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ABSTRACT: A conducting poly(azomethine)ester was prepared by solution phase polycondensation of a preformed Schiff base, 4-((4-

(4-(4-hydroxybenzlideneamino) phenoxy)phenylimino)methyl)phenol and isophthaloyl chloride (I). Different aliphatic/aromatic moi-

eties were incorporated for examining their effect on the electronic properties of material. The resulting polymers (1024 to 25 S

cm21) were doped with silver (1026 to 1022 S cm21) and blended with polyaniline (1021 to 13.4 S cm21) to enhance their electrical

conductivity. Polymer/polyaniline blends had superior conductivity even at low polyaniline concentration relative to the silver-doped

chains. The data obtained experimentally were complemented by density function theory at the 6–31G/B3LYP level. The results

showed that DE along with lowest unoccupied molecular orbital and highest occupied molecular orbital electron density accounts

for the electrical properties. Spectroscopic (1HNMR, FTIR) and elemental analysis were used for structural elucidation. Structure–

property relation in term of WXRD, SEM-EDX, atomic force microscope, LLS, and thermal behavior was studied. VC 2014 Wiley Period-

icals, Inc. J. Appl. Polym. Sci. 2014, 131, 40698.
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INTRODUCTION

The construction of poly(Schiff-base)s, a class of material com-

prises of Schiff base, via solution polycondensation is an area of

extensive research in material chemistry. The resulting material

offers exceptional properties such as high molecular weights, ther-

mal stability, and high melting temperatures yet possess a disad-

vantage that they are insoluble in most of the common organic

solvents owing to their strong chain–chain interaction.1–4 To over-

come the problem of insolubility, different approaches are used

like introduction of flexible aliphatic spacers in the main chain,

pendent alkyl groups along the backbone, the copolymerization of

different soft groups (aliphatic, alkyl, or siloxanes), and composite

formation.5–8 The other approach is supramolecular modifica-

tions/dopant engineering of material. In this perspective, the dop-

ants used are organic sulfonic acids, organic esters of phosphoric

acids, sulfophthalic acid, or various substituted phenols, even

though inorganic acids can also be used.9 This creates wide possi-

bilities for the modification of properties of materials. These poly-

mers have wide variety of applications in electronics and

optoelectronics to synthesize organic batteries, electrode material,

microelectronic devices, and electrochemical displays.9–11

Moreover, poly(Schiff-base)s (esters, sulfones, imines, etc.) have

ability to conduct electricity and, hence, are termed as semicon-

ducting objects. Their ability to conduct electricity is slightly

greater than those of normal organic compounds. The electrical

conductivity of the polymer depends on the degree of conjuga-

tion as well as on the physical structure of the macromolecules.

The conductivity of these organic compounds increases with the

increase in the number of p-electron in the molecules which

can be done by introducing electron donating molecules in the

main chain. The conductivity can be introduced in the chain by

the introduction of flexible spacers (methylene, silyl, etc) that

favor denser packing.11–14 In addition, introducing the suitable

dopant having compatibility with the host matrix adds electrons

to the otherwise unfilled band. However, the introduction of

such atoms which can engage free electrons or interrupt conju-

gation can decrease conductivity by increasing activation energy

required for conduction. Silver having good conductivity when

incorporated within a polymeric matrix can enhance its electrical

conductivity drastically. Similarly, polyaniline (PANI) blends have

attracted considerable scientific interest as lesser amount of PANI

is required to enhance the conductivity of material.14–16 The geo-

metric structure of the material is directly related to their
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functions. Therefore, studying the structure is very important as

it allows to save a lot of time and money for various designs

such as organic light-emitting diodes (OLEDs) and photovol-

taic. However, only a handful of literature regarding density

function theory (DFT) calculations for polymers is available

whereas no such study for poly(azomethine)ester has been

found so far.

The aim of the present study was to synthesize series of conju-

gated poly(azomethine)esters and their terpolymers having dif-

ferent aromatic, aliphatic, organic, and inorganic moieties and

also to study and correlate the electrical behavior of the macro-

chains experimentally and theoretically (G03W, visualizing the

geometry, electron density). In this context, DFT calculation of

the highest occupied molecular orbital (HOMO), lowest unoc-

cupied molecular orbital (LUMO), and DE was carried out. In

addition, structure–property relation in terms of solubility, sur-

face morphology, thermal studies, and electrical behavior is

discussed.

EXPERIMENTAL

Experimental Section

Materials. Isophthaloyl chloride (m.p. 5 43–44�C), 4-

hydroxybenzaldehyde (m.p. 5 112–114�C), 4,40-oxydianiline

(m.p. 5 188–192�C) p-toluene sulfonic acid (monohydrated,

m.p. 5 98–102�C, Fluka), 1,3-propan-diol (211–217�C, Sigma

Aldrich), 1,6-hexan-diol (250�C, Sigma Aldrich), poly(dimethyl-

siloxane), hydroxyl-terminated (n 5 550) (Sigma Aldrich),

(1,1,1,3,3,3-hexaflouro)bisphenol propane (160–163�C, Sigma

Aldrich), and bisphenol A (158–159�C, Sigma Aldrich) were

used as received. The solvents dichloromethane, ethanol (Sigma

Aldrich), and dimethyl sulfoxide (Sigma Aldrich) used were

purified according to the standard reported methods.17 G03W

was used for DFT calculations at the 6–31G/B3LYP level to eval-

uate the energies of HOMO, LUMO and band gaps.

Equipment. Melting point was determined on a Mel-Temp.

(Mitamura Riken Rogyo, Inc.) by using open capillary tubes.

FTIR spectra in KBR pellets were recorded on a Perkin Elmer

1600 series FTIR spectrophotometer. Nuclear magnetic reso-

nance was carried out by using Bruker Avance 300 digital NMR

in DMSO-d6 as solvent and tetramethylsilane as an internal

standard. Elemental analyses were obtained on a Vaio-EL instru-

ment. A commercial light-scattering spectrometer (BI-APD

equipped with a BI9000AT digita Auto correlator) was used

along with a He-Ne laser (output power � 400 mW at k 5 638

nm) as a light source. Relevant measurements were carried out

at 25 6 0.1�C. The software used was BI-ISTW. X-ray diffraction

was carried out on a Philip X-Pert PRO 3040/60 diffractrometer

equipped with Cu Ka radiation source (k 5 1.54 A) operated to

characterize the solid samples. Atomic force microscope (AFM)

was performed by using an instrument of model Pco Scan hav-

ing Si tip coated with Al in a tapPng mode. Tip size used was

of 100 Å diameter, along with attachment of 200 micron long

Cantilever. SEM-EDX studies were carried out by using model

JSM 6460, EDX OXFORD model 7573. Thermal behavior of the

polymers was studied in air using MettlerToledo, model ther-

mogravimetric analysis (TGA)/SDTA 851e DSC 823e with a

heating rate of 10�C min21 in nitrogen atmosphere. Electrical

conductivity was measured by Keithley 2400 at room tempera-

ture pressure.

Methods. Synthesis of monomer, 4-((4-(4-(4-hydroxybenzylide-

neamino) phenoxy) phenylimino)methylphenol. The dihydroxi-

terminated Schiff base monomer (SB), 4-((4-(4-(4-hydroxyben-

zylideneamino) phenoxy)phenylimino)methylphenol was synthe-

sized and characterized following a previously reported

method.18

Synthesis of polymer: (P). The polymer was prepared by the

solution polycondensation of SB and isophthaloyl chloride (I)

in a three-necked round-bottom flask fitted with reflux con-

denser, hot plate, magnetic stirrer, and ice bath under inert

atmosphere (N2). The SB and diacid chloride (I) were taken in

250 mL round-bottom flask in 50 mL dried dichloromethane in

the ratio 1:1 at 0�C. It was followed by the addition of 3–4 mL

triethyl amine with constant stirring. The reaction mixture was

stirred for 24 h at room temperature and then refluxed for 1 h.

Yellow colored precipitates of polymer were filtered, washed sev-

eral times with water followed by ethanol, dried in air and then

weighed,18 Scheme 1.

IP: 538, yellow powder, 86%, FTIR (cm1, KBr) 3122 (arom-

CH), 1734 (C@O), 1106 (AOA), 1629 (AN@CHA). 1HNMR

[(DMSO-d6) d(ppm), deuterated dimethyl sulfoxide (proto-

nated): 8.4 (2H, s, azomethine), 7.48-6.9 (aromatic), 2.4 (3H, s,

methyl), 2 (1H, s, alcohol), Elemental analysis, calcd; (C 75.01,

H 4.45, N 5.43), found;(C 75.84, H 4.09, N 5.20).

Synthesis of terpolymers: (PPr, PH, PB, PF, PSi). The terpoly-

mers were produced via solution polycondensation in a 100 mL

round-bottom flask fitted with a reflux condenser and hot plate.

Monomers, SB, and the diol (Pr, H, Si, B, or F) were added in

flask in dried dichloromethane. The stream of dried N2 gas was

purged into the reaction flask from the gas inlet. The reaction

Scheme 1. Synthesis of the Poly(azomethine)ester (P).

Scheme 2. Synthesis of the terpolymers (PPr, PH, PB, PF, PSi).
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was carried out at 0�C in an ice bath. 4–5 mL triethyl amine

was added drop wise to the flask followed by the addition of

diacid chloride (isophthaloyl chloride, I). The ratio of the reac-

tants, SB, diol (HOROH, where R is defined in the Scheme 2)

and the diacid (I) taken was 1:1:2. The reaction mixture was

stirred for 24 h and then refluxed for 1 h. Yellow colored pre-

cipitates of the polymer were filtered and washed several times

with water to remove diethyl ammonium chloride and then

with ethanol to eliminate impurities,18 Scheme 2.

PF; 742, yellow powder, 87%, FTIR (cm1, KBr): 3100 (arom-

CH), 1750, 1765 (C@O), 1030, 1040 (AOA), 1640,

1647(AN@CHA). 1HNMR [(DMSO-d6) d(ppm), deuterated

dimethyl sulfoxide (protonated): 8.78 (2H, s, azomethine), 7.88-

7.3 (aromatic, m), 2.6 (3H, s, methyl), 2.1 (1H, s, alcohol). Ele-

mental analysis, calcd; (C 79.24, H 4.04, N 3.65), found; (C

79.10, H 4.10, N 3.65)

PB; 748, yellow powder, 88%, FTIR (cm1, KBr): 3130 (arom-

CH), 1750, 1765 (C@O), 1020, 1015 (AOA), 1625, 1629

(AN@CHA). 1HNMR [(DMSO-d6) d(ppm), deuterated

dimethyl sulfoxide (protonated): 8.46 (2H, s, azomethine), 7.43-

7.1 (aromatic, m), 2.33 (6H, s, methyl), 2.6 (3H, s, methyl), 2.1

(1H, s, alcohol). Elemental analysis, calcd; (C 79.61, H 4.80, N

3.74), found;(C 79.87, H 5.01, N 3.83)

PH; 638, yellow powder, 87%, FTIR (cm1, KBr): 3120 (arom-

CH), 2020 (aliphatic-CH), 1705, 1710 (C@O), 1030, 1050

(AOA), 1650, 1653 (AN@CHA). 1HNMR [(DMSO-d6)

d(ppm), deuterated dimethyl sulfoxide (protonated): 8.23 (2H,

s, azomethine), 7.5–6.8 (aromatic, m), 2.6-2.1 (12H, m, methyl-

ene) 2.6 (3H, s, methyl), 2.2 (1H, s, alcohol). Elemental analysis;

(C 75.23, H 5.33, N 4.42), found; (C 75.48, H 5.74, N 4.42)

PPr; 596, yellow powder, 89%, FTIR (cm1, KBr): 3120 (arom-

CH), 2910 (aliphatic-CH), 1710, 1710 (C@O), 1020, 1090

(AOA), 1670, 1674 (AN@CHA). 1HNMR [d, deuterated

dimethyl sulfoxide (DMSO-d6)] d (ppm) (protonated). 1HNMR

[(DMSO-d6) d(ppm), deuterated dimethyl sulfoxide (proto-

nated): 8.3 (2H, s, azomethine), 7.5–7.0 (aromatic, m), 2.4-2.0

(6H, m, methylene), 2.1 (3H, s, methyl), 2.0 (1H, s, alcohol).

Elemental analysis, calcd; (C 74.5, H 4.70, N 4.70), found; (C

74.87, H 4.83, N 4.91)

PSi: yellow powder, 86%, FTIR (cm1, KBr): 3150 (arom-CH),

2990 (aliphatic-CH), 1700, 1708 (C@O), 1010, 1025 (AOA),

1640, 1643 (AN@CHA). 1HNMR [(DMSO-d6) d(ppm), deu-

terated dimethyl sulfoxide (protonated): 8.4 (2H, s, azome-

thine), 7.2–6.7 (aromatic, m), 2.1-1.6 (m, methyl) 2.6 (3H, s,

methyl), 1.9 (1H, s, alcohol).

Silver Doping. The atomic silver was incorporated (by wt %)

into the matrix of poly(azomethine)esters and their terpolymers.

The polymer was weighed and suspended in DMF in a beaker.

A 1:1 molar solution of silver nitrate and formaldehyde was

added to the mixture with continuous stirring in a dark room.

The mixture was stirred for an hour and then left in the dark

for 24 h.19 It was filtered, washed several times with water, dried

in air and then in an oven at 40�C for 6 h. EDX analysis was

carried out to check the silver contents incorporated in the

polymer matrix. The doped material was compressed into pel-

lets under a 5-ton load for conductivity measurements.

Synthesis of PANI. PANI was prepared according to the

reported method.15,16

PANI Blending. PANI/poly(azomethine)ester were taken in the

weight ratio percentage 1:9. The powder was ground/blended

properly in a crucible for homogenous mixing, dried in an oven

at 40�C for 6 h. The blended material was compressed into pel-

lets under a 5-ton load for conductivity measurements.16

RESULTS AND DISCUSSION

The SB-containing terminal diol was prepared based on previ-

ously published procedure given in supporting information.14

Poly(azomethine)ester (P) was synthesized in good yield using

low temperature solution condensation polymerization (in

dichloromethane, without catalyst) of monomers isophthaloyl

chloride and 4-((4-(4-(4-hydroxybenzylideneamino)phenoxy)-

phenylimino)methyl)phenol (SB). After that a series of terpoly-

mers was synthesized by adding different fragments of diols in

the macrochain using one-pot three-reactant reaction in an in

situ process for comparison and to study the electrical proper-

ties of material. The material was solubilized by protonating

with p-sulfonic acid. The low reflux temperature was used to

prevent unwanted reaction and to assure reaction by dissolving

diols completely in the solvent.20 The FTIR and NMR techni-

ques were used to confirm the functionalities present in the syn-

thesized monomer (SB), polymer (P), and their terpolymers

(PF, PB, PH, PPr, PSi). Significant changes were observed in the

spectral properties of initial compounds and product as some

of the signals disappeared and some new appeared.

Polymer (P) and its terpolymers containing different spacers

were found to be insoluble in all organic and inorganic solvents

owing to the presence of rigid, bulky aromatic groups in the

main chain.9 The lone pair of electrons on the nitrogen atom,

in the azomethine linkage has strong affinity for electrophiles.

These receptor and substrate type of interactions help to modify

the properties of polymers by forming branched/comb-like

structures in which side chains have the ability to interact elec-

trostatically with their surroundings. The dopant used in this

case to dissolve poly(azomethine)esters was p-toluene sulfonic

acid.9 The material becomes completely soluble in DMSO and

sparingly in THF, ethanol, and methanol.

The structure of synthesized poly(azomethine)esters were con-

firmed by the presence of characteristic absorption peaks in

their respective areas. Absorption peaks for (C@O) and (CAO)

in range 1720–1750(s) cm21 and 1101–1200(s) cm21, respec-

tively, confirmed the presence of ester linkage in the poly(azo-

methine)ester, P. The additional peak in the region 1600–

1645(s) cm21 confirmed the existence of azomethine linkage in

the macrochain. The absence of a broad peak in the region

3400 cm21along with the presence of CACl peak around 780–

540 cm21 confirmed the presence of diacid groups at the termi-

nals of the macrochain.

Two symmetric peaks present in the ester and azomethine

region in each terpolymer confirm the successful incorporation
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of diols in the parent chain. The FTIR spectra showed specific

peaks related to added diols in addition to the peaks common

to all spectra. The aliphatic absorption band (CAH aliphatic)

appeared around 3000–2900 cm21 in the spectra of PH and

PPr. The characteristic FTIR absorption peaks for (SiAOASi)

group present in PSi appeared as doublet around 1020 cm21

and 2900 cm21.The presence of aromatic CAH in polymers PF

and PB, was confirmed by the presence of peak around 3100

cm21 indicating successful incorporation of diols in the parent

chain. Occurrence of CACl absorption band in the range 780–

540 cm21along with the disappearance of hydroxyl group peak

in all poly(azomethine)ester and its condensation terpolymers

revealed that they have acid chloride group at the terminal.19

Structural analysis of poly(azomethine)ester (P) and their ter-

polymers was carried out using 1H NMR spectroscopy. The

study was carried out after protonation of samples with p-tolu-

ene sulfonic acid, in solvent DMSO, using TMS as internal ref-

erence to confirm their structures. 1H NMR showed the

presence of all types of proton expected for the proposed struc-

tures. Signals in the range 8.3–8.7 ppm, common to all spectra,

were attributed to the presence of HC@N proton, whereas the

resonance that appeared in the range 6.9–7.9 ppm confirmed

the presence of aromatic protons. In addition to these signals

which were common to all the spectra, the polymers having ali-

phatic diol-derived moieties (Pr, H) showed multiplet signal in

the range 0.7–2.3 ppm (aliphatic ACH). The polymer (PB)

showed additional signals in the range 7.0–8.0 ppm (additional

aromatic rings of added diols) and 2.3 ppm (ACH3 present in

bisphenol A). PF showed resonance around 7.4–8.1 (aromatic

rings), slightly deshielded owing to the presence of electronega-

tive F (CF3) in the diol added. PSi exhibited additional reso-

nance peaks at 1.9–2.1 (CH3 attached to Si). The signal present

in the range 2–2.5 (ACH3) and 2–2.2 (OH) confirms the proto-

nation in the main chain. The OH group appeared at the lower

field owing to the magnetic anisotropy of the aromatic ring

present in the p-toluene sulfonic acid group.9,19

Elemental analysis was carried out to confirm the stoichiometry

of the polymeric material. The calculations were made on the

basis of structure of repeat units present in the polymer chain.21

The data for C, H, and N content in polymers were found to

be in relatively good agreement with the presumed structure for

the condensation terpolymer. The Si in the copolymers having

poly(dimethylsiloxane), hydroxyl-terminated (n 5 550) reacts

with C at high temperature to make ceramic material. There-

fore, their elemental analysis was not possible6,14 and such poly-

mers are currently investigated as precursor to ceramic

materials.

The surface imaging was done by Pco Plus AFM in tapping

mode using Si cantilevers coated with Al under ambient condi-

tions. Multiple scans were made for each sample covering differ-

ent areas both from right to left and left to right. The surface of

P sample is composed of granular-like planar macrostructure,

with a difference of 0 6 18 nm in heights. The rms value of sur-

face roughness of P obtained from images is approximately I7

nm, whereas that of the terpolymer, Psi, is 53 nm. The differ-

ence in the rms of the parent polymer and their terpolymers

Table I. Laser Light-Scattering Results of Poly(azomethine)ester and Its Terpolymers in DMSO at 25�C

Polymer Mw (g mol21) <Rg> (nm) A2 1024 (cm3 mol g22) <Rh> (nm) <Rg>/<Rh>

P 2.30 3 105 260 6.0 140 1.80

PH 1.85 3 105 211 7.10 200 1.0

PB 1.10 3 105 25 – – –

PSi 3.00 3 104 190 2.0 112 1.70

PF 1.25 3 105 86 2.21 – –

PPr 1.52 3 105 188 6.50 90 2.0

*The specific refractive index increment, dn/dC 5 0.097 mL g21 for all the polymers.
MwWeight average Molecular Weight of the Polymers.
<Rg>Radius of gyration.
A2 Second virial Coefficient. The relative errors are: dn/dC, 6 1%, Mw, 6 5%, <Rg>& A2, 6 10%.

Table II. Thermal Analysis Data for PAMEs

Polymers T10(�C) T50(�C) TF(�C) Residue C (%) Tg(�C)

P 360 512 710 11 249

PPr 251 446 675 5 210

PH 170 410 640 8 203

PSi 168 270 790 3 57

PF 298 543 731 12 255

PB 310 530 723 10 277

Table III. Conductivity Measurements (S cm21) of Poly(azomethine)esters

Polymer
Neat
(S cm21)

Silver-doped
(S cm21)

PANI/PAME
(S cm21)

P 3 3 10212 2.4 3 1024 1.3 3 1021

PSi 5 3 10213 4.1 3 1025 3.1 3 1024

PPr 6 3 10214 7.4 3 1025 5.4 3 1025

PH 4 3 10214 5.3 3 1026 5.3 3 1025

PB 1.7 3 10211 2.3 3 1022 13.4

PF 4 3 10212 3.3 3 1022 3.3 3 1021
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showed successful incorporation of diols in the parent polymer

chain. Also the rms of terpolymer was different from other indi-

cating their effect on the surface modification of the polymers.

Both static and dynamic laser light-scattering analysis was carried

out to determine molecular parameters, Table I. The PAMEs were

found to have high molecular weight of order 105 (g mol21). The

results obtained showed that there is no regular variation in the

hydrodynamic radii for various polymers with molecular weight.

The ratio of <Rg>/<Rh> � 1.0–2.0 indicates that the polymers

have a coil chain conformation in the solvent used.22–25

Thermal Studies (TGA and DSC)

The thermal stability of P and its respective terpolymers was

studied using TGA. TG curves of the material were recorded

and the results are summarized in Table II. The stability was

Figure 1. LUMO and HOMO orbitals of P and respective terpolymers. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.].
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evaluated with 10% and 50% weight loss under N2 atmosphere;

range found was 168–360�C and 270–543�C, respectively. Also

it can also be seen that the value of T10 temperature increases

with the increase in hardness of the chain.

The diols added to the parent chains showed their influence on

the decomposition pattern. The chains having bulky aromatic

groups are more stable and less sustible to the foreign impact.

However, one having methylene and silyl spacers are less stable

and more prone to the foreign impact.26–28 The polymer having

diol, bisphenol A was more stable as compared to their parent

chain (P) owing to the presence of stable isopropylidine group

in the terpolymer (PB). The analogue (PF) based on

(1,1,1,3,3,3-hexaflouro)bisphenol propane was less stable as

highly oxidizable hexafluoroisopropylidine is present in the

main chain. Among the other three terpolymers, the material

having 1,3-propan-diol (Pr) is more stable than the one based

on 1,6-hexan-diol and the least stable is poly(dimethylsiloxane),

hydroxyl-terminated (n 5 550) based polymer chain. The

Figure 1. Continued
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poly(dimethylsiloxane), hydroxyl terminated (n 5 550) in the

chain give it a freedom of rotation, therefore, they have mini-

mum stability. Based on literature, it is known that SiACCO

group is very sensitive toward both hydrolysis and alcoholysis

occurring readily in the absence of acid/base catalysts. The fact

was also evident from FTIR studies at different time. In case of

Si-containing terpolymers, the reduction of bands assigned to

the silyl ester group with times was a result of hydrolysis that

occur the influence of humidity in the environment which

resulted in the formation of their respective diacid and diols.

Therefore, these polymers (PSi) were found biodegradable. The

H-bonding present in the poly(azomethine)ester that had azo-

methine beside ester linkage gave stability to the chain. The

TGA curves revealed a multistage process as reported earlier23

which probably included pyrolytic cleavage of the (azomethi-

ne)ester.26,27,29 The DSC analysis was carried out at the heating

rate of 10�C min21. The glass transition temperature (Tg) of

PAME are listed in Table II. Tg valves of the material varied

from 277 to 57�C. It is of interest to note that the Tgs of the

macrochains having hard segments are shifted to the higher

temperature regions, whereas the presence of flexible segments

result in a decrease in Tg. The thermograms revealed that the

parent polymer chain, P exhibited Tg 249, owing to the presence

of bulky aromatic aryl groups, however, its lower glass transi-

tion temperature as compared to PB was attributed to the pres-

ence of flexible aryl ether linkage. PB had glass transition

temperatures Tg, 277�C due to the presence of bulky isopropyli-

dine groups in the main chain. PF having the oxidizable hexa

fluoroisopropylidine group had relatively lower Tg, 255�C owing

to the presence of six “F” in each unit. PH exhibiting six meth-

ylene units had Tg 203�C lower than PPr (210�C) having three

methylene spacers. The increasing number of methylene spacers

in the main chain decreased the stability of the chain and vice

versa. The presence of Si and methyl groups in PSi reduces the

value of Tg to 57�C which is minimum among all the spacers.

It is known that Si has ability to increase the freedom of

rotation of the main chain. The addition of different groups in

the main chain resulted in decreased thermal stability.26,27

Electrical Properties

The material was compressed in the pellets of equal dimensions to

study its conducting behavior at room temperature. The influence

of the presence of different diols in the case of condensation ter-

polymers was also studied, Table III. It is known that the valence

electrons in sp3 hybridized orbitals have low mobility and do not

contribute to the electrical conductivity of the material. However,

in conjugated materials, the situation is that they have backbones

of connecting sp2-hybridized carbon centers having a valence elec-

tron on each center in a pz orbital. The poly(azomethine)esters

having continuous conjugation in the chain (P and PB) were

more conducting as compare to PF due to the presence of highly

electronegative hexaflouroisopropylidine group in the chain. The

polymers incorporating methylene and silyl spacers exhibited the

lowest conductivity. Based on literature, undoped polymers usu-

ally have energy gap> 2 eV, which is too great for conduction,

therefore, they usually have low conductivity. Polymers were

doped with silver and blended with PANI. The trend of conductiv-

ity was found same as was in neat material, however, the material

blended with PANI were more conducting than the doped one30–

32 that lesser amount of PANI as compared to silver is required to

increase the conductivity, Table III.

Despite intensive research, the relationship between morphol-

ogy, chain structure, and conductivity is still poorly understood.

It is assumed that conductivity should be higher for the higher

degree of crystallinity and better alignment of the chains; how-

ever, this could not be confirmed for PANI, which is amor-

phous in nature.

DFT Calculations

To provide further insight into the electrical behavior, DFT cal-

culations were carried out at 6–31G/B3LYP level, Figure 1 and

Table IV. The calculations were carried out for a repeat unit

Table IV. DE and HOMO/LUMO Coefficients

Polymer (S cm21) Energy (eV) LUMO Coefficients

P HOMO 5 20.12020 LUMO 5

20.00980 DE 5 0.1104
0.00565,0.00019,0.00101,0.00468,0.00050,0.05072,
0.07971,14034,0.24253,0.32555,0.17396,0.08983,
0.11218,0.04771, 0.06159,0.11396,0.6913,0.09007, Holes 41

PSi HOMO 5 0.00135 LUO 5

0.00823 DE 5 0.007
0.02713,0.00551,0.00008,0.00145,0.00491,0.00041,0.05723,
0.11183,0.03075,0.17736,0.09457,0.34907,0.00608,
0.04103,0.11639, 0.05764,0.05451, Holes 94

PPr HOMO 5 20.07116 LUMO 5

20.06022 DE 5 20.01094
Holes 54

PH HOMO 5 20.18816 LUMO 5

20.09643DE 5 20.09173
0.01675,0.00141,0.00136,0.00569,0.00056,0.35640,
0.13401,0.40809,0.24041,1.27886,0.3104,0.76343,
0.03409,0.15691,0.05944,0.07742,0.08968,0.13134,0.10697, Holes 73

PB HOMO 5 20.08514 LUMO 5

20.07504 DE 5 0.0101
1.623,76343,0.03409,0.15691,0.21846, Holes 83

PF HOMO 5 20.22249 LUMO 5

0.01536 DE 5 20.20713
0.03198,0.88295,0.18016,0.04488,0.06884,0.05776,
0.04672,0.15046,0.49585,0.0717,0,21846,0.06387
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from each macrochain. It is known that the electrical conductiv-

ity of the polymer is correlated to the difference of energy (DE)

between the HOMO and LUMO orbitals.

Also that, higher value of LUMO coefficient means greater electron

density on excitation and, hence, more will be the ability of the

material to conduct. Similarly, the HOMO coefficients of the atoms

are examined to see the presence of intrinsic holes which also play

important role in conduction. Electrical conductivity of P was 3 3

10212 S cm21, Table III. The theoretical calculations showed, P has

low value of DE (0.1104 eV) and most of the connecting centers in

the chain have significant LUMO electron densities and holes,

therefore, has more conductivity as compared to other polymers

(except PF). Despite having lower value of DE (0.007 eV) as com-

pared to P, the conductivity for PSi (4.9 3 10213 S cm21) was less

owing to almost zero LUMO electron density at certain centres.

The DE value for PPr and PH was 0.01094 and 0.09173 eV, respec-

tively, indicating easier excitation of electrons from HOMO to

LUMO, still they have lower conductivity as compared to P, that is,

(6 3 10214 and 4 3 10214 S cm21) which is in accordance to the

experimental results, Table III. The polymer PB had DE, 0.0101 eV,

hole 83, and very high value of LUMO coefficient (1.623) and,

hence, has highest conductivity amongst all. The polymer PF had a

relatively greater DE and was less conductive than PB. It was con-

cluded that difference of energy between HOMO/LUMO orbitals

along with their coefficient account for the electrical behavior of the

material also the theoretical results obtained were in good agree-

ment with the experimental data.

CONCLUSIONS

A low-temperature solution polycondensation technique was

used to synthesize conjugated, thermally stable poly(azomethi-

ne)esters. Electrical behavior of the material was studied, and

the effect of the presence of different sequences in the terpoly-

mer was evaluated. It was found that the polymers with contin-

uous conjugation and symmetric units in the chain were more

conducting as compared to the others. The doped and blended

material showed drastic increase in conductivity; however, a

lesser amount of PANI is required to increase the conductivity

of the material. Therefore, the study can help to design material

with small band gaps, more electron density, and holes resulting

in significant technological progress in next generation organic

field effect transistor, OLEDs, and flexible photovoltaic material.
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