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A number of complexes of transition metal jons with some coumarin derivatives have been prepared and their
structures were elucidated with the help of conductometric, photometric and infrared studies. The stability con-
stants of various complexes were determined, in aqueous medium, at different temperatures potentiometrically.
The thermodynamic characteristics, AG, AH and AS, were calculated. The electrical behaviour of prepared com-

pounds was followed.

Introduction

An increased interest in coumarin chemistry is mainly
due to a wide spectrum of their biological activitics. The
coumarin skeleton is related to many natural products, e.g.,
the Umbelliferac and Rutaceae families, and drugs, e.g. an-
tifungi, carcinogenics and anticoagulatives. Consequently,
synthesis and reactivity of coumarins.have been extensively
studied.'™ The structures were established by spectroscop-
ical techniques.

As a part of the ongoing interest in the area of physical
properties of complexes, a number of some substituted cou-
marins were complexed with different transition metal ions
and their thermodynamic characteristics -were studied. Po-
tentiometric, conductometric, photometric and spectral tech-
niques were used in this work. The electrical conductivity
of solid samples was also investigated.

E*perimental

All the chemicals used were of AR grade. Details of the

prepardtion of coumann derivatives used in the present
study are the same as reported previously.>® The prepared
coumarins have the following structures:

L
0”0

Ligand I : X=NH, Ligand III : X=CN
Ligand IT : X=OH Ligand IV : X=COOC,H;

All potentiometric measurements were made with a di-
gital pH-meter 5800-05 solution analyzer, Cole Parmer,
with a glass calomel electrode assembly. Solutions of the
different ligands were prepared in hot ethanol. Three ti-
trations, viz. titration of a) free hydrochloric acid, b) free
acid plus coumarin, and c) free acid plus coumarin plus the
metal ion, were carried out in aqueous medium against 0.01
M KOH at 298, 313 and 323 K, respectively. Initial ionic
strength of all the solutions was maintained at 0.1 M by ad-
ding requisite amounts of KCl. The stability constants were
calculated according to the Irving and Rossotti's method.’
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The thermodynamic parameters AG, AH and AS of the
coumarin complexes were evaluated from the stability con-
stant values,”® where AG=—2.303 RT log K. The enthalpy
and entropy changes were obtained using the relations:

and AG=AH-TAS

In order to understand the nature of the complex for-
mation process, the conventional thermodynamic functions
were analyzed into electrostatic and non-electrostatic terms'":

AG = AGuon +AG,, =nRT 1n M +RC(a +e™6)
AH = AHpon +AH, =RC [a +(1— %) e8]

AS = ASuon +AS, =—nR In M-% ™9

@ is the temperature characteristic of the solvent and M is
its molality. The values of the parameters C and a are used
to determine the separated thermodynamic functions..

To demonstrate the stoichiometric ratio of complexes,
conductometric and photometric titration techniques were
used at room temperature.”> The conductograms were ob-
tained by titrating 30 mL of 107> M of CuCl, solution, as a
representative salt solution, against 107> M of various solu-
tions of coumarins using a digital conductivity meter 5800-
05 solution analyzer. Photometric titration curves were fol-
lowed by aid of Milton Roy, Spectronic 1201, under fixed
concentration of metal cations (1.0x10* M) with different
concentrations of coumarin solutions (0.5x 107 *-3.5x107*
M).

Solid complexes of molar ratio 1:2 (metal:coumarin)
were prepared by refluxing ethanolic solution of coumarin
with corresponding metal chlorides for 3 h., then cooled.
The complexes obtained were filtered and washed re-
peatedly with ethanol to remove excess of coumarin. The
structure of complexes was characterized using a Shimadzu
IR-440 spectrophotometer.

The electrical conductivity measurements of solid sam-
ples were carried out on discs of 13 mm diameter and 0.6-
0.8 mm thickness in the temperature range 298-430 K. The
samples were pressed under a pressure of 5 ton/cm’ in a hy-
draulic press set. The two point probe technique was used
by help of a Ni/Ni-Cr thermocouple.” A fixed voltage of 10
V was applied. The conductivity values of the samples
were obtained during the cooling process to exclude the ef-
fect of moisture or adsorbed water vapour.

Results and Discussion

From the potentiometric titration curves, the proton-ligan,
pK, and metal-ligand, log K, constants are determined using
the standard expressions.' The values of stability constants
are given in Table 1. The results show that more than one
coumarin complex will be present in a given solution, and
thus two auccessive stability constants, log K, and log K,,
are obtained. This may be attributed to the formation of M:
L and M:2L complexes. For statistical, electrostatic and
steric reasons, the values of these constants are always de-
creased in the order: K;>K,--etc.® By combining these
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Table 1. Stability constants and thermodynamic data of cou-

marin complexes at 298 K

Compounds log K ~AG AH AS
(kJ/mol) (kJ/mol)  (J/mol.deg.)
Ligand I (aminocoumarin)
Mn complex 552 31.50 -51.60 - 6745
(4.00) (22.82) (-49.76) (—90.40)
Fe complex 5.72 32.64 —4423 —-38.89
(5.16) (2944) (-33.17) (- 1252)
Co complex 620 3538 - 6635 -103.9
(520) (29.67) (-4792) (-61.24)
Ni complex 6.40 36.52 -58.98 -75.37
(5.36) (30.58) (—47.92) (-58.19)
Cu complex 648 - 3697 -73.72 -1233
(5.04) (28.76) (—55.29) (- 89.03)
Ligand II (hydroxycoumarin)
Mn complex 3.42 19.51 53.08 243.58
(3.19) (18.20) (50.87) (231.77)
Fe complex 3.92 22.37 60.45 27792
(3.58) (20.43) (37.60) (194.72)
Co complex 3.87 22.08 35.39 192.84
(328 (18.72)  (38.29) (191.31)
Ni complex 394 2248 40.55 211.50
(3.75) (21.40) (42.12) (213.15)
Cu complex 413 2357 61.92 286.89
(3.89) (22.20) (53.61) (254.40)
Ligand III (cyanocoumarin)
Mn complex 5.04 28.76 -55.29 - 89.03
4.74) (27.05) (-3833) (—37.87)
Fe complex 5.56 31.72 -4792 -54.35
(4.80) (27.39) (—44.23) (—56.51)
Co complex 572 32.64 -5898 - 88.37
(4.80) (27.39) (-53.61) (- 87.99)
Ni complex 6.08 34.69 —-76.59 -140.6
(496) (2830) (-5361)  (-84.93)
Cu complex 6.76 3857 -84.78 -155.1
(488 (27.84) (-5529) (-92.11)
Ligand IV (ethyl coumarincarboxylate)
Mn complex 3.72 21.23 -19.15 6.98
(3.40) (1940) (-11.06) (27.99)
Fe complex 5.04 28.76 -18.43 34.66
(3.64) (20.77) (-11.06) - (32.59)
Co complex 448 2556 -23.59 6.61
(3.64) (20.77) (-11.06) (32.59)
Ni complex 456 2602 -22.12 13.10
(3.84) (2191)  (-1149)  (34.97)
Cu complex 500 2853 -14.74 46.26
(4.32) © (24.65)  (—13.40) (37.75)

595

Values in parantheses are for reactions involving formation of 1:
2 complexes.

values, the overall stability constants are obtained. Gen-
erally, the trend of increasing stability of the various cou-
marin complexes follows the Irving-Williams order,” i.e.,
Mn < Fe < Co < Ni < Cu.

A comparison of the stabilities of coumarins-metal com-
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plexes was undertaken in order to evaluate the effect of dif-
ferent substituents present on the coumarin ring on the for-
mation of complexes. It is apparent that the trend of in-
creasing stability is: I>III > IV > II. The complexing ten-
dency of the substituents is in a good agreement with the
expectance of spectrochemical series.”® On the other hand,
the stability constants of coumarin I, III and IV complexes
decrease with rising of the temperature suggesting an ex-
othermic nature of the interaction. An endothermic nature is
observed for the formation of coumarin II complex. Howev-
er, all coumarin complexes have negative values of AG in-
dicating that the formation of complexes is a spontaneous
process and thermodynamically stable. These conclusions
are ascertained by the data of the enthalpy change, where
negative values are obtained for the formation of complexes
with coumarins I, III and IV, but positive values are ob-
tained for coumarin II complexes.

The heat of formation of a complex is the enthalpy evolv-
ed or absorbed during the formation reaction. The greater
the heat evolution in the reaction, the lower the final po-
tential energy is expected to be and so the more stable the
final product.”” Consequently, i) the more negative the value
of AH becomes the more stable is the system, ii) the more
positive the value of AS (the greater the disorder), the more
stable is the system. In view of the heat of formation, the
stability of complexes takes the trend: III > 1> IV > I

For amino- and cyanocoumarin complexes (I and III), the
complexing processes are accompanied by decreasing of en-
tropy. The increase of entropy during the formation of hy-
droxy- and ethyl-coumarincarboxylate (II and IV) are at-
tributed to an increase in the disorder of these complexes.
Therefore, from the thermodynamic point of view, probably,
the best complexing agent is ethyl-coumarincarboxylate
which possesses negative AH values and positive AS values.

To illustrate the nature of the chemical bonding of cou-
marin complexes, the thermodynamic data are divided into
two parts, i.e., electrostatic and non-electrostatic, as sum-
marized in Table 2. It is obvious that AG,,, values are more
negative than AG, values for the metal complexes of cou
marins I and III indicating that non-electrostatic forces are
stronger than electrostatic forces. Conversly, the formation
of complexes with coumarins II and IV, ie., the elec-
trostatic are stronger than the non-electrostatic forces.

The AH,,, values reflect the covalency of the bonding and
structural changes on the complex formation process. The
covalency nature of the different coumarins complexes de-
creases in the direction: cyano-, amino-, ethylcarboxylate,
hydroxycoumarin complexes.

Conductometric titration method is a physical chemical
measurement that provides information about the com-
position of complexes in a given solution. The variation of
the conductance of copper chloride solution during the ad-
dition of the corresponding coumarin derivative was fol-
lowed. The conductograms are represented in Figure 1. The
point of inflection in the conductograms illustrates the com-
position of complexes.” It is clear that the various cou-
marins form stable complexes with a molar ratio 1:2 (metal
: coumarin).

Photometric titration method is particularly valuable for
studying the composition of complexes.”” The concentration
of metal ion is kept fixed and that of corresponding cou-
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Table 2. Electrostatic and non-electrostatic comp(;nents of ther-
modynamic parameters of coumarin complexes at 298 K

Compounds AG,,, AG, AH,,, AH,, AS,

‘Ni complex 31.15

Ligand I
Mn complex -38.96 746 —4891 -269 -34.06
(-27.99) (5.17) (—47.89) (- 1.87) (-23.62)

Fe complex -33.84 120 -4380 -043 -5.50
(-13.90) (-1.76) (- 33.80) (0.63) (8.03)
Co complex -50.83 1545 -60.78 -5.57 -70.54
(—2846) (—1.21) (—48.36) (044) (554
Ni complex -4571 919 -55.66 -332 -4198
(—28.70) (—1.88) (—48.60) (0.68) (8.59)
Cu complex -5930 1238 -69.25 -447 -56.54

(—33.63) (4.87) (—53.53) (- 1.76) (—22.25)
Ligand II
Mn complex 4115 -60.66 3120 2188 276.97
(47.19) (-65.38) (27.28) (23.59) (298.55)
Fe complex 4581 -—68.18 3586 2459 31131
(36.84) (—57.27) (16.94) (20.66) (261.50)
Co complex 2747 -4954 1752 1787 22623
(37.80) (—56.52) (17.90) (20.39) (258.09)
-53.63 21.20 1935 244.89
(39.91) (-61.31) (20.01) (22.11) (279.93)
Cu complex 4657 -70.14 3662 2530 320.28
(48.14) (~70.34) (28.24) (25.37) (321.18)
Ligand III
Mn Complex -4094 1218 -50.89 -440 -55.64
(-20.71) (-6.33) (—40.61) (2.28) (28.91)

Fe complex -36.31 459 -4626 -—-1.66 —20.96
(—25.14) (—2.25) (-45.04) (0.81) (10.27)
Co complex -44.69 1204 -54.64 -434 -5498
(-32.03) (4.64) (—51.93) (—1.68) (-21.21)
Ni complex -58.17 2348 ~68.12 -847 107.21
(-3227) (3.97) (—52.18) (—1.43) (—18.15)
Cu complex -6522 2665 -7517 -9.61 -121.67

(—3339) (5.55) (-53.29) (—2.00) (—2533)
Ligand IV

Mn complex -1239 -884 -2234 319 4037
(1.35) (- 20.76) (- 18.55) (7.49)  (94.77)

Fe complex -1386 -1490 -2381 538 68.05
(0.99) (- 21.76) (- 18.91) (7.85) (99.37)
Co complex -16.80 -876 -26.75 3.16 40.00
(0.99) (- 21.76) (- 18.91) (7.85) (99.37)
Ni complex -1584 -10.18 2579 3.67 47.49
(0.37) (- 22.28) (- 19.53) (8.04) (101.75)
Cu complex  -11.08 -1744 -21.03 629  79.65

(- 1.76) (- 22.89) (- 21.66) (8.26) (104.53)

marin varied to give a series of [L]/[M] ratios. The ab-
sorbances of these solutions, measured at an absorption max-
imum for the complex, increase linearly up to the molar ra-
tio of the complex, at which virtually the whole amount of
both components is complexed.

Further addition of coumarin can not increase the ab-
sorbance and thus the line becomes horizontal. The max-
imum absorption band of free aminocoumarin was found at
303 nm while after complexation this band was shifted to
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Figure 1. Conductometric titration curves of coumarins with
copper ions.

312-318 nm. On the other side, the maximum absorption
band of hydroxycoumarin was observed at 322 nm and its
complexes in the range 308-318 nm. The photometric data
indicate that the different coumarins form stable complexes
with molar ratio of M:2L as seen in Figure 2 and as ob-
tained from the previous potentiometric and conductometric
studies.

4
2-0 B
15 + Mn,Cu o¢—s
NI »—x
10 Co o—e
0-5 B
8 A ] A 1 Iy 1 i >
g ratio of ligand 1: metal ion
£
o
7 L
o ———
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Mn XX
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Figure 2, Photometric titration curves of coumarins I and I
with transition metal ions.
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In order to ascertain the possible bonding sites, the in-
frared spectra of free coumarins were compared with those
of their complexes. Figure 3 shows the spectra of am-
inocoumarin and its complexes. The spectra of all samples
show a broad and strong band at 3250-3100 cm ™! which
can be attributed to the stretching vibration of OH group of
coordinated water molecules. The spectrum of free ligand
demonstrates a strong band at 1710 cm ™’ which is assigned
to vC=0 band.? In complexation, this band is shifted to
lower frequency indicating that the coordination of am-
inocoumarin probably takes place through the carbonyl
group. Several weak bands are appeared in the range 1300
to 1000 cm ' owing to the stretching vibrations of C-O.%!
Little change is observed in the spectra of the cor-
responding complexes . suggesting that there is no bonding
between the oxygen atom of coumarin ring and the metal
atom in each of the complexes. On the other side, the bend-
ing vibration band of NH, group appearing at 1580 cm ™' is
lowered by 15 cm ' after complexation assuming that the
amino group participates in coordination process.”

Figure 4 shows the spectra of other coumarins and their
copper complexes. The same behaviour was observed for
the carbonyl group and the ring oxygen atom of the dif-
ferent derivatives with the metal ion. The absorption bands
of OH group (8 OH~1380 cm™"),” C=N group (v CN~2350
cm1),® and COOCH; group (v COOC,H;~1780 cm™1),%!
are weakened and shifted to lower frequencies by com-
plexation suggesting the participation of them in formation
of the various copper-coumarin complexes.

The d.c. conductivity in the dark is frequently measured
property of organic solids. Many organic compounds are
semiconductors.” Although organic semiconductors are not
yet used in electronic devices, they hold great promise for
future applications, especially compounds containing con-
jugated bonds; -C=C-C=C-* A large number of organic

Cu complex

//\\/\/ Ni complex

Fe complex

Mn complex

ligand |

I F U 1

1
4000 2000 1500 1000

1
600 cm~!

Figure 3. Infrared spectra of ligand I and its complexes.
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Figure 4. Infrared spectra of coumarins and their copper com-
plexes.

compounds are obtained in the form of microcrystalline
powder. Consequently, the method of measuring the electr-
ical conductivity of such compounds involves the com-
pacting of the powder.”

The conductivity of various coumarins are measured over
a relatively moderate temperature range, 298-430 K, to
avoid the melting of the samples. The dependance of con-
ductivity, 8, with temperature follows the well known ex-
ponential relation: 8=8" exp (-E/kT), where E is the ac-
tivation energy of conduction. The plot of log & against I/T
is shown in Figure 5. The results indicate that the con-
ductivity values of various derivatives, at room temperature,
descend as showen:

coumarin IV > coumarin III > coumarin II > coumarin I

This behaviour agrees with the resonance effect (the shift
of electrons from one part of a molecule to another) of the
substituents, where COOC,H; and CN groups have -M
and -1 effects, ie., electron acceptor, but OH and NH,
groups possess +M and - I effects, i.e., electron donor. On
other words, the higher resonated coumarins IV and III
have higher ‘conductivity values than the lower resonated
coumarins II and I, as given in Table 3.

Some irregularities are observed at high temperatures
which may be attributed to the change. in structure of cou-
marins.

The complexation of coumarins with metal ions leads to
ascending of the conductivity values. The metal ion in each
complex may be act as a bridge facilitating the flow of the
electrical charges throughout the coumarin molecule.”
-Room temperature electrical -measurements of hydroxy-
coumarin complexes are reported: MnL,Cl,-xH,0=6.85X
107", FeL,Cl,-xH,0=6.60x 10!, NiL,Cl,- xH,0=7.29%
107" ohm.! cm~'. The small differences in the con-
ductivity values observed indicates that the complexed me-
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Figure 5. Electrical conductivity of coumarins.

Table 3. Electrical data for coumarins at 298 K

8, ohm™'

2
Compounds om-! E, eV W, eV n, cm™’ W, cm’/

V..

coumarin I 1.26x107"° 0277 0.304 5.08x10°155x10™ "2
coumarin II 4.27x107"° 0307 0.333 1.58x10°1.69x10 "
coumarin Il 5.78x 107" 0.079 0.106 1.14x10*3.17x10°"

coumarin IV 1.20x107° 0.119 0.145 2.40x10®3.13x10°"

tal ions play no part in the conduction process.” This sug-
gests that the electrical conduction pathway is predom-
inantly via suitable orbitals belonging to coumarin molec-
ules in close proximity to one another.

On the other side, the conductivity values of amino-
coumarin complexes are given: FeL,Cl,-xH,0=1.12%10"°,
CoL,Cl,-xH,0=3.44x10"°, CuL,Cl,-xH,0=7.17Xx107?
ohm ™" cm™. It is clear that the conductivity is higher by 1-
2 orders of magnitude than that of uncomplexed am-
inocoumarin. This behaviour can be attributed to the in-
clusion of the metal ions into the IT electron delocalization
of coumarin I molecules.”

Knowledge of the charge carriers concentration, n, and
their mobilities, P, is an essential step towards understand-
ing the mechanism of conduction of coumarins. They were
determined using:

2[Im*KT

n=2 e

2 exp(—EAT)

and =g n pu

where m* is the effective mass of electron and g is its
charge. It is obvious that, Table 3, the calculated mobilities
are very low. In most organic semiconductors, the carriers
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mobility is usually very low.” The hopping model is pref-
erable for such compounds, where a carrier can move from
one molecule to another by jumping over the barrier via an
excited state. In this case, the conductivity can be expressed

as

T =Cexp(-WAT)

C is a constnat and W is the activation energy of the hop-
ping process. The difference between the values of energy
W and E gives the activation energy of mobility which is
about 0.027 eV for the studied coumarins.
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