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Role of gadolinium(III) complex in improving thermal stability

of polythiophene composite
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This paper involves the preparation of polythiophene (PTP) and its composite by the oxidative
polymerisation method by using ferric chloride as an oxidant and thiophene monomer. The gadolin-
ium(IIT) complex obtained by the refluxing technique was used as dopant in the PTP matrix. On
the basis of the spectroscopic characterisation, seven-coordinate geometry is proposed for the com-
plex. Conductance measurement confirms the non-selectrolyte nature of complex. The PTP and its
composite were subjected to FTIR, X-ray diffraction and scanning electron microscope techniques.
The powder X-ray diffraction pattern showed the high crystalline nature of the complex which
in turn developed a good degree of crystallinity in the PTP composite. The average particle size
was calculated as 4.655 A and 3.737 A for the dopant and PTP composite, respectively, by using
Debye Scherrer’s equation. Thermal analysis was performed by thermogravimetric (TG) analysis,
differential thermal analysis (DTA) and differential scanning calorimetry (DSC) techniques. The
TG, DTA and DSC results were well-correlated. The thermal analysis revealed the high thermal
stability of the dopant which in turn improved the thermal stability of the PTP composite, revealing
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the potential of the composite for high temperature applications.
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Introduction

Rare earth complexes are potential candidates for
molecular electronics; they exhibit ferroelectric prop-
erties, are thermally stable and have the ability to
incorporate both photoluminescent centres and mag-
netic properties for developing new multifunctional
materials, especially when organic linkers are attached
with metal (Want & Shah, 2014). Lanthanide com-
plexes have wide-ranging applications in such diverse
fields as organic light-emitting diodes (OLEDs), fluo-
rescent probes, sensors, laser materials, molecular op-
toelectronic devices, etc. (Taha et al., 2013). The prop-
erty that renders these complexes functional and ap-
plicable is their high thermal stability. Investigation of
the thermal stability reveals important information on
the physico-chemical properties of the complexes be-
sides affording a greater insight into the bonding and
structure of complexes (Zalewicz et al., 2004). Triva-

lent rare earth ions with macrocyclic ligands exhibit
liquid crystalline properties (Binnemans & Giindogan,
2002), hence their electrical and optical properties can
be explored.

Magnetic resonance imaging (MRI), a medical di-
agonostic technique based on the principle of the nu-
clear magnetic resonance (NMR) of water protons in
tissues and organs, is used to identify serious and
life-threatening diseases. The detection of disease re-
quires contrast agents and most of the contrast agents
used in MRI are gadolinium complexes (Riri et al.,
2011). Gadolinium complexes take precedence over
other rare earth elements complexes for use as MRI
contrast agents due to their low toxicity, high sta-
bility and high relaxivity (Cohen et al., 2000). Cur-
rently, all approved gadolinium-based contrast agents
for MRI, are based on ligands having a multidentate
character with donor atoms of nitrogen and oxygen
(Miéville et al., 2011). Rare earth elements have at-
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tracted the attention of academicians and researchers
not only because of their physiological activities but
also due to their decreased toxicity after coordination
with ligands (Pusz & Wolowiec, 2012).

Apart from the use of gadolinium and its related
family as MRI agents, gadolinium(IIT) has been used
as a dopant in titanium materials for photoenergy ap-
plications. The photocatalytic activity of Gd®>* derives
from its important role in the photo-induced electrons
transportation mechanism. It decreases the crystal-
lite size, enlarges pore sizes and increases the surface
area of the titanium material, thereby enhancing its
ability towards photocatalytic reactions (Zalas, 2014).
Gadolinium complexes have also exhibited magnetic
properties due to the formation of short-lived clusters
with non-magnetic ground-state and magnetic excited
states. Gadolinium usually exhibits antiferromagnetic
coupling with neighbouring complexes that favour the
formation of short-lived clusters (Leniec et al., 2007).
Gadolinium(IIT) can introduce an anisotopic property
into the polymer matrices to influence the properties
of magnetic materials (Zhou et al., 2010).

The coordination chemistry of lanthanide elements
is of interest because of their unusual coordination
characteristics. The coordination number (C.N.) of
lanthanide ions varies from complex to complex. The
C.N. of Ln™7 is very rarely six and a higher coordi-
nation number in the range of 7-12 appears to dom-
inate (Gallardo et al., 2011). Lanthanide ions form
stable complexes with macrocyclic ligands (Zhong et
al., 2008; Wang et al., 2003). Gadolinium mostly forms
complexes with C.N. seven to nine, with seven appear-
ing to be the most common. 1,10-phenanthroline and
oxalic acid have been used as ligands due to their good
coordination sites and high entropy effect. Chelating
ligands such as 1,10-phenanthroline and oxalic acid
can impart extra stability to the complex by decreas-
ing the entropy of activation and the overall Gibbs free
energy. The ligands with conjugated m-bonds may add
a new dimension to the complex in the form of pho-
tophysical properties.

A survey of the literature reveals that a large
number of metal complexes such as metal bis(salicyl-
aldeimine), copper bisglycinate, mixed ligand ruthe-
nium complex, multiligand urea complex of cobalt(II),
cobalt(IT) monoethanolamine complex, etc. have been
used as dopants in the conjugated polymers of polyani-
line and polythiophene (Rasool & Majid, 2014; Rafiqi
et al., 2013, 2014). The dopant transmits different
characteristics to the polymer matrix under different
conditions. Metal complexes embedded in the polymer
matrix impart many attractive and useful properties
to the polymer composite. The terbium(III) complex
not only enhances the luminous intensity of polyani-
line and polythiophene composites but also increases
their thermal stabilities (Rafiqi & Majid, 2015). Con-
ducting polymers containing metal complexes have at-
tracted the attention of material scientists worldwide
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because the insertion of an inorganic phase into the or-
ganic material of polyaniline and polythiophene gener-
ate the hybrid systems. The composite materials have
intrigued a great deal of interest among material sci-
entists as these materials cover a wide range of ap-
plications from the industrial sector to research fields.
The p-conjugated carbon backbone of the polythio-
phene matrix makes the composites potential candi-
dates for use in microelectronic devices, sensors, cata-
lysts, transistors, EMI shielding, solar cells, light emit-
ting diodes, DNA detection and polymer electronic in-
terconnects (Zhu et al., 2008; Gnanakan et al., 2009;
Salatelli et al., 2010; Najar & Majid, 2013). Out of
all the heterocyclic conjugated polymers, polythio-
phenes occupy a special place in photocatalytic ap-
plications because of their stability under photoirra-
diation (Khatamian et al., 2014).

In view of the above, in the present study, the poly-
thiophene was doped with the macrocyclic gadolin-
ium(ITI) complex with the aim of improving some
properties such as the degree of crystallinity, ther-
mal stability, electrical conductivity, etc. and to in-
duce chemical changes which can have a desirable im-
pact on the structural and electronic properties of the
final composite material. The polymer composite as
prepared was subjected to various spectroscopic and
surface-characterisation techniques. Thermal analy-
sis was performed using the thermogravimetric (TG)
analysis, differential thermal analysis (DTA) and dif-
ferential scanning calorimetry (DSC) techniques.

Experimental

Gadolinium chloride hexahydrate was purchased
from Chengdu Haoxuan Technology (China). 1,10-
Phenanthroline and oxalic acid were from Merck (Ger-
many). All the reagents and solvents used were of an-
alytical grade. Triple-distilled water was used in the
gadolinium complex synthesis. Thiophene (Himedia,
India) was distilled and stored at —5°C prior to use.
Ferric chloride was supplied by Loba chemicals (In-
dia). All the reagents and solvents used were of ana-
lytical grade.

The FTIR spectra were recorded on a Perkin—
Elmer (USA) spectrometer using KBr pellets. The el-
emental analysis including C, H and N was performed
using a Vario (USA) EL elemental analyser. XRD data
were collected from a PW 3050 base diffractometer
(Germany) with CukK,, radiation of 1.540598 A. The
conductance measurement was carried out in a 1073 M
DMSO solution using a model Labindia Pico™ Con-
ductivity Bridge (India). The surface morphology of
the samples was studied using a ZEISS EVO series
scanning electron microscope model EVO50 (USA).
The thermal analysis was carried out on a Perkin—
Elmer thermal analyser in a nitrogen atmosphere at
a heating rate of 10°C min~—! from ambient tempera-
ture to 720°C. DSC was carried out using a NETZSCH
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DSC 204 F1Phoenix (Germany) using aluminium pan
as a reference. The temperature range was from 30°C
to 400°C at the heating rate of 10°C min—!. The elec-
trical conductivity of synthesised materials was mea-
sured by the standard Four Probe Technique at 25°C
with Keithley mode 2400 (USA).

The procedure involved in the synthesis of the com-
plex of gadolinium(III) involves 0.01 M of gadolin-
ium chloride hexahydrate and 0.01 M of bis 1,10-
phenanthroline dissolved in 20 mL of aqueous solu-
tions separately. Both the solutions were mixed and
refluxed in a water bath for approximately 0.5 h. Ox-
alic acid (20 mL of 0.01 M) was added drop-wise
to a solution containing both the metal salt and the
ligand 1,10-phenanthroline under continuous stirring.
The pH of the solution was adjusted to 7.0-8.0 by us-
ing sodium hydroxide pellets and refluxing continued
for approximately 6 h. The solution was left to stand
overnight, then the yellow precipitate resulting from
this solution was filtered and washed repeatedly with
distilled water and dried in an oven at approximately
50°C. The following reaction is presumed to take place
in the aqueous medium.

GdCl3 - 6H50 + 2C1oHgNy + C304Hy — (1)
[Gd(C12H8N2)2(0204)Cl] -5H50 + 2HCI + 3.5H>0

Polythiophene was prepared by recognised meth-
ods of oxidation with ferric chloride (Majid et al.,
2009a). Thiophene (2 mL) was transferred into a titra-
tion flask containing CHCl; (70 mL). Next, FeCl;
(9 g) was added to CHCl3 (180 mL). This mixture was
stirred and added to the thiophene solution then the
whole mixture was subjected to magnetic stirring. Af-
ter 24 h of stirring, the black-coloured polymer powder
thus obtained was washed first with CHCl3 and then
with CH3OH. The powder was collected and dried in
an oven at 40°C.

Thiophene (2 mL) was transferred into a titration
flask containing CHCl3 (70 mL) then FeCls (9 g) was
added to CHCl3 (180 mL). This mixture was stirred
and added to the thiophene solution. Next, 1.5 g of the
thermally synthesised gadolinium(IIT) complex con-
taining ligands 1,10-phenanthroline and oxalic acid
was added and the whole mixture was subjected to
magnetic stirring. After 24 h of stirring the black-
coloured polymer powder thus obtained was washed
first with CHCl3 and then with CH3OH. The powder
was collected and dried in an oven at 40°C.

Results and discussion

The empirical formula assigned to the gadolinium
complex is [Gd(C12HgN3)2(C204)Cl]-2.5H20. The
percentages of C, H and N observed are 48.00 %,
2.85 % and 8.71 % against the calculated values of
47.96 %, 2.84 % and 8.61 %, respectively. The pres-
ence of lattice water in the gadolinium(IIT) complex is
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Fig. 1. Seven-coordinate structure of gadolinium(III) com-
plex.

confirmed from FTIR and TG. On the basis of the
elemental analysis, FTIR and TG results, a seven-
coordinate chelated structure has been proposed for
the gadolinium complex as shown in Fig. 1.

The molar conductance value of the gadolin-
ium(III) complex in DMSO solution (1073 M) at am-
bient temperature is 11.91 cm? Q~! mol™!, which
is lower than the range reported for electrolytes in
DMSO solutions (Zhong et al., 2008). Such a low value
of ionic conductance could be because of the chelated
structure of the gadolinium complex and the absence
of any ionic moiety outside its coordination sphere.
As per Kohlrausch’s law of the independent migration
of ions, at infinite dilution the total conductance is
the conductance of all the ions present in the solu-
tion. The more ions are in the solution, the greater
will be the conductance. The chelated molecules on
dissolution supply a very low number of ions in the
solution, resulting in a very low value of overall ionic
conductance. These results reveal the light electrolyte
nature of the complex and indicate that the ligands
were successfully chelated by the metal ion.

The FTIR of the gadolinium complex, pure poly-
thiophene (PTP) and PTP composite are shown in
Fig. 2. In the gadolinium complex, the presence of
a 1,10-phenanthroline ligand is confirmed by the ap-
pearance of peaks at 1673 cm~! due to the C=N
stretching vibration, the peak at 3049 cm™! is because
of aromatic C—H stretching, the peaks at 2929 cm ™!
and 1593 cm~! are due to stretching vibrations of
C=C (Zhong et al., 2008). The peak at 758 cm~!
is due to the skeleton vibration of the heterocyclic
ring containing nitrogen (Jiang et al., 2006). A peak
centred at 1525 cm ™! is attributed to the asymmetri-
cal stretching of the coordinated carboxylate group
Vas(COO)~. Another peak at 1378 cm™! is due to
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Fig. 2. FTIR of gadolinium complex (1), pure PTP (2), PTP
composite (3).

the symmetrical stretching of coordinated carboxylate
group vs(COO)~. It is generally believed that Av is
below 200 cm~! for the bidentate carboxylate moi-
ety (Want & Shah, 2014). The absence of any bands
in the region of 1700-2850 cm ™! indicate the replace-
ment of acid hydrogens of the COOH group by a metal
cation. The sharp band observed at 1225 cm™! is at-
tributed to the C—C inplane bending of oxalate lig-
and. The peaks which appeared at 1463 cm~' and
1496 cm ! are due to the C—O, C—C—O stretching
vibrations of oxalate moiety (Pusz & Wolowiec, 2012).
Gd—O0, Gd—N and Gd—CI peaks are observed below
850 cm~! (Riri et al., 2011; Majid et al., 2009b), which
includes peaks at 825 cm™!, 740 cm™!, 736 cm™!,
620 cm™!, 540 cm™!, 490 cm~! and 449 cm™!, con-
firming the presence of all such bonds. A broad band
at 3438 cm ™! indicates the presence of lattice water,
which is also confirmed by thermogravimetric analy-
sis.

The FTIR spectrum of pure PTP exhibits C—H
stretching at 3196 cm~!; a C—C stretching vibration
at 1488 cm~!; C—H in-plane bending at 1140 cm™!
and C—S bending band at 750 cm~! (Najar & Ma-
jid, 2013). These bands appear in the polythiophene
composite at 3071 cm™!, 1427 cm™!, 1112 cm™! and
724 cm™!, respectively. The shift towards a lower
wavenumber in the polymer composite than that of
pure PTP indicates a weak van der Waals kind of in-
teraction between the dopant and polythiophene back-
bone (Rafigi et al., 2013). In addition, lattice water
is present in both the pure PTP and PTP compos-
ite as the broad bands at 3446 cm~! and 3414 cm™!
have been found in the spectrum of pure PTP and
PTP composite, respectively. The lattice water that
might have been embedded in the outer layers of
polythiophene is also confirmed by thermogravimet-
ric analysis and the loss of these moieties occurs at
the very onset of the thermal decomposition process.
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Fig. 3. XRD of gadolinium complex (1) pure PTP (2) PTP
composite (3).

The other peaks that appear in the PTP composite
are observed at 1673 cm™!, 2929 cm™!, 1605 cm ™!,
780 cm™!, 1524 cm™!, 1496 cm™!, 1455 cm™!,
1378 cm™ 1, 853 cm ™!, 817 cm ™!, 789 cm L, 751 cm Y,
545 cm~! and 480 cm™!. These peaks are due to 1,10-
phenanthroline, oxalate moiety, v(Gd—N), v(Gd—O)
and v(Gd—Cl) vibrations of dopant component. In
comparing the spectra of the dopant and the PTP
composite, the FTIR peaks showed a significant shift,
indicating a strong interaction between the metal com-
plex and the polythiophene p-conjugated network,
hence successful doping is proved in the composite ma-
terial.

X-ray diffraction (XRD) analysis was conducted on
a PW-3050 base diffractometer with CuK, radiations
(scanning range 26: 5-70°). The XRD data were anal-
ysed by powder—X software (Xpowder, Spain). Fig. 3
presents the XRD diffraction pattern of the gadolin-
ium complex (dopant), pure PTP and PTP compos-
ite, respectively. The PTP shows a wide peak cover-
ing the angles between 20° to 30° due to intermolecu-
lar m— stacking. Pure PTP shows amorphicity in the
whole matrix, indicating a level of disorderedness, is
also evident from its surface morphology. In the XRD
of pure PTP, a peak is centred at about 25.7° which
reveals the amorphous nature of PTP. In the PTP
composite, the wide peak overlaps with the peaks ob-
served at 23.604° and 27.648°, showing a change in na-
ture from amorphicity to crystallinity. The crystalline
substances are characterised by the presence of sharp
peaks; the appearance of this type of peak in both
the dopant and composite illustrates a good degree of
crystallinity (Majid et al., 2009a; Rather et al., 2013b).
In comparison, it is evident that all the peaks of the
dopant appear in the PTP composite with apprecia-
ble shifts, indicating a strong interaction between the
components. The lattice parameters of the gadolinium
complex obtained after refinement are a = 5.776 A,
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Fig. 4. SEM of pure PTP at magnification 10000 X (a), 50000 x (b) and SEM images of PTP composite at 10000 x (c) and

50000 x (d).

b=6.987 A and ¢ = 13.543 A and axial angles a =
B =~ = 90° with unit cell volume of 547 A3. In the
case of the composite, the pattern shows a = 5.753 A,
b=6.959 A and ¢ = 13.412 A and a = 90°, 3 = 88°
and v = 92° with unit cell volume of 537 A3. Particle
size L was calculated at various values of 26 for both

the dopant and PTP composite from the equation:
kX

= 2

bcos (2)

where A = 1.540598 A is the wavelength of the Cuk,
radiation applied, 6 is the Bragg angle (°), b is the full
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width at half the maximum of the diffraction peak and
K is the Scherrer’s constant (0.89). The average parti-
cle size of dopant and PTP composite was calculated
as 4.655 A and 3.737 A, respectively. The decrease
in crystallite size from the gadolinium(III) complex to
the PTP composite may be because of the stacking in-
teraction of polythiophene layers and the microstrain
in the composite caused by the gadolinium(III) com-
plex.

From the above results and discussion of XRD pat-
tern, the successful synthesis of PTP and its composite
with gadolinium complex is confirmed. The structure
of the PTP composite improved from an amorphous
to a crystalline nature.

The surface morphologies of pure PTP and PTP
composites are shown in Fig. 4 at 10000 and 50000
magnifications. The SEM of PTP shows voids, grooves
and a spongy nature in its surface, which is also ob-
served in the SEM image of the composite at certain
places on its surface, thus confirming its successful
formation. The SEM images of the PTP composite
show an agglomeration of particles of various sizes and
shapes. Cloud-like structures predominantly appear at
magnifications of 5000 which agglomerate one above
the other, indicating layering in the composite. The
bright agglomerated structure depicts the presence of
a metallic complex in the polythiophene matrix.

The thermal analysis —differential thermal analy-
sis (TG-DTQ) curves of dopant gadolinium complex,
pure PTP and PTP composite are shown in Fig. 5.
Thermal analysis by TG-DTA technique determines
the sequential and overall stability of the metal com-
plex upon decomposition besides providing informa-
tion on the composition of different moieties. The TG
decomposition curve of the gadolinium hydrate com-
plex shows the decomposition in two steps. The first
decomposition which occurs in the temperature range
of 60-190°C is related to the dehydration of lattice wa-
ter. This step amounts to a mass loss of 6.80 % against
the calculated value of 6.84 %. The DTG temperature
corresponding to this transition step is 65°C. The sec-
ond transition occurs in the temperature range of 200
720°C with DTG maximum temperatures of 179.14°C
and 494.30°C. This step accounts for the 65.60 % mass
loss against the calculated value of 65.63 %, which
may be because of the loss of the chloride ion and
chelating ligands 1,10-phenanthroline and the oxalate
ion from the complex. The thermal decomposition is
incomplete even up to 720°C, due to the formation
of thermally stable gadolinium oxide. The residue re-
maining at 720°C is Gd;O3 that amounts to 27.60 %
of total mass against the calculated value of 27.53 %.
The scheme of the water release along with other moi-
eties from the complex is as follows:

[Gd(C12HgN3)2(C204)Cl] - 2.56H20 60—190°C

[Gd(012H8N2)2(CQO4)Cl] + 2.5H>0 (3)
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Fig. 5. TG-DTG of gadolinium complex (a), pure PTP (b),
and PTP composite (c).

200—720°C

[Gd(C12HgN2)2(C204)Cl]
[O5Gd203] + Cl —+ (012H8N2)2 —+ (0202‘5) (4)

observed mass loss in Eq. 3 was 6.80 % (calculated
mass loss 6.84 %) and observed mass loss in Eq. 4 was
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65.60 % (calculated mass loss 65.63 %).

The TG of pure PTP shows two transitions. The
first transition occurring in the temperature range of
60-130°C with DTG temperature of 74.16°C is at-
tributed to the loss of moisture embedded in the poly-
mer layers. This transition accounts for the 5.4 % mass
loss. The second transition occurs in the temperature
range of 140-720°C with a DTG maximum temper-
ature of 504.40°C. This transition corresponds to the
decomposition of polythiophene chains. About 90 % of
the mass loss occurs up to 720°C leaving the residue
of 10 %.

The TG of the PTP composite shows three transi-
tions. The first one due to the loss of moisture occurs
in the temperature range of 100-120°C, with DTG
maximum of 103.82°C. The second transition starts at
160°C and ends at 290°C with mass loss of 40 %. This
step could be because of degradation of the organic
part of the dopant and PTP polymer. The third tran-
sition that occurs in the temperature range of 300-
720°C with a DTG maximum of 502.63°C is exclu-
sively because of decomposition of the acquired crys-
tallisation state of the PTP amorphous material. The
crystallisation of PTP is also discussed in the differ-
ential scanning calorimetric analysis below. This step
amounts to a 30 % mass loss. The residue remaining
at 720°C is approximately 25 % of total mass which
could be due to the presence of gadolinium oxide.

On comparing the TG of the pure PTP and the
PTP composite, the 10 % and 25 % residues left at
720°C indicate that the dopant was inserted in the
polymer matrix and had increased its thermal stabil-
ity. The improved thermal stability of PTP compos-
ite is because of the strong interaction of polythio-
phene with the gadolinium(IIT) complex. The gadolin-
ium(III) complex may have restricted the thermal mo-
tion of polythiophene, once the samples were sub-
jected to heat treatment. It is the strong interaction
between the dopant and polythiophene which provides
stability to the composite material.

Another parameter that compares the thermal sta-
bility of molecules is T; (7T; is the temperature at
which the transition occurs). A higher value of T; indi-
cates a higher thermal stability (Rather et al., 2014).
Setting aside the transition of lattice water loss, T}
for pure PTP is 140°C and 160°C in the case of the
composite. This 20°C increase in 7} indicates a higher
thermal stability of the PTP composite than pure
PTP.

Fig. 6 shows the thermogram of polythiophene
composites with dopant concentrations of 15 %, 20 %
and 25 %. The residue remaining at 700°C of differ-
ent polythiophene composites with 15 %, 20 % and
25 % dopant concentrations are 33.32 %, 37.10 %
and 47.83 % of total mass, respectively. The results
show that the thermal stability of the polythiophene
composite increased upon doping with the gadolin-
ium(IIT) complex. This could be because of the strong
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Fig. 7. DTA of gadolinium complex (1), pure PTP (2) and
PTP composite (3).

interfacial interactions between PTP and the gadolin-
ium (I1T) complex. The gadolinium(IIT) complex, when
encapsulated in a large quantity in the PTP matrix,
has a greater capacity for restricting the polythio-
phene chains, thereby enhancing the thermal stability
to a greater extent. Also, the T} of PTP composites
increases with the increase in dopant concentration,
which further confirms the enhancement of thermal
stability.

DTA curves of the dopant, pure PTP and PTP
composite are shown in Fig. 7. The DTA curve of the
dopant shows three transitions, two exothermic and
one endothermic. The first two exothermic transitions
are attributed to the loss of the lattice water and chlo-
ride ion of the complex. The third endothermic tran-
sition is attributed to the main decomposition of the
complex. The DTA of the pure PTP and PTP com-
posites also show similar curves except that an addi-
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Fig. 8. DSC of pure PTP (1) and PTP composite (2).

tional small exothermic peak appears at 132°C in the
PTP composite which could be due to the presence
of dopant. The enthalpy change (AH) of endothermic
transition is 6131 J g~! in the PTP composite whereas
this value is 4245 J g~! in pure PTP. The endother-
mic transition is much wider in the PTP composite
than in the pure PTP. Further, the shift in DTA tem-
perature from 385°C in pure PTP to 405°C in PTP
composite supports the higher thermal stability of the
PTP composite.

The differential scanning calorimetry (DSC) of the
pure PTP and PTP composites is shown in Fig. 8.
The DSC of pure PTP shows three transitions: the
first and third transitions are exothermic and the sec-
ond is endothermic. The first transition, which occurs
at a maximum temperature of 94°C, is attributed to
the loss of lattice water. The second transition shows a
broad endothermic dip at 151°C which represents the
glass transition temperature (7g) of polythiophene
matrix. The third transition is exothermic, occurring
in the temperature range of 200-325°C with a maxi-
mum at 267 °C, corresponds to the crystallisation state
of polythiophene. The molecules in the amorphous re-
gion sometimes acquire sufficient mobility and arrange
themselves into an ordered crystal state, after which
the melting occurs.

The DSC of the PTP composite shows five transi-
tions, of which four are exothermic and one endother-
mic. The extra two transitions in the DSC of the PTP
composite, as compared to the pure PTP, is the de-
composition and phase change of the dopant gadolin-
ium complex, thereby confirming its presence in the
polymer matrix. These extra transitions occur at max-
imum temperatures of 131°C and 226°C. The Tg of
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polythiophene in the PTP composite is 4°C higher
than its Tg found in pure PTP. However, the tem-
perature corresponding to the crystallisation state is
increased by 17°C from 267°C to 284°C in the PTP
composite. The increase in the glass transition tem-
perature can be due to the more ordered arrangement
and weak interaction between the dopant and PTP
matrix.

The conductance of pure PTP, as detected by
the four-probe conductivity meter, to be 3.1 x 10~7
S em™!, was significantly augmented to a value of
7.2 x 1072 S cm™! in the case of the PTP com-
posite. The conductance values of the pure PTP and
PTP composite show the materials to be insulator
and semiconductor, respectively. Therefore, the data
show that the gadolinium(III) complex changed the
electronic behaviour of polythiophene from being in-
sulating to being semiconducting. This insulator-to-
semiconductor transition from pure PTP to its com-
posite is due to the enhancement in the flow of elec-
trons by the insertion of the gadolinium(III) com-
plex. The semiconducting nature of the PTP com-
posite is attributed to the metallic nature of gadolin-
ium and the delocalisation of m-electrons of 1,10-
phenanthroline moieties into the conjugated polythio-
phene chains. The increase in conductivity can also be
because of the movement of electrons from the oxygen
of the oxalate ligand of the gadolinium(III) complex
into the polaronic and bi-polaronic states of polythio-
phene.

Conclusions

The study revealed that, with the procedure men-
tioned, a successful synthesis of the composite oc-
curred between the polythiophene and the gadolin-
ium complex involving 1,10-phenanthroline and ox-
alate ion as ligands. The dopant changed the amor-
phous nature of the PTP and developed a good de-
gree of crystallinity in its matrix. The reduction in
particle size from dopant to PTP composite may be
attributed to the microstrain in the composite and the
stacking interaction between polythiophene chains.
The surface morphology was studied using the SEM
technique. The thermogravimetric analysis revealed a
higher thermal stability of the gadolinium complex
that then improved the thermal stability of the PTP
composite. The DTA results also confirm the higher
thermal stability of the PTP composite. The glass
transition temperature of the PTP composite as com-
pared to the pure PTP increased albeit to a smaller ex-
tent but the glass transition temperature correspond-
ing to its crystallisation state increased by 17°C. Ac-
cordingly, like TG and DTA, DSC also confirms the
higher thermal stability of the PTP composite. On
the basis of the results of TG, DTA and DSC, the
thermal stability decreases in order: gadolinium(IIT)
complex, PTP composite, pure PTP. The gadolin-
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ium(IIT) complex proved to be a successful dopant
in improving the conductivity of the PTP compos-
ite.
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