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In this paper, new thermally stable isomeric unsubstituted polyesteramides have been successfully prepared by condensation of
aromatic acids chlorides namely; isophthaloyl, pyridine-3,5-dicarbonyl and pyridine-2,6-pyridine-dicarbonyl dichlorides with the
aminophenol isomers in NMP. Conducting the reaction in NMP/H,0 (90/10 v/v) followed by centrifugal separation furnished the
desired polymers as rod-like nanoparticles. The morphology of obtained nanoparticles were studied by SEM. Mixing NMP with
H,O was essential for controlling the particles morphology and as a reaction accelerator.

Pyridine-containing polymers exhibit semi-conducting nature as their conductivities increase with increasing temperature, while
no variation of the conductivity with the temperature was observed for their corresponding phenylene analogues. Introduction of
the nitro group into the polymer backbone led to a red shift in the absorption and the obtained polymers have a bright yellow
color, which is unusual with this polymer group. Copper (II) ions were complexed the polyesteramides-containing nitro group in a
(1:1) ratio. Complexes of pyridine-containing polymers exhibit semiconducting nature changed to metallic characters on heating and
their conductivities increased tens of magnitudes than their corresponding ligands. These new types of polymeric materials and their
nano-sized rods may have numerous applications in nanotechnology and their properties can be tuned for specific applications such

as conducting adhesives and coating materials.

Keywords: Nanorodes, polyesteramides, morphology, structure-property relations, polymer metal complex

1 Introduction

High-performance-heat resistance polymers such as aro-
matic polyimides, poly(amide-imide)s, polyamides and
polyesters are characterized by their excellent balance of
thermal and mechanical properties which makes them use-
ful materials for engineering applications. The great com-
mercial importance and the fabrication of such unsubsti-
tuted polymers are owing to two reasons (1); i) they proved
to be thermally stable (2) and, unlike other polymer types,
they show a tendency to decompose during or even be-
fore melting, ii) they are insoluble in most common sol-
vents. Major elements that account for the low solubil-
ity are molecular order and strong interchain attractive
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forces, mainly hydrogen bonding (3) that enhances effec-
tive molecular packing. Moreover, the high moisture ab-
sorptions have resulted in obvious negative effect on their
mechanical properties (4), as well as electrical insulating
and dielectric performance.

Many efforts have been made to create structurally modi-
fied aromatic polymers having increased solubility and pro-
cessability with retention of their high thermal stability
(5-7). Modification of the properties of polymer by incor-
poration of hydrogen-bonded polyester groups has been
investigated and polyesteramides have been studied exten-
sively (8-11). The materials are either random copolymers
in which the proportion of ester-to-amide groups can be
varied through the whole range of compositions, or alter-
nating or patterned polyesteramides with regularly recur-
ring successions of the characteristic groups in the main
chain. The alternating or patterned polyesteramides are
obtained by the polyesterification of amide-containing or
the polyamidation of ester containing precursors (12). Seg-
mented polyesteramides consisting of rigid amide segments
and amorphous flexible ester segments are thermoplas-
tic elastomers (13). These polymers have a micro-phase
separated structure with an amide-rich hard phase and an
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ester-rich soft phase. The amide-rich phase usually contains
crystalline lamellae and acts as a thermo reversible physical
cross-linker for the amorphous phase. The soft phase has
a sub-ambient glass transition temperature (7;) and con-
tributes to the flexibility and extensibility of the polymer.
Heating above the melting temperature of the hard domains
usually results in phase mixing of hard and soft segments.
Previous research revealed that an effective way to improve
phase separation is using short, symmetrical and uniform
amide blocks (14-17).

A part of an active project based on synthesis and char-
acterization of aromatic polyamides and polyesteramides
containing pyridyl linkages to develop novel semiconduct-
ing nanoparticles made from organic polyamides and their
metallic complexes, we report the preparation of novel
polyesteramids containing pyridine via polycondensation
of aromatic diacid chlorides with aminophenol isomers.
Furthermore, condensation with 5-nitro-2-aminophenol
was investigated in order to understand to what extent
may insertion of a strong electron-withdrawing group such
as (NO;) group change in the electronic and vibrational
spectra of the investigated polymers (18). For structure-
property comparison reasons, nanoscale preparation of
three examples of polyesteramides and their copper (II)
complex were investigated (19). One of the most important
tasks in our study is to analyze and predict the detailed
polymer structures that could increase the thermal stability,
which directly affect processing and practical application.
It is interesting to correlate the structure-property relation-
ship, in particular, studying the influence of the pyridine
N-atom position on the polymer properties. In this way,
n-electrons of the pyridine N-atom are either incorporated
in the linear conjugation or not and this may induce the
least detrimental effect on the electrical properties of the
produced polymer (20).

2 Experimental

2.1 Materials

Isophthaloyl dichloride 1 (Fig. 1), pyridine-2,6-dicarbony]l
dichloride 2 and pyridine-3,5-dicarbonyl dichloride 3, were
made from the commercial isophthalic acid (Merck),
pyridine-2,6-dicarboxylic acid (Aldrich), pyridine-3,5-
dicarboxylic acid (Aldrich), respectively, following the
literature procedures (21). The commercial aminophe-
nols 4-7, hydrated cupric acetate and the sol-
vents N, N-dimethylacetamide (DMAc), 1-Methyl-2-
pyrrolidone (NMP) (Fluka), 1,4-dioxane (Aldrich) and
dimethylsulfoxide (DMSO) (Aldrich) were used as pur-
chased without purification.

2.2 Measurements

Infrared spectra (IR, KBr pellets; 3 mm thickness) were
recorded on a Perkin-Elmer Infrared Spectrophotometer

Hassan et al.

Cl1oC : ‘coct 1 OH
7

| NH
N\

HO
4 6
2 NH,
cioc” N"cocr 2
N
Z 5
N | 3 HO NH, NH, 7
cloc cocl

Fig. 1. Monomers used in the polycondensation process.

(FTIR 1650). All spectra were recorded within the wave
number range of 4000-600 cm~! at 25°C. Absorption spec-
tra were measured with a UV 500 UV(-)Vis spectrometer
at room temperature (rt) in DMSO with a polymer con-
centration of 2 mg/10 mL. Differential thermo gravimet-
ric (DTG) analyses were carried out in the temperature
range from 20°C to 400°C in a steam of nitrogen atmo-
sphere by Shimadzu DTG 60H thermal analyzer. The ex-
perimental conditions were: platinum crucible, nitrogen at-
mosphere with a 30 mL/min flow rate and a heating rate
10°C/min. Differential scanning calorimetry (DSC-TGA)
analyses were carried out using SDT-Q600-V20.5-Build-15
at the Institute of Graduate Studies and Research, Alexan-
dria University. Dielectric measurements were carried out
in the frequency range from 0.1 to 5000 kHz using a Hioki
3532 LCR tester, at different temperatures ranging from
room temperature up to about 90°C. The polymer pow-
der were pressed to form discs of diameter 10 mm and
thickness 1 mm. Silver electrodes were deposited on both
sides of the sample surface by thermal evaporation and
two copper wires were fixed on the sample using conduct-
ing silver paint. Inherent viscosities (7i,,) Were measured
at a concentration of 0.5g/dL in DMF at 30°C by using
an Ubbelohde viscometer. Elemental analyses were per-
formed at the Microanalytical Unit, Cairo University. The
morphologies of polymer nanoparticles were observed by
Scanning Electron Microscope (SEM) (JEOL-JSM5300),
at the E-Microscope Unit; Faculty of Science, Alexandria
University. The samples were sonicated in de-ionized water
for 5 min and deposited onto carbon-coated copper mesh
and allowed to air-dry before examination.

2.3 Polymer Synthesis

Stirring of solutions during the polycondensation reac-
tions throughout the entire study was performed using
mechanical Stirrer (600 rpm). A typical procedure was as
follows. To a stirred solution of the aminophenol (4-7)
(5 mmol) in NMP (25 ml) at 0°C (ice-salt bath), 4.9 mmol
of the diacid chloride (1-3) was added portionwise over
a period of 30 min. while stirring vigorously. The mixture
was stirred at 0°C for 1 h and at rt for additional 3 h, then
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Fig. 2. Chemical Structures of the prepared polyesteramides.

it was poured into iced water. The obtained precipitate was
filtered and washed thoroughly with hot methanol and hot
water, and then it was dried under vacuum overnight.

2.4 Particle Preparation

The diacid chloride (1-3) (4.9 mmol) and 2-amino-5-
nitro-phenol 7 (5 mmol) were each dissolved in 50 ml
NMP and cooled at 0°C (ice-salt bath). Distilled water
(10 mL) was added to the solution of 7 followed by ad-
dition of the entire acid chloride solution at once. The
mixture was stirred vigorously at 0°C for 1 h. The poly-
mer solution was extracted by centrifugal separation for
25 min at 15000 rpm and the greenish-yellow precipi-
tate (~10 % yields) was carefully washed five times with
methanol and water to purify the product of any unre-
acted monomer. The yellow supernatant was concentrated
by rotary evaporation as much as possible and the ob-
tained yellow precipitate was filtered, washed thoroughly
with methanol and water. The polymer samples were then
dried at 80°C for 10 h then kept in a vacuum desicca-
tor.

2.5 Preparation of Cu (II) Complexes Cull—Cul3;
General Method

To a stirred suspension of (0.10 mol) of the polyesteramide
in 25 mL DMSO, 0.12 mol of Cu(OAc),. H,O was added.
The mixture was vigorously stirred at 90°C for 1 h, then

. HZN@ ﬁ@@
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poured while hot on a large amount of crushed ice/H,O.
The dark colored precipitate was filtered, washed with hot
methanol and water and dried at 80°C for 10 h, then kept
in a vacuum desiccator.

3 Results and Discussion

The production of new types of semiconducting
polyesteramides containing pyridine linkages and studying
of their properties is the major objective of our study. One
of the most important tasks in this study is to analyze and
predict the detailed polymer structure-property relation-
ship that could increase the conjugational degree along the
backbone of the polymers without much impairing their
thermal stability.

Three aromatic acids chlorides, Figure 1, namely isoph-
thaloyl dichloride 1 pyridine-2,6-dicarbonyl dichloride 2
and pyridine-3,5-dicarbonyl dichloride 3 were used in this
investigation. These compounds were prepared by reac-
tions of their corresponding dicarboxylic acids with thionyl
chloride in the presence of few droplets of DMF (21).
Polyesteramides (Fig. 2) were synthesized in good yields
by direct polycondensation reaction of an equimolar mix-
ture of the acids chlorides 1-3 with aminophenols including
2-aminophenol 4, 3-aminophenol 5, 4-aminophenol 6 and
2-amino-5-nitro-phenol 7 in NMP solution. The polymer
structures were confirmed by elemental analysis and IR
spectroscopy. Table 1 compiles physical properties of the
prepared polymers.
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Table 1. Yield (%), elemental analyses and inherent viscosity of the prepared polymers

# Yield (%) Unit Formula M. Wt % C (Exp) % H (Exp) % N (Exp) Ninn T
8 92 Ci4H7NO, 311 54.02 (55.19) 5.50 (5.40) 4.50 (3.88) 0.912
9 91 C19H9N30¢ 385 59.22 (60.01) 4.97 (6.80) 10.90 (11.21) 0.930
10 90 C13HoN,04.1,H,0O 267 59.65 (58.97) 4.11 (5.78) 10.48 (10.92) 0.944
11 92 Ci14H9N,O¢ 302 55.63 (56.28) 3.33(3.90) 9.279.30 0.945
12 91 C19H|5N50q 457 49.90 (49.71) 3.31 (4.94) 15.31 (14.47) 0.967
13 90 C13Hy9N304.14H,0 312 50.00 (50.27) 3.20 (5.29) 13.46 (13.82) 0.949
14 95 CyoHz9N,O¢ 384 62.49 (61.40) 5.24 (6.43) 8.29 (8.61) 0.955
15 90 C19H|5N304. 14H,0 358 63.68 (63.29) 4.46 (5.61) 11.73 (11.71) 0.961
16 82 C13H12N, 05 276 56.52 (57.39) 4.38 (6.85) 10.14 (10.58) 0.962
17 84 C14H3NO; 275 61.09 (61.34) 4.76 (5.53) 5.09 — 0.899
18 80 C19H9N30¢ 385 59.22 (59.65) 4.97 (5.78) 10.90 (10.92) 0.902
19 90 C13H 14N> Og 294 53.06 (52.97) 4.80 (5.54) 9.52(9.19) 0.969

tThe inherent viscosity of the polymers was measured at a concentration of 0.5g/dL in DMSO at 30°C.

3.1 Physical Properties Of Polymers

3.1.1. Solubility

The prepared pyridine-containing polyesteramides showed
different solubility behaviors in different organic solvents.
Moderate to complete dissolutions (5 wt% solid content)
were observed at room temperature in a variety of aprotic
solvents such as NMP, DMSO, DMAc, while insoluble
in boiling alcoholic solvents such as methanol, ethanol,
propanol and ethylene glycol or in halogenated solvents
such as CHCI;, CCly, CH,Cl, or in ethers such as Et,O,
THEF, 1,4-dioxane or 1,2-dimethoxyethane (DME).

3.1.2. Inherent viscosity

The inherent viscosity of the polymers, as a suitable crite-
rion for evaluation of molecular weight, was measured at a
concentration of 0.5 g/dL in DMF at 30°C. It was in the
range of 0.899-0.967 dL/g that showed moderate molec-
ular weights (Table 1). In general, linear symmetric poly-
mers showed higher 7;,;, values and thus a higher degree
of polymerization than those derived from non-symmetric
analogues.

3.1.3. FTIR Spectroscopy

The FT-IR spectra of the polyesteramides exhibited char-
acteristic absorption bands at around 3300 and 1650 cm™!
corresponding to the N-H and C=0 stretching of amide
group, respectively. The spectrum of polymers containing
nitro group 11, 12 and 13 showed characteristic bands of
nitro groups at v 1318 and 1580 cm~!. The IR spectra of
representative examples polymers 9, 12, 15, 18 and 10, 13,
16, 19 are shown in Figures 3 and 4, respectively.

3.1.4. Optical Properties

The optical properties of representative polymers, (Figs. 5)
were investigated by UV-Vis spectroscopy in NMP with
a polymer concentration of ~ 2 mg/10 mL. The absorp-
tion spectra of the poly (amide-ester)s 9, 12, 15, 18 and 10,
13, 16, 19 are shown in Figures 5(a) and (b), respectively.

Comparison between poly(amide-ester)s derived from dif-
ferent diacid chlorides with the same aminophenol clearly
revealed that the absorption characteristics of the polymer
are affected by the linear conjugated system. It is also ob-
vious that the absorption bands of polymers derived from
2,6-pyridine dicarboxylic acid exhibit a slight red-shift than
those derived from 3,5- analogues and isophthalic acid. The
relatively lower 7 — 7* transitions are likely attributed to
the fact that most pyridine groups are protonated by the
librated HCI during the polycondensation process. The in-
troduction of nitro group in 11-13 led to a red shift in the
absorption and interestingly these polymers have bright
yellow colors in the solid state.

r T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber cm

Fig. 3. IR spectra of polymers 9, 12, 15, 18.
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Fig. 4. IR spectra of polymers 10, 13, 16, 19.

3.1.5. Thermal properties

The thermal properties of the prepared polymers were
evaluated by differential thermo gravimetric (DTG), dif-
ferential thermal analysis (DTA) and differential scanning
calorimetry (DSC) techniques. Thermal and kinetic data
obtained from the nonisothermal decomposition of the in-
vestigated polymers are compiled in Table 2. Interestingly,
the prepared polymers exhibited high thermal stability and
most of them showed similar major amide/ester linkages
degradation. Furthermore, structure-thermal property cor-
relation based on changing the dicarboxylic acid monomer
demonstrated an interesting connection between a single
change and thermal properties. For instance, polymers
8-10 obtained from 4 demonstrated high thermal stabil-
ity and their exothermic decomposition weight loss peaks
appeared, respectively, at 380°C, 321°C and 340°C and
while the remaining mass residues were 0.00%, 18.98% and
38.44%, respectively. However, introduction of the nitro
group into the polymer backbone not only improved the
thermal stability but also furnished polymers 11-13 hav-
ing bright yellow colors in the solid state. The exother-
mic decomposition weight loss peaks of polymers 11-13
appeared, respectively, at 450°C, 368°C and 386°C and
while the remaining mass residues were 24.70%, 36.08%
and 14.36%, respectively. Polymers 14-16 prepared from 5
exhibited different thermal behaviors. For instance, 14 and
15 showed similar thermal decompositions up to 380°C,
whereas 16 exhibited a major internal dehydration process
leaving the major portion of the polymer intact. The char
yields of this series were 31.44%, 55.45% and 76.41%, re-
spectively. Polymers 17-19 prepared from 6 exhibited ma-
jor amide linkage degradation and their thermal stabilities

525
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Fig. 5. Absorption spectra of polyesteramides: (a) 9, 12, 15, 18
and (b) 10, 13, 16, 19.

were in the order 17>19>18, respectively. The char yields
of this series were 67.28%, 48.20% and 55.50%, respectively.

The thermodynamic parameters of decomposition pro-
cesses of complexes, namely, activation energy (E,), en-
thalpy (A H*), entropy (A S*), and Gibbs free energy change
of (AG*) were evaluated graphically by employing the
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Table 2. Thermal decomposition data of polymers 8-19 as recorded from their DTG curves

# TG (°C) Wt Loss (%) Residue (%) Tt E, (kj/mol) AH (kj/mol) AS (kj/mol) AG (kj/mol)
8 080-200 01.84 355 11.48 8.54 -0.28 108.65
200-550 98.07 0.00 538 22.33 17.86 -0.28 169.38
9 072-147 08.60 343 3.82 0.98 -0.29 101.49
205-600 72.42 18.98 521 34.46 30.14 -0.28 176.63
594 25.53 20.59 -0.28 187.23
048-250 03.09
10 250-600 58.52 38.44 581 9.57 4.74 -0.29 174.81
050-190 ND
11 200-550 74.40 24.70 558 19.14 14.50 -0.28 172.39
213-277 39.81 486 19.15 15.11 -0.29 153.77
12 232-650 24.11 36.08 551 16.75 12.17 -0.29 171.81
595 71.80 66.87 -0.28 236.08
630 52.65 47.41 -0.28 224.81
080-240 07.98 431 6.38 2.80 -0.29 129.82
13 240-650 77.64 14.36 571 38.29 33.55 -0.28 193.26
641 28.72 23.39 -0.28 205.51
080-200 02.18 336 15.95 13.16 -0.29 111.24
14 200-650 68.56 31.44 545 38.29 33.76 -0.17 124.77
591 19.15 14.24 -0.05 41.43
649 38.29 32.90 -0.30 227.86
071-309 09.44 344 11.49 8.62 -0.30 110.29
15 350-650 35.11 55.45 535 5.22 0.77 -0.31 167.04
638 28.72 23.41 -0.29 210.19
062-257 03.22 335 2.61 -0.17 -0.30 101.53
16 257-650 19.37 76.41 530 0.93 -3.46 -0.07 35.16
585 9.57 4.71 -0.30 181.15
636 19.15 13.85 -0.17 124.54
080-200 ND
17 200-600 32.71 67.28 554 6.38 1.77 -0.29 163.35
087-170 12.04 357 9.57 6.60 -0.29 110.42
18 225-650 39.67 48.2 534 25.53 21.09 -0.29 177.85
630 19.15 13.91 -0.29 198.88
058-291 06.38 585 9.57 4.71 -0.29 176.23
19 300-670 38.01 55.5 652 9.57 4.15 -0.30 196.83

*TThe peak temperature from the DTG charts.

Coats-Redfern method (22, 23). This method, reviewed by
Johnson and Gallagher (23) as an integral method assum-
ing various orders of reaction and comparing the linearity

in each case to select the correct order by using Equations
(1) and (2):

I—(l-a)']  [A4R ORT
log[ 721 —n) ]_log[eEa (1_ E, >]

Eq forn#1 (1)

 2.303RT
log —log(1 — a) ~ log AR 1_2RT
T 0E, E,
E,
" forn=1 2
2303rT O 2)

Where « is the fraction of sample decomposed at time ¢,
T is the derivative peak temperature, A4 is the frequency
factor, E, is the activation energy, R is the gas constant,

0 is the heating rate, and (1 — (2RT/ E,)) =1. A plot of
log[-log(1—a)/ T?] vs. 1/ T gives a slope from which the E,
was calculated and A (Arrhenius factor) was determined
from the intercept. Trials of these plots were made by as-
suming the orders 0, 1/2, and 1 and the best plot was
obtained for the first order. The entropy of activation was
calculated (24) using Equation (3):

AS* =2.303R [log %] 3)

Where /2 and k stand for the Plank and Boltzmann con-
stants, respectively, and 7T is the peak temperature from the
DTG curve. The enthalpy of activation A H* and the free
energy of activation AG* are calculated using Equations
(4) and (5), respectively.

AH" = E, — RT “4)

AG* = AH* — TAS* )
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Fig. 6. Complex impedance diagram for polymer 11 conductivity
at different temperatures.

According to the kinetic data obtained from DTG curves
all polymers have negative entropy (AS*), which indicates
ordered systems and more ordered activated states that
may be possible through the chemosorption of other light
decomposition products.

3.1.6. Electrical properties

The conjugated polymers have been studied for many years
(25) because of their attractive electronic and optoelec-
tronic properties. One of the most important goals is to
develop narrow-band gap polymers in the field of mate-
rials science. Indeed, a narrow band gap can be obtained
by starting from a monomer which already has a narrow
HOMO-LUMO energy (26) separation. Hence, to find low
energy gap parent molecules is the key step of designing
conductive polymer. Based on this hypothesis, many stud-
ies on organic conjugated systems combine with donor—
acceptor groups or fused with other conjugated ring to
reduce their band gaps have been reported (27). Such data
attracted interest in many areas of materials research such
as in organic light-emitting displays (LEDs), field-effect
transistors (FETs), solar cells and switching devices and so
forth.

The dc electrical conductivity results of polymers 8-19
revealed different behavior. The relations between the real
(Z2°) and imaginary (Z”) parts of the impedance at differ-
ent temperatures were plotted for the mentioned samples.
Figure 6 represents the Z”-Z’ for 11 as a representative
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Fig. 7. Temperature dependence of the dc for polymers 11, 12, 13
plotted as In (T'%6,,) vs. T~

graph and similar graphs were obtained for other polymers.
The behavior of the Cole-Cole diagrams is characterized by
semicircles originating from the origin with no overlap at
all temperatures. Extrapolating the high frequency limit of
the semicircles intercepts the real axis Z’ giving the value
of the bulk resistance for the sample from which the dc
conductivity was calculated. The temperature dependence
versus dc conductivity for polymers 11-13 plotted as In
T'204. vs. T~'/* is presented in Figure 7.

Interestingly, the dc conductivity of pyridine-containing
polymers 9, 10, 12, 13, 15, 16, 18 and 19 increases with
increasing temperature as determined from the polt of In
(o) vs. 1/T. This behavior is indicative of semi-conducting
nature of these samples as it obeys the three dimensional
Mott variable-range hopping model (27) which describes
the temperature dependence of the conductivity of disor-
dered semiconducting materials and provides the best fit-
ting for o4.(T) as given in Equation 6:

T4
04c(T) = 0, T ' exp [— (7()) } (6)

However in the case of other phenylene-containing poly-
mers 8, 11, 14 and 17, no variation of the conductiv-
ity with the temperature was observed for the studied

Table 3. Electrical conductivity (o) for polymers 8-19 at 330 K in Q! cm™!

o (Q 'em™) o (Q 'em™) o (Q 'em™) o (Q 'em™)
8 425 % 107° 11 476 x 1078 14 5.23 x1077 17 1.87 x 1077
9 2.14 x 1078 12 2.04 x 10~ 15 1.43 x 1077 18 2.19 x 1077
10 2.09 x 10~ 13 4.04 x 10~ 16 1.54 x 1077 19 1.23 x 1077
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0.08 pm

Fig. 8. SEM images of 11A-13A: precipitate of the produced particles in 10% aqueous NMP after 25 min centrifugation (15000 rpm)
and 11B-13B: particles aggregates obtained by evaporation of the supernatant.
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temperature range. The dc conductivity values of polymers
8-19 at 330 K are listed in Table 3.

3.2 Preparation and Characterization of Polyesteramides
Nanoparticles

Developing novel semiconducting nanoparticles made
from organic polyesteramides and their metallic com-
plexes was our next research interest. Polymeric aromatic
nanoparticles can be prepared by either emulsion or inter-
facial polymerizations. Biodegradable polyesters and their
copolymers nanoparticle preparation can be achieved using
emulsification/solvent evaporation, emulsification/solvent
diffusion and salting out techniques (28). Addition-
ally, a popular method used for polymeric nanoparti-
cles preparation is solvent displacement also referred as
nanoprecipitation (29). This method involves the disso-
lution of the monomers in an organic, water-miscible
solvent, 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 leading to the formation of nanoparticles.
Polyesteramides nanoparticles 11-13 were synthesized in
good yields by direct polycondensation of an equimolar
mixture of the specific acid chloride with 2-amino-5-nitro-
phenol in 10% aqueous NMP at 0°C for 1 h. The entire
polycondensation reactions readily proceeded in homoge-
nous solutions that were subjected to centrifugal separation
for 25 min at 15000 rpm to produce ~10% of 11-13 as well-
separated rod-like nanoparticles polymers. Rotary evapora-
tion of the yellow supernatants to small volumes furnished
the major yields of interconnected particles 11-13. Interest-
ingly, the diameters of particles obtained by centrifugation
were comparable with that particles obtained by concen-
tration of the supernatant as judged from SEM images
(Fig. 8). NMP served a dual purpose as a solvent and to
remove HCI generated during the polymerization, because
HCI not only hinders the polymerization reaction, result-
ing in a lower molecular weight product, but it also would
catalyze the hydrolysis of the polymeric product. NMP was
described as an athermal solvent for nanotubes by Bergin
et al. (30). Mixing NMP with 10% H,O was essential for
many reasons such as controlling the particles morphology,
playing important role in determining the polarity of the
reaction solution and as a reaction accelerator (31).
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Fig. 9. Proposed chemical structures of the prepared poly-
esteramides copper (I) complexes.

Figure 8 displays scanning electron microscope (SEM)
images A of the greenish-yellow precipitates of the pro-
duced particles after centrifugation and images B of the
particles aggregates obtained by evaporation of the yellow
supernatant. The average diameters of polymers 11 and 13
were 40 nm, while polymer 12 rods were wider and their
average width was 112 nm. The formation mechanism of
polymers is related to effect of salts ions on the micelle struc-
ture. Micelles grow in the presence of salts from spherical,
rodlike to cylindrical aggregates or wormlike micelles (32).
The morphological transition from spherical to cylindrical
morphology may be attributed to the existent salt ions such
as NMPH™CI~ and H3;0™" in reaction medium. The large
diameter recorded for polymer 12, in comparison to ana-
logues 11 and 13, is owing to the presence of a relatively
higher number of H-bonding interactions (33) which also
illustrate the tendency of such large diameters to flatten.

Table 4. Physical properties of the prepared copper (IT)-polymers complexes (Cull—Cul3)

# Yield (%) Unit Formula ~ M. Wt % C (Exp)

%H (Exp) %N (Exp) Selected IR bands (cm™')  Color

Cull 95 CigH14N,OgCu  441.5 43.48
(42.66)

Cul2 95 C21H20N5012Cu 597.5 42.18
(41.99)

Cul3 94 CisHsN3OpCu  461.5 39.01

(38.85)

3.17 6.34 3380, 1630, 1597, Dark
(2.27) (7.12) 1508, 1345, 1080 Brown
3.37 11.71 3400, 1630, 1592,
(2.59) (11.71) 1328, 1078, 678 Brown
3.49 9.10 3347, 1633, 1595,
(2.51) (9.96) 1344, 1077, 680 Brown
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3.3 Preparation of Polyesteramides-copper (II) Complexes

Polyesteramides 11-13 took the center stage with the per-
formance as these materials were obtained in a bright-
yellow color, which is unusual with this polymer group,
and their properties can be tuned for specific application
such as self-coated semiconducting material. Therefore, in-
corporation of a transition metal to these polymers group
was our next goal. The complexation reaction was carried
out by careful addition of Cu(OAc),. H,O (1.2 equiva-
lent) to the stirred hot solution of the polymer in DMSO
at (80-90°C) for 1 h. The Cu (II) ions were complexed
with polymer repeating unit in a ratio of 1:1 and the com-
plexes structures Cull—Cul3 given in Figure 9 are pro-
posed on the basis of their IR and elemental analyses data
(Table 4). Pyridine-containing polymers 12 and 13 showed
similar sites of metal coordination. The metal ion accom-
modates inside the inner cavity made by the protonized
pyridine nitrogen atom (H-O-H—NCsHs) with the two
surrounding carbonyl groups. The appearance of the sharp
(Cu-N) bands at v 678 and v 680 cm~! in complexes
Cul2 and Cul3, respectively, unambiguously proved that
the pyridine nitrogen atom represents the central binding
site, followed by axial orientation of bonds connecting pyri-
dine and CO amide-ester groups. All prepared complexes
showed chelating bidentate CH;COO™~ bands around 1528
and 1455cm™!. These two bands are due to v, (COO~) and
vs (COO™), respectively. The separations of these two bands
AU = vy — Us = 73 cm™!, are comparable to the values
cited for the bidentate character(34) of the acetate group.
In comparison with the IR spectra of polymers 11-13, all
the complexes Cull—Cul3 exhibit downshift (~30 cm™")
of v(CONH) indicating the participation of the amide CO
in the coordination to the metal ion. The presence of coor-
dinated water molecules in the complexes(39) is indicated
by a broad band centered on v 3400 cm~! and two weak
bands in the region 750-800 and 700-720 cm~! due to v
(-OH) rocking and wagging mode of vibrations, respec-
tively (36).

The electronic spectra of the complexes were investigated
by UV-vis spectroscopy in DMSO with polymers concen-
trations of 1073 M, (Fig. 10). The maximum absorptions
Amax) and absorption values (A) of ligands 11-13 and their
corresponding copper (II) complexes Cul1-Cul3 are com-
piled in Table 5. The prepared polyesteramides exhibited
three bands at Ay around 269, 315 and 362 nm due to
the m — 7*, n — * and charge transfer transitions, respec-
tively, within the molecule. The absorption characteristics
of the polymer are affected by the linear conjugated sys-
tem. This result clearly showed that polymer 12, derived
from 2,6-pyridine dicarboxylic acid, exhibits a slight red-
shift than its partners 13 and 11 derived from 3,5-pyridine
dicarboxylic and isophthalic acids, respectively. The slight
red-shifts observed in the transitions occur in 12 and 13 are
likely attributed to the protonized pyridine nitrogen atom
by water (O-H—NCsH5s) (37).
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Fig. 10. Absorption spectra of polyesteramides 11-13 (A) and
their complexes Cull-Cul3 (B).

The electronic spectra of the complexes showed, in ad-
dition to the three aforementioned transitions, a new band
at 465 nm, 480 nm, and 480 nm for Cull, Cul2 and
Cul3 which is attributed to the ligand-metal charge transfer
(LMCT) transitions from the conjugated n- and p-orbitals
of the donor to d orbitals of the metal. The expected d-
d transition bands of the prepared copper polymers were
found as shoulders around 560 nm (38).

The thermal properties of the prepared polymers were
evaluated by differential thermo gravimetric (DTG), dif-
ferential thermal analysis (DTA) and differential scanning
calorimetry (DSC) techniques. The postulated thermal
degradation analyses of the prepared copper complexes
Cull-Cul3 are shown in Figure 11. Interestingly, all
polymers complexes exhibited similar thermal decompo-
sitions up to 390°C and the remaining residues yields of
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Fig. 11. The postulated thermal degradation of polymers Cull—
Cul3.

this series were 45.25%, 43.92% and 46.76%, respectively,
attributed to their corresponding fragments A and these
results further supplement the proposed compositions of
the complexes.

The incorporation of copper into the polymers back-
bones significantly improved the dc conductivities of the
resulted complexes. The temperature dependence versus dc
conductivity for the copper complexes Cull-Cul3 plotted
as o (27! em™") vs. T (K) is presented in Figure 12 and
their conductivity values are listed in Table 6. The con-
ductivity of the complex Cul2 exhibited nearly a seventy
three orders of magnitude higher than that of its ligand
12. The complex exhibits a semiconducting character at
300-330 K range changed to a metallic character at T >
330 K. In a similar fashion, Cul3 exhibits a semiconduct-
ing character below 350 K changed to a metallic character
at higher temperatures and in addition, its conductivity is
nearly two orders of magnitude higher than that of lig-
and 13. In case of Cull, the conductivity revealed a five
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Fig. 12. (a) Temperature dependence of dc electrical conductivity
for polymers 11-13, (b) Temperature dependence of dc electrical
conductivity for polymers Cul1-Cul.

orders of magnitude improvement compared to 11 but it
does not change with increasing temperature. It is obvious
that the polymer structural variations play a major role
in determining the electrical conduction efficiency of the
complexes Cull—Cul3.

The complexation of polymers 11-13 with hydrated
Cu(OAc); produce charge-transfer complexes which would
give an effective contribution to the electrical conductiv-
ity of the polymer. The charge carriers in complexes Cul2
and Cul3 are generated by activation of the n-electrons of
the pyridine N-atom after doping with Cu (OAc),.H,O.
It is well known that conjugated polymers undergo oxi-
dation and reduction from their electrically neutral, non-
conductive state, with the formation of highly conductive

Table S. A, and absorption values (A) of polymers 11-13 and their corresponding copper complexes

11 12 13 Cull Cul2 Cul3

Amax 362 (0.940) 360 (1.179) 364 (1.029) 465 (0.377) 480 (0.162) 480 (0.548)
(A) 314 (0.779) 316 (0.972) 314 (0.759) 349 (0.820) 360 (0.854) 358 (0.661)
268 (0.551) 270 (0.732) 268 (0.545) 286 (0.974) 314 (0.756) 280 (0.827)

270 (0.950) 280 (0.867)
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Table 6. Electrical conductivity (o) for polymers 11-13 and
the complexes Cull-Cul3 at 330 K in 7! cm™!

# o(Q 1T em™) # o(Q 1 em™)
11 2.04 x 1078 Cull 1.02 x 1077
12 4.04 x 1078 Cul2 2.95 % 107°
13 4.76 x 1078 Cul3 1.08 x 1077

p- and n-doped states. The introduction of units with a
high electron affinity directly onto the polymeric backbone
of the parent conjugated polymer is a newly developed
concept to increase the efficiency and lifetime of organic
conducting polymer (39). Both polymer structures are con-
jugated and thus, have the possibility of continuous overlap
of the n- and p-orbitals throughout the entire structures.
In Cul2 and Cul3 polymers, the Cu*? ion accommodates
inside the inner cavity made by the pyridine nitrogen atom
with the two surrounding carbonyl groups producing two
fused five- and six-membered chelate rings, respectively.
The five membered ring chelates are thermodynamically
more stable than six-membered chelate rings and thus, one
might expect a higher mobility ligand-metal-ligand charge
transfer in the former chelate ring size than the latter one.
This would explain the higher conductivity of the complex
Cul2 nearly a twenty seven orders of magnitude higher
than that Cul3.

4 Conclusions

New thermally stable polyesteramides have been suc-
cessfully prepared by condensation of aromatic acids
chlorides namely; isophthaloyl, pyridine-3,5-dicarbonyl
and pyridine-2,6-pyridine-dicarbonyl dichlorides with the
aminophenol isomers in NMP. The prepared pyridine-
containing polymers exhibit semi-conducting nature as
their conductivities increase with increasing temperature.
No variation of the conductivity with the temperature was
monitored within the studied temperature range for other
phenylene-containing polymers. Introduction of the nitro
group into the polymer backbone led to a red shift in the
absorption and the obtained polymers have a bright yel-
low color, which is unusual with this polymer group, and
thus polymers 11-13 were elected for further studies to im-
prove their optical and electrical properties for possible spe-
cific applications. Nanometer-sized rodlike polyesteramids
11-13 have been successfully prepared via polycondensa-
tion/centrifugation in 10% aqueous NMP and the mor-
phology of produced polymer nanoparticles were studied
by SEM. Copper (1) ions were complexed with these poly-
mersina (1:1) ratio. Based on polymer structural variations,
the incorporation of copper into the polymers backbones
significantly improved the optical properties and the dc
conductivities. The dc electrical conductivity results of the
polyesteramides revealed different behaviors. Complexes

Hassan et al.

of pyridine-containing polymers exhibit semiconducting
characters around 330 K changed to metallic characters
at higher temperatures and their conducivities increased
tens of magnitudes higher than that of their correspond-
ing ligands. The high mobility ligand-metal charge trans-
fer in such thermally stable chelated ring sizes would ex-
plain their high conductivity. These new types of polymeric
materials and their nano-sized rods may have numerous
applications in nanotechnology and their properties can be
tuned for specific applications such as conducting adhesives
and coating materials.
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