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ABSTRACT: We report the preparation of thermally stable spherical sulfonated aramides nanoparticles and their copper(II) complexes.

Metal chelation with copper ions furnished polymeric complexes in a 1 : 2 ratio with square planar geometries as judged by their IR,

UV, electron spin resonance, and elemental analysis data. The direct-current electrical conductivities demonstrated the semiconduct-

ing nature of the polymeric particles and their copper complexes. Dielectric loss analysis studies showed spectral peaks appearing at

characteristic frequencies, which suggested the presence of relaxing dipoles in all of the polymers. All loss peaks were shown on a lin-

ear frequency scale and appeared in the range of 1 decade, and no overlap was observed in any of the samples, whereas in the normal

polymer’s dielectric loss behavior, each peak covered more than 1 decade. Moreover, the peak positions did not change with increas-

ing temperature; this indicated a nonactivated process. The reported dielectric results revealed anomalous behavior, which has not

been reported before for such polymeric analogues, as the polarization in these cases was limited by nonthermal forces, and a steady-

state constant polarization was produced by an applied field. A simple method for the formation of a microporous semiconducting

thin film of a polymer derived from isophthalic acid and diaminodiphenylsulfone is described. VC 2012 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Aromatic polyamides are high-performance materials because of

their superior thermal and mechanical properties; this makes them

useful for advanced technologies. These polymers are finding

increasing demand as advantageous replacements for metals and

ceramics in currently used products and even as new materials in

novel technological applications.1–4 However, the extremely high

transition temperatures of commercial aramids and their poor solu-

bility in common organic solvents give rise to processing difficulties

and limit their applications. As a result, recent basic and applied

research has focused on enhancing their processability and solubil-

ity to broaden the scope of their technological applications.5–12 The

incorporation of flexible bonds onto the polymer backbone often

increases its solubility by altering the crystallinity and intermolecu-

lar interactions.13–15 In particular, an improvement in the solubility

without extreme loss of the thermal stability can be obtained by the

introduction of sulfonyl groups that are more active than ether or

ketone groups in disrupting chain stiffness.16–19

Currently, tremendous effort has been devoted to opening up

various facile methodologies for the production of nanostruc-

tured materials with novel morphologies. Because materials

with fascinating new architectures can exhibit unique physico-

chemical properties, the nanomaterials produced in this study

are of considerable interest as potential components for chemi-

cal/biochemical sensors, optoelectronic and nanoelectronic devi-

ces, and applications in nanobiotechnology.20 Among various

nanostructured materials, those with well-defined discrete archi-

tectures, typically exemplified by nanofibers, nanotubes, nano-

rods, nanospheres, nanocubes, and others, have so far been

intensively investigated because of their extraordinary physico-

chemical properties. Many such inorganic-based systems have

been developed,21 whereas examples of organic-based systems

are less numerous.20(a,d,e,f) In contrast to inorganic nanomateri-

als, organic nanostructures have peculiar electronic and optical

properties and can afford impressive variety, flexibility in molec-

ular design, and tunability of physicochemical properties.20 This
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makes organic-based nanostructures promising candidates for

nanoscience and nanotechnology. Consequently, an exploration

of the fabrication of organic nanostructures with unique and

well-defined morphologies represents an important issue for

intense exploration.

Semiconductor nanomaterials have attracted significant atten-

tion in research and for applications in a variety of areas,

including energy conversion, sensing, electronics, photonics, and

biomedicine. Parameters such as size, shape, and surface charac-

teristics can be varied to control their properties for different

applications of interest.22–25 For many applications, it is highly

desirable to have greater flexibility in controlling and altering

the properties and functionalities of materials. One approach is

to use hybrid nanomaterials that have properties different from

those of single component nanomaterials. The use of multiple

components offers a higher degree of flexibility for altering and

controlling the properties and functionalities of nanomaterials.

Hybrid nanomaterials can be generally defined as nanomaterials

that contain more than one component. Examples include

doped nanomaterials and composite nanomaterials.26 The inter-

est in using the unique properties of hybrid nanostructures for

practical applications has increased with deeper understanding

and an ability to tailor these materials. A huge variety of mate-

rials have already been synthesized and incorporated in devices,

demonstrating their potential to enhance the performance of

currently used technology.27 The transition from fundamental

science to industrial application requires an even deeper under-

standing and control of morphology and composition at the

nanoscale. The size reduction of well-known materials into the

nanometer regime and the realization that novel nanostructures

can improve device performance has led to many discoveries.

For instance, the size-dependent physical properties observed in

one-dimensional nanomaterials28 have included photon absorp-

tion and emission, such as in nanoscale avalanche photodiodes,

metal-to-insulator transition in a material, and quantized or

ballistic transport characteristics. The opportunity to investigate

and evaluate novel physical properties in one-dimensional mate-

rials, the controlled fabrication of high-quality nanowires, and

their growth mechanisms has attracted tremendous attention.

Thus, the integration of high-aspect-ratio nanostructures into

devices requires additional efforts in both engineering and

materials science to control these processes on the atomic scale.

As a part of an ongoing research project directed toward the

construction of new types of semiconducting aramide nanopar-

ticles,29–31 we report the synthesis and characterization of sulfo-

nated aramides containing pyridine on the nanoscale by precipi-

tation polymerization.32 Previous researchers have focused on

the systematic study of the synthesis and thermal stability of

some aromatic thermoplastics containing sulfone groups.33 The

incorporation of copper into these polymers has also been stud-

ied with the aim of obtaining thermally stable nanosized semi-

conducting polyamide–copper(II) complexes. It is interesting to

correlate the structure–property relationships, in particular, the

influence of the pyridine nitrogen atom position on the poly-

mer properties. For example, the n electrons of the pyridine N

atom can be involved in linear conjugation; this can potentially

impact the electrical properties of the resulting polymer.34

EXPERIMENTAL

Materials

Isophthaloyl dichloride (1), pyridine-2,6-dicarbonyl dichloride

(2), and pyridine-3,5-dicarbonyl dichloride (3; Figure 1) were

made from commercial isophthalic acid (Merck, Darmstadt, Ger-

many), pyridine-2,6-dicarboxylic acid (Aldrich, Taufkirchen, Ger-

many), and pyridine-3,5-dicarboxylic acid (Aldrich, Taufkirchen,

Germany), respectively, according to literature procedures.35,36

Commercial 4,40-diaminodiphenylsulfone (4), hydrated cupric

acetate, and the solvents 1,4-dioxane (Aldrich, Taufkirchen, Ger-

many) and dimethyl sulfoxide (DMSO; Aldrich, Taufkirchen,

Germany) were used as purchased without purification.

Measurements

IR spectra (KBr pellets, 3 mm thick) were recorded on a Perki-

nElmer IR spectrophotometer (FTIR 1650, Santa Clara, CA)

within the wave-number range t ¼ 600–4000 cm�1 at 25�C.

Absorbance spectra were measured with a UV 500 UV–visible

spectrometer (Thermo Electron Scientific; Madison, WI) at

room temperature in DMSO with a polymer concentration of 2

mg/10 mL.

Differential thermogravimetric (DTG) analyses were carried out

in the temperature range from 20 to 400�C in a stream of nitro-

gen on a Shimadzu DTG 60H thermal analyzer (Columbia,

MD). These analyses were carried out in a platinum crucible

under a nitrogen atmosphere with a 30 mL/min flow rate and a

heating rate 10�C/min. Differential scanning calorimetry

(DSC)–thermogravimetric analysis was carried out with SDT-

Q600-V20.5-Build-15 (TA instruments; Eschborn, Germany).

Electron spin resonance (ESR) measurements of powder samples

were recorded at room temperature with X-band microwave fre-

quency as the first derivative on a Bruker spectrometer (Madi-

son, WI) with 100-kHz magnetic field modulation with di-

phenyl picryl hydrazyl as a reference material.

Dielectric measurements were carried out in the frequency range

from 0.1 to 5000 kHz with a Hioki 3532 inductance capacitance re-

sistance tester (LCR) (HIOKI CORPORATION, Japan) at different

temperatures ranging from room temperature up to about 90�C.

Electrical measurements were carried in a vacuum chamber

(10�2 Torr), and at the beginning of the measurements, the

sample was heated to 50�C for about 15 min in vacuo to

Figure 1. Monomers used in the polycondensation process.
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eliminate humidity. The polymer powder was pressed to form

discs 10 mm in diameter and 1mm thick. Silver electrodes were

deposited on both sides of the sample surface by thermal evapo-

ration, and two copper wires were fixed on the sample with

conducting silver paint.

Inherent viscosities (ginh’s) were measured at a concentration of

0.5 g/dL in DMSO at 30�C with an Cannon-Ubbelohde viscom-

eter; Giza Egypt. Elemental analyses were performed at the

Microanalytical Unit, Cairo University.

Copper contents were estimated complexometrically by ethylene

diamine tetraacetic acid and pyridyl azonaphthol as an indica-

tor.37 Briefly, analysis of the copper followed decomposition of

their complexes with a mixture of concentrated nitric and hy-

drochloric acids (1 : 1 v/v). The resultant residues were diluted

by distilled water (100 mL), neutralized with NaOH (until the

formation of blue color), acidified with acetic acid to pH 5, and

then titrated with ethylene diamine tetraacetic acid.

The morphologies of the polymer nanoparticles were observed

by scanning electron microscopy (SEM; JEOL-JSM5300 JEOL;

Tokyo, Japan). The samples were sonicated in deionized water

for 5 min and deposited onto carbon-coated copper mesh, air-

dried, and sputter-coated with gold before examination.

Polymer particle synthesis (Poly [N-(4-((4-aminophenyl)sulfonyl)

phenyl)-3-formylbenzamide 5, poly [N-(4-((4-aminophenyl)

sulfonyl)phenyl)-6-formylpicolinamide] 6, poly [N-(4-((4-

aminophenyl)sulfonyl)phenyl)-5-formylnicotinamide] 7; general

method)

The diacid chlorides (1–3; 0.5 mmol) and the diamine 4,40-dia-
minodiphenylsulfone (4; 0.5 mmol) were each dissolved in 50

mL of dioxane. Distilled water (5 or 15 mL) was added to the

solution of the diamine followed by addition of the entire acid

chloride solution at once. The resulting turbid solution was

ultrasonicated at 42 KHz in a water bath (25�C) for a period of

30 min. The polymer colloidal solution was extracted by centrif-

ugal separation for 15 min at 15,000 rpm, and the resulting pre-

cipitate (� 40% yields) was carefully washed with methanol and

water to purify the product of any unreacted monomer. The

polymer samples were then dried at 100�C for 10 h and then

kept in a vacuum desiccator.

Preparation of the Cu(II) complexes Cu 5–Cu 7 (general

method)

To a stirred solution of 0.10 mol of polyamide (5–7) in 25 mL

of DMSO, Cu(OAc)2�H2O (0.12 mol) was added portionwise.

The mixture was vigorously stirred at 90�C for 10 h and then

poured while hot onto a large amount of crushed ice and water.

The dark-colored precipitate was filtered, washed carefully with

hot methanol and water, dried at 100�C for 10 h, and then kept

in a vacuum desiccator.

RESULTS AND DISCUSSION

Synthesis of the aramide nanoparticles

The use of inherently nanostructured conjugated aramides as

components for nanoelectronics is a promising route to future

high-density nanochips.38 Conjugated polymers can be synthe-

sized in a precisely controlled way to form many different nano-

scale structures down to the molecular scale. Polymeric aro-

matic nanoparticles can be prepared by either emulsion or

interfacial polymerization. Additionally, a popular method used

for polymeric nanoparticle preparation is solvent displacement,

also referred to as nanoprecipitation.32 This method involves the

dissolution of the monomers in an organic, water-miscible sol-

vent, which is then added to the aqueous phase in the presence

or absence of a surfactant. Upon addition to the aqueous phase,

the organic solvent immediately diffuses out; this leads to the

formation of nanoparticles. The aromatic acid chlorides (Fig-

ure 1), namely, 1, 2, and 3, used in this investigation were pre-

pared by reactions of their corresponding dicarboxylic acids

with thionyl chloride in the presence of few drops of dimethyl-

formamide.35,36 The polyamide nanoparticles 5–7 (Figure 2)

were prepared by the ultrasonication of 0.5 mmol of the dia-

mine (4) with 0.5 mmol of the acid chlorides (1–3) in a total of

105 mL of dioxane solution containing distilled water (5 mL;

i.e., 50/5 mL v/v of a dioxane–water diamine solution and 50

mL of dioxane acid chloride solution) followed by centrifugal

separation. SEM photographs of the products sulfonated ara-

mide nanoparticles prepared in 1,4-dioxane/water (100/5).

under these conditions are shown in Figure 3. The average

diameters of the particles were estimated from SEM images and

selected at random. The average diameter of the particles ranged

from 200 to 300 nm, and the interconnection between particles

was present to a greater or lesser extent. Interestingly, the aver-

age diameter of these particles decreased as the water content

increased. Thus, ultrasonication of 0.5 mmol of the diamine (4)

with 0.5 mmol of the acid chlorides (1–3) in a total of 115 mL

of dioxane solution containing distilled water (15 mL; i.e., 50/

15 mL v/v of a dioxane–water diamine solution and 50 mL of

dioxane acid chloride solution) furnished the polymeric nano-

particles 5b–7b. The average diameters were 106, 107, and 230

Figure 2. Chemical structures of aramides 5–7.
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nm for polymeric particles sulfonated aramide nanoparticles

prepared in 1,4-dioxane/water (100/15), respectively, and the par-

ticles were obtained as well-separated spherical nanoparticle poly-

mers with some degree of interconnection only in the case of

polymer 7b, as judged by SEM imaging. It was noteworthy that

the products prepared in anhydrous reactions solutions were not

obtained in particulate forms. The presence of excess water con-

tent in the reaction (e.g., 100 : 30 v/v dioxane/water) was pre-

vented because water hydrolyzed the acid chloride to its corre-

sponding carboxylic acid and, thus, interfered with the

condensation reaction. On the basis of these results, we concluded

that not only was the addition of a particular amount of water to

this reaction system essential for the formation of spherical par-

ticles, but also the average diameter and the interconnection

degree of these particles decreased. The tendency toward spherical

particle formation of such aramides may have been correlated to

the dispersion stability of the particles in the reaction solution or

the precipitation mechanism of the particles.

The polymer structures were confirmed by elemental analysis and

IR and UV spectroscopy. Table I compiles the physical properties

of the prepared polymers. The relatively low yields obtained for

the polymeric nanoparticles 5–7 could be attributed to the pres-

ence of H3O
þ ions, which hydrolyzed the acid chloride to its cor-

responding carboxylic acid and, thus, inhibited the condensation

reaction. However, the mixture of 1,4-dioxane with H2O was

Figure 3. SEM images and particle size distributions of the sulfonated aramide nanoparticles prepared in 1,4-dioxane/water: 100 : 5 v/v (5a, 6a, and 7a)

and 100 : 15 v/v (5b, 6b, and 7b).
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essential for many reasons, such as the control of the particle

morphology and its important role in determining the polarity of

the reaction solution and as a reaction accelerator.32

Physical properties of the polymers

Solubility. The pyridine-containing polymers 5–7 showed simi-

lar solubility behavior in different organic solvents. Moderate to

complete dissolution (5 wt % solid content) was observed in a

variety of hot aprotic solvents, such as 1-methyl-2-pyrrolidone

(NMP), DMSO, and N,N-dimethylacetamide (DMAc), and in

concentrated H2SO4, whereas 5–7 were insoluble in boiling

alcoholic solvents, such as methanol, ethanol, propanol, and

ethylene glycol, or in halogenated solvents, such as CHCl3,

CCl4, CH2Cl2, and ClCH2CH2Cl, or in ethers, such as Et2O, tet-

rahydrofuran, 1,4-dioxane, and 1,2-dimethoxyethane.

ginh. The ginh values of the polymers, a suitable criterion for the

evaluation of molecular weight, were measured at a concentra-

tion of 0.5 g/dL in DMSO at 30�C and were in the range 0.80–

0.92 dL/g; this indicated moderate molecular weights (Table I).

Fourier transform infrared spectroscopy. The Fourier trans-

form infrared spectra of the polyamides exhibited characteristic

absorbances at 3300 and 1650 cm�1, corresponding to the

NAH and C¼¼O stretching of amide groups, respectively. The

bands at t 3050 and 1600 cm�1 were assigned to the aromatic

HACstr and CACstr, respectively. Table I compiles selected IR

bands of the prepared polymeric nanoparticles 5–7.

Optical properties. The optical properties of polymeric par-

ticles 5–7 were investigated by UV–visible spectroscopy in

DMSO with a polymer concentration of about 2 mg/10 mL. Ta-

ble I compiles the maximum absorbances (kmax’s) of the pre-

pared polymeric nanoparticles 5–7. Comparison between the

polyamide particles clearly revealed that the absorbance charac-

teristics of the polymer were affected by the linear conjugated

system. Particles 5–7 exhibited two identical kmax’s at 305 and

260 nm, which due to n–p* and p–p* transitions, respectively.

Interestingly, polymer 6, derived from 2,6-pyridine dicarboxylic

acid, exhibited an additional band at 286 nm.

Thermal properties. The thermal properties of the polymers

were evaluated by thermogravimetric (TG), DTG, and DSC

techniques. Thermal data of the prepared polymers and their

postulated thermal degradation analyses are compiled in Table

II. Thermal results revealed that the prepared polymers had

high thermal stabilities. The structure–thermal property correla-

tion based on changes in the dicarboxylic acid monomer, as a

single structural modification, demonstrated an interesting con-

nection between a single change and the thermal properties.

Polyamides 5–7 exhibited major diaminodiphenylsulfone moiety

degradation processes at 460�C, with just 19.14, 45.84, and

40.19%, respectively, mass residues remaining.

The DSC measurements were achieved at a heating rate of

20�C/min in a nitrogen atmosphere. The melting temperatures

(Tm’s) were in the range 426–463�C. Nearly as high glass-transi-

tion temperatures (Tg’s) were found for the polymers obtained

because of their intractable wholly aromatic chains. The Tg’s

were found in the range 304–325�C, and the pyridine-contain-

ing polymer 6 showed a higher Tg degree (325�C) than theT
ab
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others. This was attributed to the presence of a pyridine moiety

along the polymer backbone, which restricted the free rotation

of the macromolecular chains and led to an enhanced Tg.

The thermodynamic parameters of the decomposition processes

of the polymers, namely, the activation energy (Ea), enthalpy

(DH*), entropy (DS*), and Gibbs free energy change (DG*)
were evaluated graphically by the Coats–Redfern method.39,40

The kinetic data obtained from the nonisothermal decomposi-

tion of the polymers are given in Table II. The pyridine-con-

taining polyamides (6 and 7) demonstrated higher Ea values

compared to the phenylene analogue 5. It was noteworthy that

polyamides 6 and 7 had nearly the same Ea values for the first

and the second decomposition steps; this indicated a similar

degradation mechanism in both compounds. According to the

kinetic data obtained from the DTG curves, all of the polymers

had negative DS* values; this indicated ordered systems and

more ordered activated states, which resulted through the chem-

isorption of small decomposition products.

Preparation of the polyamide–copper(II) complexes. The ther-

mal and electrical behavior of polyamides 5–7 suggested to us

that we incorporate a transition metal such as copper(II) into

the polymer backbone. It is often interesting to tune such prop-

erties into semiconducting polymeric nanoparticles for many
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Figure 4. Proposed chemical structures of complexes Cu5–Cu7.
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industrial applications. The complexation reaction was carried

out by careful addition of Cu(OAc)2�H2O (1.2 equiv) to the

stirred hot solution of the polymer in DMSO at 80–90�C for 4

h. The Cu(II) ions complexed with a polymer repeating unit at

a ratio of 1 : 2 and the complexes structures Cu5–Cu7 (Figure

4) are proposed on the basis of IR, UV, ESR, and elemental

analyses (Table III). The elemental analysis data (Table III)

showed that the metal-to-polymer ratio was 1 : 2, and this was

in good agreement with the calculated values. The pyridine-con-

taining polymers Cu6 and Cu7 showed similar sites of metal

coordination. The metal ions could be accommodated inside

the inner cavity made by the pyridine nitrogen atom with two

hydrogen amide atoms pointing toward the cavity, whereas the

carbonyl groups were directed outside of the inner cavity to

produce five- and six-membered chelate rings, respectively. The

appearance of the sharp CuAN bands at t 690 cm�1 in these

complexes unambiguously proved that the pyridine nitrogen

atom represented the central binding site.41 The copper com-

plexes Cu5–Cu7 showed bands around t 1660 and 3300 cm�1,

which corresponded to the amide C¼¼O and NH, respectively.

The complexes exhibited kmax’s at 324 and 260 nm (Cu 5), 365

and 260 nm (Cu6), and 350 and 261 nm (Cu7) due to n-p*
and p–p* transitions. The bands at 475, 400, and 406 nm were

attributed to the ligand–metal charge-transfer transitions from

the conjugated n and p orbitals of the donor to d orbitals of the

metal. In addition, Cu6 exhibited a highly redshifted band at

kmax 670 nm due to 2B1g!2B2g transition; this indicated a

square planar geometry in the metal complex.42

The ESR parameters of the copper(II) complexes Cu5–Cu7 are

presented in Table III. The ESR spectra of the copper com-

pounds in the polycrystalline state at room temperature were

quite similar and exhibited typical axial spectra with spectro-

scopic splitting factor parallel to the principle axis gk > spectro-

scopic splitting factor perpendicular to the principle axis g? fea-

tures; this indicated a rbital ground state wave function dx2�y2

ground state and was consistent with a square planar stereo-

chemistry around a copper(II) center.43 The spectra had hyper-

fine splitting parallel to the principle axis Ak > 100 � 10�4

cm�1; this prevented a pseudo tetrahedral structure and, thus,

supported a square planar geometry around a Cu(II) center. In

an axial symmetry, spectroscopic splitting factor g values are

related by the expression: value for the free electron G ¼ (gk �
2)/(g? � 2), which measures the exchange interactions between

copper centers and polycrystalline solids. The calculated G val-

ues were less than 4, which suggested considerable exchange

interaction in solid complexes.44

Thermal analysis of the copper complexes Cu5–Cu7 revealed a

high thermal stability up to 500�C. Figure 7 (shown later)

shows the TG/DTG curves of these complexes, whereas their

thermoanalytical and kinetic parameters are compiled in Table

IV. Interestingly, the thermal analysis data of this series demon-

strated similar major amide linkage degradation at 450�C. The
total mass loss values of polymers Cu5 and Cu7 showed that

82% of the mass loss corresponded to the removal of the

adsorbed water, degradation of the end group, and the diamino-

diphenylsulfone moiety, respectively, and left 16% attributableT
ab
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to CuO and CO2 residues.45 DSC curves illustrated neither

melting endotherm peaks (Tm’s) nor Tg’s for the investigated

complexes Cu5–Cu7 and, thus, revealed the amorphous nature

of these polymers.

The kinetic data obtained from the nonisothermal decomposi-

tion of the complexes are given in Table IV. The results reveal

that the last decomposition step in the case of the pyridine-con-

taining polymers Cu6 and Cu7 had nearly the same Ea values.

Additionally, the last decomposition step in the phenylene ana-

logue Cu5 exhibited a high Ea value, which may have been due

to the thermal stability of the remaining residue at this stage.

According to the kinetic data obtained from DTG curves, all

polymers had a negative DS*, which indicated ordered systems

and more ordered activation states, which may have been a result

of the chemisorption of other small decomposition products.

Electrical properties

Conjugated polymers have been studied for many years46

because of their attractive electronic and optoelectronic proper-

ties. One of the most important goals in the field of materials

science is to develop narrow-band-gap polymers. Indeed, a nar-

row band gap can be obtained by starting from a monomer

that already has a narrow highest occupied molecular orbital–

lowest unoccupied molecular orbital energy47 separation. Hence,

the search for a low-energy-gap parent molecules is a key step

in designing conductive polymers. On the basis of this hypothe-

sis, many studies on organic conjugated systems combined with

donor–acceptor groups or fused with other conjugated rings to

reduce their band gaps have been reported.48 Such data have

attracted interest in many areas of materials research, including

in organic light-emitting displays, field-effect transistors, solar

cells, and switching devices.

The direct-current (dc) electrical conductivity of polymers 5–7

revealed different behavior. The relations between the real and

imaginary parts of the impedance at different temperatures were

plotted for these samples. The behavior of the Cole–Cole dia-

grams was characterized by semicircles originating from the ori-

gin with no overlap at all temperatures; this indicated that the

samples obeyed the relaxation of Debye model and also indi-

cated the unavailability of the electrode effect during measure-

ment.49 Extrapolation of the high-frequency limit of the semi-

circle intercepts with the real axis gave the value of the bulk

resistance for the samples, from which the dc conductivity was

calculated. The temperature dependence versus dc conductivity

for polymers 5–7, plotted as direct current electrical conductiv-

ity rdc (X
�1 cm�1) versus peak temperature T (K), is presented

in Figure 5. Interestingly, the dc conductivity of the pyridine-

containing polymers 6 and 7 increased with increasing tempera-

ture, as determined from the plot of electrical conductivity r
(X�1 cm�1) versus T (K). This behavior indicated the semicon-

ducting nature of these samples, as it obeyed the three-dimen-

sional Mott variable-range hopping model,50 which describes

the temperature dependence of the conductivity of disordered

semiconducting materials. However, in case of the phenylene-

containing polymer 5, the conductivity strongly decreased with

temperatures in the range 290–300 K.

Metal chelation with copper produced polymeric complexes that

had better optical and electrical properties than the ligands.

Again, the behavior of the Cole–Cole diagrams was character-

ized by semicircles originating from the origin with no overlap

Table IV. Thermoanalytical and Kinetic Parameters of Polymers Cu 5–Cu 7

Complex
no. Stage

TG peak
temperature
(�C)

Calculated
weight loss
% (Exp) Fragment Ta Ea

Arrhenius
factor (A) (S�1) DH*b DS*b DG*b

Cu5 I 24–200 38.39 (38.15) (C12H10N2O2S)2 130 39.36 1.14 � 1010 36.26 �54.25 56.49

II 220–700 42.76 (43.15) (C13H10N2O3S)2 450 197.6 3.4 � 1011 191.58 �31.44 214.31

Rc 19.93 (18.70) CuO þ 4 � CO2

Cu6 I 24–200 7.74 (7.47) 4H2O 130 38.35 1.23 � 1011 35.66 �33.25 46.40

II 220–700 59.08 (59.49) [C13H10N2O3S]2 450 66.87 2.69 � 1011 60.85 �52.57 98.86

Rc 32.93 (33.04) [C6H3NO2]2 þ CuO

Cu7 I 24–200 10.79 (10.04) 6H2O 125 98.78 2.17 � 10 10 95.47 �49.43 115.14

II 220–700 72.46 (71.98) C36H24N6O3S2þ 400 71.73 0.4 � 1010 66.13 �63.56 111.59

Rc 16.74 (16.09) (CH3)2SO
CuO þ 2CO2

Exp: Experimental.
aThe peak temperature from the DTG charts, bValues are in kJ/mol, cResidue.

Figure 5. Temperature dependence of the dc electrical conductivity for

polymers 5–7.
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at all temperatures; this indicated that the samples obeyed the

relaxation of Debye model and also indicated the unavailability of

an electrode effect during measurement. The temperature depend-

ence versus dc conductivity for the copper complexes Cu5–Cu7,

plotted as r (X�1 cm�1) versus T (K), is presented in Figure 6,

and the r (X�1 cm�1) values of the prepared polymers at 310 K

are given in Table V. The conductivity of the complex Cu6 was

seven times higher than that of its ligand (6), and the complex

exhibited a semiconducting character as the conductivity

increased with increasing temperature. In contrast, the conductiv-

ity of Cu7 exhibited a metallic character, and its value was 13

times higher than that of its ligand (7). In the case of Cu5, the

conductivity revealed a fourfold improvement compared to that

of 5 and also exhibited a metallic character. It was obvious that

polymer structural variations played a major role in determining

the electrical conduction efficiency of the complexes, and the

recorded conductivity values were in the order Cu6 > Cu7 > Cu5.

Dielectric loss analysis

Dielectric analysis is an informative technique used to determine

the molecular motions and structural relaxations present in poly-

meric materials possessing permanent dipole moments.51 In

dielectric measurements, the material is exposed to an alternating

electric field, which is generated by the application of a sinusoidal

voltage; the process causes alignment of dipoles in the material,

which results in polarization. The polarization will cause the out-

put current to lag behind the applied electric field by a phase shift

angle. The magnitude of the phase shift angle is determined by

the measurement of the resulting current. The capacitance and

conductance are then calculated from the relationship between

the applied voltage, measured current, and phase shift angle.52

The capacitance and conductance of the material are measured

over a range of temperatures and frequencies and are related to

the dielectric permittivity (e0) and the dielectric loss factor (e00),
respectively. e0 represents the amount of dipole alignment and e00

measures the energy required to align dipoles or move ions. The

loss in dielectrics, known as the loss tangent (tan d), e0, and e00 are
defined as given in the following equation:

tan dðxÞ ¼ e00ðxÞ=e0ðxÞ

According to this definition, tan d(x) describes the ratio

between the dissipated and the reversibly exchanged work (i.e.,

an energy that during one half-period is stored in the driven

system and during the successive half-period is completely

returned).53 Figure 7 (shown later) shows the variation of tan d
with frequency of polymers 5–7 and their complexes Cu5–Cu7

at 280 K in the frequency range 0.1 to 5 � 103 kHz. In all of

the prepared samples, there were various bond functions that

could act as a matrix and provide electrical dipoles. Dielectric

losses from ligands 5–7 mainly stemmed from contributions of

these functional groups, whereas those losses from the hybrids

Cu5–Cu7 stemmed from the contribution of both metal and or-

ganic functional groups. The loss spectra were characterized by

peaks appearing at characteristic frequencies for the investigated

samples; this suggested the presence of relaxing dipoles in all of

them. The strength and frequency of relaxation depend on the

characteristic property of dipolar relaxation. Metal chelation

with copper ions with these polymers had a significant effect on

the loss spectra. Moreover, the peak positions did not change

with increasing temperature in the range 280–380 K; this indi-

cated a nonthermally activated process. This behavior suggests

that a given field, in the steady state, produced a constant polar-

ization, regardless of the temperature.54 This could be under-

stood in terms of the polarization being limited by nonthermal

forces, that is, by elastic constraint, instead of being limited by

thermal agitation, as in the classical Debye process.

The results show that the tan d values of complexes Cu5 and

Cu7 in the frequency range 3000–4000 KHz increased, and the

peaks shifted toward the lower frequency upon doping. In the

case of Cu7, a new loss peak was found at frequency of about

2700 KHz on doping. The appearance of this peak was attrib-

uted to the relaxation phenomena of the polymer.55 The tangent

loss peaks for polymers Cu5 and Cu7 shifted toward higher fre-

quency on metal chelation. This suggested that there was an

increase in the amorphous content in the complexes relative to

their parent ligands 5 and 7, respectively. The metal ion sped

up the segmental motion by increasing the available free vol-

ume. This was evidenced by the peak shifting to higher fre-

quency, which thereby reduced the relaxation time. The rela-

tively fast segmental motion coupled with mobile ions enhanced

the transport properties on chelation. However, a decrease in

the tan d values of Cu5 and Cu7 was observed in the lower fre-

quency region. Because tan d ¼ e00/e0, on metal chelation, the

ratio of energy loss was increased compared to the energy stor-

age in the dielectric. The higher value of e00 at low frequency

was due to the free charge motion within the materials. The e00

increases in the lower frequency region reflected the enhance-

ment of mobility of the charge carrier upon complexation.

Interestingly, for Cu5, Figure 7(a) exhibited four well-resolved

and symmetric peaks. It is noteworthy that the shoulder

Figure 6. Temperature dependence of the electrical conductivity for poly-

mers Cu 5–Cu 7.

Table V. Electrical Conductivity of Polymers 5–7 and their Complexes Cu

5–Cu 7 at 310 K

Polymer no. r (X�1 cm�1) Complex no. r (X�1 cm�1)

5 8.43 � 10�9 Cu5 2.95 � 10�8

6 1.77 � 10�8 Cu6 1.15 � 10�7

7 5.22 � 10�9 Cu7 6.85 � 10�8
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observed in the loss spectra of 5 changed to two well-resolved

peaks in the complex Cu5 with a considerable reduction in the

tan d value. Similar loss behaviors in compounds 6, 7, Cu6, and

Cu7 were observed [Figure 7(b,c), respectively]. It is also note-

worthy that all loss peaks for these samples, shown on a linear

frequency scale, appeared in the range of 1 decade and did not

overlap. The reported dielectric results reveal anomalous behav-

ior, which, to the best of our knowledge, has not been reported

by earlier researchers for similar polymers. The common behav-

ior of the loss peaks in a polymer is that each peak covers more

than 1 decade, and hence, tan d is always plotted against the

logarithm of frequency,56,57 whereas in case of single crystal

samples, the loss factor spectrum contains sharp loss peaks in

the range 100–300 kHz.54 In our data, the recorded loss peaks

retained their shape and their amplitude with increasing tem-

perature. The implication of this behavior was that in the steady

state, a given field produced a constant polarization, regardless

of the temperature. This could be understood in terms of the

polarization being limited by nonthermal forces, that is, by elas-

tic constraints, instead of being limited by thermal agitation, as

in the classical Debye process.

Formation of the thin film of polymer 5

The addition of water to the polymer solution 5 applied on a

flat glass surface produced a white flexible thin film of the poly-

mer with a thickness equal to 250 lm (micrometer measure-

ment). As judged by the SEM image (Figure 8), the film had a

microporous layer structure. In addition, the formed film had

the following properties: (1) it exhibited a thermal shrinking at

60–70�C; (2) the thin film was porous, and the material was

Figure 7. Tan d versus frequency for polymers: (a) 5 (Cu5), (b) 6 (Cu6),

and (c) 7 (Cu7).

Figure 8. SEM images of the thin film of polymer formed by the mixture

of polymer 5 with H2O.

Figure 9. rdc (X
�1 cm�1) versus T (K) of the polymer 5 film: (a) trans-

verse and (b) longitudinal conductivities.

Figure 10. Tan d versus frequency for the transverse and longitudinal

directions for the thin film of 5 at 285 K.
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insoluble in water, methanol, ethanol, and acetic and formic

acids; and (3) in conducting transverse dc conductivity (Figure

9), the film exhibited a low semiconducting nature (r ¼ 10�9

X�1 cm�1), whereas in case of longitudinal dc conductivity, the

film exhibited a better semiconducting nature (r ¼ 10�6 X�1

cm�1).

Figure 10 shows the variation of tan d with frequency for the

transverse and longitudinal directions of the polymer film 5 at

285 K in the frequency range 0.1 � 103 � 5.0 � 103 kHz. The

loss spectra were characterized by similar peaks appearing at the

same frequencies; this suggested the presence of relaxing dipoles

in both directions.

CONCLUSIONS

The ultrasonication of acid chlorides of isophthallic and 2,6-

pyridine- and 3,5-pyridine-dicarboxylic acids with 4 in 15%

dioxane/water followed by centrifugal separation provided re-

spective well-separated spherical aramides nanoparticles with a

100–230-nm average diameter, as judged by SEM images. The

reactions of copper(II) ions with these particles furnished cop-

per–polymer complexes in a 1 : 2 ratio, and the reported struc-

tures were based on their IR, UV, ESR, and elemental analysis

data. The thermal properties were evaluated by TG/DTG and

DSC techniques, and the thermodynamic parameters of the

decomposition processes were evaluated graphically with the

Coats–Redfern method. The electrical conductivity results show

that the electrical conductivity of the pyridine-containing poly-

mers increased with increasing temperature, and this behavior

was indicative of a semiconducting nature. Metal chelation with

copper produced polymeric complexes that had better optical

and electrical properties than the ligands. Dielectric loss analysis

studies showed spectral peaks appearing at characteristic fre-

quencies; this suggested the presence of relaxing dipoles in all of

the polymers. All of the loss peaks were shown on a linear fre-

quency scale and appeared in the range of 1 decade, and no

overlapping was observed in any of the samples, whereas in a

normal polymer’s dielectric loss behavior, each peak covers

more than 1 decade, and hence, tan d is always plotted against

the logarithm of frequency. Moreover, the peak positions did

not change with increasing temperature; this indicated a non-

thermally activated process. It was noteworthy that the reported

dielectric results revealed anomalous behavior, which has not

been reported earlier in such polymeric analogues; the polariza-

tion in these cases was limited by nonthermal forces, and a

steady-state constant polarization was produced by a field. A

simple method for the formation of a microporous semicon-

ducting thin film of polymer derived from isophthalic acid and

4,40-diaminodiphenylsulfone was also described.
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