the temperature range (650 to
750) °C. The estimated mass loss of this step was 21.7 % which

Table 2. Observed and Calculated Wave numbers (cm-1) of [CuHLH2O]Cl2, [CoHLH2O]Cl2 ·3/2H2O, [NiHL ·H2O]Cl2 ·H2O, [FeL ·3H2O]Cl2,
and [CrL ·3H2O]Cl2 by ZINDO/1

a

Cu exptl Cu calcd Co exptl Co calcd Ni exptl Ni calcd Cr exptl Cr calcd Fe exptl Fe calcd assignment

1642 1663 1643 1666 1652 1687 1654 1647 1650 1628 νCdN*
1598 1591 1603 1627 1610 1627 1575 1520 1600 1578 νCdC+νCdN
1623 1631 1624 1648 1634 1644 1621 1600 1625 1613 νCOO

763 741 778 773 780 773 780 747 769 747 δCOO
587 578 594 611 580 590 604 597 577 578 FCOO
420 445 423 423 405 410 430 455 415 444 ring skeletal
695 692 700 683 715 699 690 692 769 731 νM-O
465 486 480 512 470 468 462 494 480 494 γCOO
365 474 345 317 350 346 360 357 365 324 νM-Npy

a ν, stretching; δ, in-plane deformation; γ, out-of-plane deformation; w, wagging; F, rocking.

Figure 1. Suggested structure of Cu(II), Co(II), or Ni(II) complexes. Figure 2. Suggested structure of Fe(III) and Cr(III) complexes.

Scheme 1. General Scheme of Thermal Decomposition of
[CoHLH2O]Cl2 ·3/2H2O
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is close to the theoretically calculated 20.5 %. The stages of
decomposition of the complex can be written as shown in
Scheme 1.

The thermal analyses results given for Co(II) are representa-
tive of those of the other metal complexes under investigation.

Electronic Spectra and Magnetic Moments. The electronic
spectrum of [CoHLH2O]Cl2 ·3/2H2O in DMF exhibits one
intense band at 14 925 cm-1 (ε ) 150 L ·mol-1 · cm-1)
attributable to the 4A2(F) f 4T1(P) (ν3) transition, in a
tetrahedral ligand field and a shoulder at 16 420 cm-1 due to
spin-coupling.24 The band at 21 739 cm-1 (ε ) 0.3 ·103

L ·mol-1 · cm-1) may be assigned to LMCT. Also, the value of
the magnetic moment (4.6 B. M.) is additional evidence for the
conclusion that the structure around the Co(II) ion is tetrahe-
dral.25

The magnetic moment value (3.6 B. M.) for the
[CrL ·3H2O]Cl2 complex is in agreement with the values
reported for octahedral geometry around the chromium(III)
ion.25 The electronic spectrum in DMF shows bands at 17 391
cm-1 (ε ) 80 L ·mol-1 · cm-1) and 21 739 cm-1 (ε ) 120
L ·mol-1 · cm-1) assigned to the 4A2g f

4T2g(ν1) and 4A2g f
4T1g (F) (ν3) transitions, respectively, in an octahedral geometry
around the Cr(III) ion.26 The spectrum shows also two shoulder
bands at (14 925 and 16129) cm-1 assigned to 4A2gf

2Eg and
4A2g f

2T2g, respectively.26 The LMCT band is observed at
26 315 cm-1 (ε ) 0.22 ·103 L ·mol-1 · cm-1).

The UV spectrum of [FeL ·3H2O]Cl2 in DMF shows several
bands between (20 000 and 15 000) cm-1 that are assigned to
d-d transitions. The positions of these bands indicate an
octahedral geometry around Fe(III).26 The value of the magnetic
moment (5.6 B. M.) is very close to the spin only value expected
for high spin Fe(III).

The electronic spectrum of [Ni HL H2O]Cl2 ·H2O in DMF
is consistent with tetrahedral geometry showing one d-d
transition at 15 267 cm-1 (ε ) 20 L ·mol-1 · cm-1) assignable
to 3T1(F) f 3T1(P) (ν3) and a band at 17 391 cm-1 (ε ) 40
L ·mol-1 · cm-1) assignable to 3T1f

1T1. The magnetic moment
value (3.5 B. M.) lies in the range suggested for tetrahedral
Ni(II) complexes.27

The magnetic moment (1.9 B. M.) of [Cu HL H2O]Cl2 is in
the range expected for monomeric copper(II) complexes.28 The
electronic spectrum of the copper(II) complex shows a broad-
band at 19 607 cm-1 (ε ) 300 L ·mol-1 · cm-1). The band
appears to have its origin in d-d transitions, which can be
assigned to 2B1gf

2A1g and 2B1gf
2Eg transitions in a square-

planar geometry.29

The band recorded at ca. 25 000 cm-1 (ε ) 0.7 ·103

L ·mol-1 · cm-1) is a charge-transfer, probably LMCT. The high
magnetic moment value of the square-planar complex compared
with the observed values for the distorted octahedron may be
taken as additional evidence for the presence of a square-planar
geometry.

Electric Conductance Measurements. The specific conduc-
tance was measured as explained in the experimental section.
The molar conductance and limiting molar conductance of a
0.001 M solution was calculated and is presented in Table 3.

The experimental data of the conductance measurements of
the studied complexes at 298 K in water and 50 % (V/V)
(DMF-H2O) solvents were treated using the Fuoss and Edelson
method,30 where the association of [ML]+2 and A- can be
mono- or bidentate. The first association takes place, while the
second association is very small and negligible in comparison
with the first one.30 Then, for the monodentate association, the
following equilibrium is present

A-+ [ML]+2)([ML]A)+

According to Fuoss-Edelson, both the limiting molar con-
ductance (Λ°) and ion-pair association constants (KA) were
calculated using a computer program of Fuoss-Edelson equations.

The free energy changes of association were calculated using
eq 3

∆GA )-2.303RT log KA (3)

The values of the determined molar conductances (Λ) of
(0.001 M solution), limiting molar conductances (Λ°), logarithm
of the ion-pair association constants (log KA), and the free
energy change of association (∆GA) are presented in Table 3.

Table 3. Molar Conductances (for 0.001 M Solution) (Λ, S ·mol-1 · cm2 ( 0.05), Limiting Molar Conductances (Λ°, S ·mol-1 · cm2 ( 0.03), and
Logarithm of the Association Constants of the Studied Complexes in 50 % (v/v) DMF-H2O at (298 ( 0.1) K

in H2O in 50 % (v/v) DMF-H2O

complex Λ Λ° log KA ∆GA/kJ ·mol-1 Λ Λ° log KA ∆GA/kJ ·mol-1

[CrL3H2O]Cl2 314.71 337.02 1.4714 8.38 95.01 96.81 1.7527 9.99
[FeL ·3H2O]Cl2 470.61 473.49 1.8061 10.29 133.50 146.12 2.6985 15.38
[CoHLH2O]Cl2 ·3/2H2O 300.01 303.32 2.5301 14.42 116.70 124.92 2.6715 15.23
[NiHL ·H2O]Cl2 ·H2O 216.61 221.38 2.0328 11.59 96.01 97.49 2.1261 12.12
[CuHL ·H2O]Cl2 220.31 225.34 2.0066 11.44 81.21 81.61 2.0776 11.84

Table 4. Densities (d, g · cm-3 ( 0.0001), Refractive Indices (n1, n2, and n ( 0.0001), Excess Refractive Indices (n(E) and ń(E)), Atomic
Polarization (PA), Molar Refractions (Rm, cm3 ·mol-1), and Polarizabilities (r, cm3 ·mol-1) of the Studied Complexes in Water and 50 % (v/v)
(DMF-H2O) Solvents at (298 ( 0.1) K

solvent complex d n1 n2 n n(E) ń(E) PA Rm R

H2O
[Cu HL H2O]Cl2 1.0020 1.4005 1.3350 1.3350 - 0.0020 1.8713 73.48 17.554
[CoHLH2O]Cl2 ·3/2H2O 1.0008 1.4007 1.3371 1.3371 - 0.0041 1.8769 78.54 18.764
[Ni HL H2O]Cl2 ·H2O 1.0006 1.4008 1.3351 1.3351 - 0.0021 1.8713 74.82 17.873
[FeL 3H2O]Cl2 1.0010 1.4006 1.3390 1.3390 - 0.0060 1.8826 86.88 20.752
[Cr L 3H2O]Cl2 1.0004 1.4005 1.3340 1.3340 - 0.0010 1.8685 86.89 20.758

DMF-H2O
[Cu HL H2O]Cl2 0.9886 - - 1.3970 0.049 0.0045 2.0492 86.72 20.716
[CoHLH2O]Cl2 ·3/2H2O 0.9888 - - 1.3989 0.049 0.0064 2.0548 92.45 22.683
[Ni HL H2O]Cl2 ·H2O 0.9887 - - 1.3982 0.050 0.0057 2.0527 88.41 21.111
[FeL 3H2O]Cl2 0.9891 - - 1.3975 0.046 0.0050 2.0507 101.39 24.220
[Cr L ·3H2O]Cl2 0.9893 - - 1.3955 0.048 0.0030 2.0448 102.25 24.425
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From Table 3, it was noticed that the molar and limiting molar
conductance and log KA (association parameter) of the com-
plexes under study in water are higher than that in the
DMF-H2O mixture. This is due to the lower dielectric constant
of the DMF-H2O mixture and so the lower solvation of the
complexes in DMF-H2O. In comparing the molar and limiting
molar conductances of the chloride salt complexes under
investigation, there is no fixed trend with the ionic radii of the
used cations (Cr(III), Fe(III), Co(II), Ni(II), and Cu(II)). This
may be due to the different solute-solvent interactions. In
comparing limiting molar conductances of the chloride salt
complexes under investigation in water at 298 K with that in
the literature (limiting ionic conductance of Cl- ) 78.1
S ·mol-1 · cm2),31 we note that the values of the limiting molar
conductances of the chloride salt complexes under investigation
include that of the two chloride ions present in these complexes
in addition to that of the cation in the same conditions. The
limiting molar conductances of the chloride salt complexes under
investigation in 50 % (v/v) DMF-H2O at 298 K do not include
that in the literature (in water) which can be related to the lower
dielectric constant of the DMF-H2O mixture and so the lower
solvation of the complexes in DMF-H2O.

The negative values of the free energy changes indicate the
exothermic nature of the association processes; i.e., the associa-
tion processes are less energy consuming and more stabilized.

RefractiWe Index and Density Measurements. The refractive
indices and densities of the complexes under investigation were
measured as reported in the Experimental section. The values
of the excess refractive indices {n(E)}, were calculated32 by
applying eq 4

n(E)) n- (X1n1+X1n2) (4)

where n1, n2, and n are the refractive indices of the complexes
in DMF, H2O, and 50 % (v/v) DMF-H2O solvents, respec-
tively. X1 and X2 are the mole fractions by weight of DMF and
H2O (0.1893 and 0.8107), respectively, which were calculated
using eq 5

X1)(V1d1 ⁄ M1) ⁄ [(V1d1 ⁄ M1)+ (V2d2 ⁄ M2)] (5)

where d1, d2, M1, M2, V1, and V2 are the densities, molecular
weights, and volume percentages of DMF and H2O, respectively.
The value of X2 is then equal to (1 - X1).

The difference between the refractive indices of the complex
solution (n) and the refractive indices of the pure solvents
(DMF-H2O )1.3925 and H2O ) 1.3330) were also calculated
and represented by ń(E).

The molar refraction Rm which is a measure of volume
occupied by a molecule was also calculated33 using eq 6

Rm)(n2-1) ⁄ (n2+2)](M ⁄ d))PA+PE)PT)PD (6)

where M and d are the molecular weight of the complexes and
the density of the complexes saturated solution, respectively.
The molar refraction was found to be dependent on the
temperature and the refractive index. The right-hand side of eq
6 is equal to the summation of both the atomic polarization
(PA) and electronic polarization (PE), which is the total molar
(PT) or distortion (PD) polarization. The atomic polarization (PA)
was calculated34 from the equation

PA ) 1.05n2 (7)

The mean value of the molecular dipole polarizability (R:
dipole moment induced by the electric field) can be calculated
from the optical refractive index (n) of a material containing N
molecules per unit volume. The refractive index is related to

the polarizability of the molecules by the Lorentz-Lorenz
formula35 as follows

[(n2 - 1) ⁄ (n2 + 2)]) (4 ⁄ 3)πńR (8)

where ń ) N/V; N is Avogadro’s constant; and V is the molar
volume. From eq 8, the polarizabilities of the complexes under
investigation were calculated. The values of the densities,
refractive indices, excess refractive indices, atomic polarizations,
polarizabilities, and molar refractions are recorded in Table 4.
From Table 4, it was noticed that the densities of the saturated
solutions of the complexes in water are higher than that in
DMF-H2O and indicate a higher solvation process and a higher
solute-solvent interaction in water than in the DMF-H2O. This
is due to the lower dielectric properties of the DMF-H2O
mixture and the electrolytic nature of these complexes. The
refractive indices, atomic polarizations, molar refractions, and
polarizabilities of the complexes in water are lower than that
in the DMF-H2O mixture. This may be due to the higher
refractive index of the DMF-H2O solvent (1.3925) than that
of water (1.3330) indicating that the solvent-solvent interactions
are higher than the solute-solvent interactions.

The smaller difference in the densities and refractive index
values between all complexes under study in the same solvent,
i.e., in water or in DMF-H2O solvent, indicate nearly the same
solvation process and electrolytic nature of these complexes in
the same solvent.

The positive values of the excess refractive indices n(E)
indicate also that the solvent-solvent interactions are higher
than the solute-solvent ones.

The values of ń(E) (the refractive indices of the complex
molecule itself) in DMF-H2O are higher than those in water.
This is also due to the lower solvation, i.e., lower solute-solvent
interactions, and the lower dielectric properties of the DMF-
H2O solvent, i.e., the higher association of these complexes in
DMF-H2O than in water.
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