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Abstract Two new para-linked diether-diamines, bis(4-(4-amino-2-(4,5-diphenyl-
1H-imidazol-2-yl)phenoxy) phenyl)methanone and bis(4-(4-amino-2-(4,5-diphenyl-
1H-imidazol-2-yl)phenoxy) phenyl)hexafluoropropane, bearing two ortho-linked
phenyl-substituted imidazole pendants and trifluoromethyl groups were synthesized
by the nucleophilic chlorodisplacement reaction of the synthesized 2-(2-chloro-5-
nitrophenyl)-4,5-diphenyl-1H-imidazole with 4,4’-dihydroxybenzophenone or 4,4’-
(hexafluoroisopropylidene)diphenol in refluxing DMAc in the presence of potassium
carbonate. These diamines were utilized to prepare a series of novel poly(amide-
ether)s (PAEs) via direct phosphorylation polycondensation with aliphatic and aro-
matic dicarboxylic acids. The polymeric samples were readily soluble in a variety of
organic solvents and formed low-colored and flexible thin films via solution casting.
These polymers showed glass-transition temperatures (7,s) between 204 and 308 °C.
Thermal behaviors of the PAEs were characterized by thermogravimetric analysis,
and the 10 % weight loss temperatures were found to be in the range of 330-450 °Cin
N,. The PAEs exhibited fluorescence emission in solution and in solid state with
maxima around 423-494 nm and with the quantum yields in the range of 6-28 %.

Keywords Poly(amide-ether) - Direct polycondensation - Thermal properties -
Fluorescent - Solubility

Introduction

Polyamides are one of the high-performance polymeric materials and are
characterized by thermo-oxidative stability, good mechanical properties, and
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outstanding solvent resistance [1-8]. However, these polymers usually present
limited solubility and high melting temperatures, which decrease their processabil-
ity and restrict further applications. Therefore, researches have been focused on the
development of structurally modified aromatic polyamides with increased solubility
and better processability [9-12]. Aromatic polymers that contain aryl ether or aryl
sulfone linkages because of lower energy of internal rotation generally have lower
glass-transition temperature (1), greater chain flexibility, and greater tractability
than their corresponding polymers without these groups in the repeat units [13-23].
One of the successful approaches is the introduction of bulky aromatic heterocyclic
pendants such as substituted imidazole and carbazole rings into the polymer
backbone [24-27], which have also been suggested as promising photoconductive
and photorefractive materials [28-33]. The rigidity, symmetry, and aromaticity of
the these systems contribute to thermal and chemical stability and enhanced
mechanical properties of the resulting polymer at elevated temperatures; in addition,
increase of polarizability of the nitrogen atom in the heterocyclic ring by
introducing phenyl groups, such as 2,4,6-triarylimidazole, improves the solubility
of the polymer in organic solvents [34-37].

In this paper, we wish to report synthesis of novel high-performance and
processible poly(amide-ether)s (PAE)s with unique properties of solubility, thermal
stability, and optical characteristics. New symmetric diamines containing two 3,4-
diphenyl imidazole rings and flexible ether linkages, bis(4-(4-amino-2-(4,5-
diphenyl-1H-imidazol-2-yl)phenoxy)phenyl)methanone and bis(4-(4-amino-2-(4,5-
diphenyl-1H-imidazol-2-yl)phenoxy)phenyl)hexafluoropropane were synthesized
and used for preparation of PAEs. The combination of functional groups of
flexible, symmetrical, and bulky pendants in the backbone of these polymers will be
expected to decrease the regularity of polymer chains, weaken the intermolecular
interactions and chain packing efficiency, increase the barrier for free rotation and
T,, and thermal stability. Also, the introduction of 2,4,6-triarylimidazole (lophine)
into the polymer backbone and the effects of induction and resonant electron groups
on the properties of these polymers are investigated.

Experimental

Materials

All chemicals were purchased from Fluka and Merck Chemical Co. (Germany)
through a local agency. Ammonium acetate, hydrazine monohydrate, and 10 %
palladium on activated carbon were used as received. NMP, DMAc, and pyridine
(Py) were purified by distillation under reduced pressure over calcium hydride and
stored over 4 A molecular sieves.

Monomer synthesis

The synthetic pathway leading to the synthesis of target diamines is outlined in
Scheme 1.
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Synthesis of 2-(2-chloro-5-nitrophenyl)-4,5-diphenyl-1H-imidazole (DPI)

In a 250 mL round-bottomed two-necked flask equipped with a condenser, a
magnetic stirrer bar and a nitrogen gas inlet tube, a mixture of 1.86 g (0.01 mol)
2-chloro-5-nitrobenzaldehyde, 2.1 g (0.01 mol) benzil, 5.39 g (0.07 mol) ammo-
nium acetate, and 20 mL of glacial acetic acid was refluxed for 24 h. Upon
cooling, the precipitated white solid was collected by filtration and washed with
mixture of C,HsOH/H,O (50/50, v/v). 3.55 g (yield 95 %) yellow crystals were
obtained with the melting point (mp) 218-220 °C. FT-IR (KBr) at cm™': 3453
(N-H), 3124 (C-H aromatic), 1684 (C-N), 1532 and 1345 (NO,). 'H NMR
(DMSO-dg, 0 in ppm): 7.34-7.39 (m, 6H, Ar-H), 7.54 (d, 4H, Ar-H, J = 8.2 Hz),
791 (d, 1H, Ar-H, J = 8.2 Hz), 8.25 (dd, 1H, Ar-H, J = 8.2 Hz), 8.65 (d, 1H,
Ar-H, J = 2.8 Hz), 1298 (s, 1H, N-H imidazole ring). Elemental analysis
calculated for C,H;4CIN3O,: C, 67.20; H, 3.73; N, 11.20. Found: C, 67.00; H,
3.65; N, 11.35.
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Scheme 1 Synthesis of target diamines
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Synthesis of bis(4-(4-nitro-2-(4,5-diphenyl-1H-imidazol-2-
yl)phenoxy)phenyl)methanone (DNIM)

In a 250 mL round-bottomed two-necked flask equipped with a condenser, a
magnetic stirrer bar and a nitrogen gas inlet tube, a mixture of 1.10 g (0.005 mol)
4,4'-dihydroxybenzophenone, 3.75 g (0.01 mol) (DPI), and 1.40 g (0.01 mmol)
anhydrous potassium carbonate in 20 mL of dry DMAc was refluxed at 120 °C for
12 h and then cooled. The mixture was then poured into water and the precipitate
was collected by filtration and recrystallized from ethanol. The yield of the crude
product was 4.10 g (92 %), mp = 295-298 °C. FT-IR (KBr disk) at cm™': 3453
(NH), 3079 (C-H aromatic), 1608 (C=N), 1588 (C=C), 1532, 1350 (NO,), and 1264
(C-0-C). "H NMR (DMSO-dg, ¢ in ppm): 6.93 (distorted s, 2H, Ar—H), 7.22-7.34
(m, 16H, Ar-H), 7.46-7.57 (m, 12H, Ar-H), 7.89 (distorted s, 2H, Ar-H), 8.06 (d,
2H, Ar-H, J = 8.2 Hz), 13.33 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for CssHzsNgO7: C, 74.00 %; H, 4.04 %; N, 9.42 % and found: C,
73.91 %; H, 4.15 %; N, 9.41 %.

Synthesis of bis(4-(4-nitro-2-(4,5-diphenyl-1H-imidazol-2-yl)phenoxy)phenyl)
hexafluoropropane (DNIFP)

In a 250 mL round-bottomed two-necked flask equipped with a condenser, a
magnetic stirrer bar and a nitrogen gas inlet tube, a mixture of 1.68 g (0.005 mol)
4,4'-(hexafluoroisopropylidene) diphenol, 3.75 g (0.01 mol) (DPI), and 1.40 g
(0.01 mmol) anhydrous potassium carbonate in 20 mL of dry DMAc was refluxed at
120 °C for 12 h and then cooled. The mixture was then poured into water and the
precipitate was collected by filtration and recrystallized from ethanol. The yield of
the crude product was 4.70 g (94 %), mp = 278-280 °C. FT-IR (KBr disk) at
cm™': 3484, 3378 (NH,), 3445 (N-H imidazole ring), 3049 (C—H aromatic), 1633
(C=N), 1598 (C=C), 1530, 1351 (NO,), and 1208 (C-O-C). 'H NMR (DMSO-dg, 9
in ppm): 6.55 (distorted s, 2H, Ar—H), 7.04 (d, 4H, Ar-H, J = 8 Hz), 7.19-7.23 (m,
6H, Ar-H), 7.26-7.29 (m, 9H, Ar—-H), 7.31-7.34 (m, 5H, Ar-H), 7.49 (d, 4H, Ar-H,
J =8 Hz), 790 (d, 4H, Ar-H, J = 8 Hz), 9.98 (s, 2H, N-H imidazole ring).
Elemental analysis calculated for Cs;H3cFgNgOg: C, 67.46 %; H, 3.55 %; N,
8.28 % and found: C, 67.39 %; H, 3.64 %; N, 8.25 %.

Synthesis of bis(4-(4-amino-2-(4,5-diphenyl-1H-imidazol-2-
yl)phenoxy)phenyl)methanone (DAIM)

To a 250 mL round-bottomed three-necked flask equipped with a dropping funnel, a
reflux condenser, and a magnetic stirrer bar, 4.45 g (0.005 mol) bis(4-(4-nitro-2-
(4,5-diphenyl-1H-imidazol-2-yl)phenoxy)phenyl)methanone (DNIM) and 0.1 g pal-
ladium on activated carbon (Pd/C, 10 %) were dispersed in 30 mL ethanol. The
suspension solution was heated to reflux, and 5 mL of hydrazine monohydrate was
added slowly to the mixture. After a further 8 h of reflux, the solution was filtered hot
to remove Pd/C, and the filtrate was cooled to give white crystals. The product was
collected by filtration and dried in vacuum at 80 °C. The yield of the reaction was
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84 % (3.5 g), mp = 232-235 °C. FT-IR (KBr disk) at cm™': 3474, 3334 (NH,),
3448 (N-H imidazole ring), 3035 (C-H aromatic), 1612 (C=N), 1498 (C=C), and
1241 (C-O-C). 'H NMR (DMSO-dq, 6 in ppm): 4.32 (s, 2H, N-H), 4.39 (s, 2H,
N-H), 6.11 (d, IH, Ar—H, J = 2.8 Hz), 6.24 (d, 1H, Ar-H, J = 2.4 Hz), 6.49 (dd, 2H,
Ar-H,J = 8 Hz),6.51 (dd, 2H, Ar—H,J = 8 Hz),6.65(d, 1H, Ar-H,J = 8 Hz), 6.67
(d, 1H, Ar-H, J = 8 Hz), 7.00 (d, 2H, Ar-H, J = 8 Hz), 7.15 (d, 2H, Ar-H,
J = 8 Hz),7.17-7.41 (m, 20H, Ar-H), 7.43 (d,4H, Ar-H,J = 8 Hz),7.48 (d, 2H, Ar-
H,J = 8 Hz), 10.97 (s, 1H, N-H imidazole ring), 11.54 (s, 1H, N-H imidazole ring).
3C NMR (100 MHz, DMSO-dq, d in ppm): 113.93, 114.63, 117.37, 117.94, 124.59,
126.63, 128.86, 129.26, 130.12, 130.67, 130.72, 131.65, 132.75, 133.94, 135.46,
138.14,140.48, 141.41, 145.49, 147.70, 148.41, 198.40. Elemental analysis calculated
for C5sH4oNgO5: C, 79.33 %; H, 4.81 %; N, 10.09 % and found: C, 79.21 %; H,
4.96 %; N, 10.05 %.

Synthesis of bis(4-(4-amino-2-(4,5-diphenyl-1H-imidazol-2-
yl)phenoxy)phenyl)hexafluoropropane (DAIFP)

To a 250 mL round-bottomed three-necked flask equipped with a dropping funnel, a
reflux condenser, and a magnetic stirrer bar, 5.00 g (0.005 mol) bis(4-(4-nitro-2-
(4,5-diphenyl-1H-imidazol-2-yl)phenoxy)phenyl) hexafluoropropane (DNIFP) and
0.1 g palladium on activated carbon (Pd/C, 10 %) were dispersed in 50 mL ethanol.
The suspension solution was heated to reflux, and 7 mL of hydrazine monohydrate
was added slowly to the mixture. After a further 8 h of reflux, the solution was
filtered hot to remove Pd/C, and the filtrate was cooled to give white crystals. The
product was collected by filtration and dried in vacuum at 80 °C. The yield of the
reaction was 86 % (4.1 g), mp = 200-204 °C. FT-IR (KBr disk) at cm~ ! 3481,
3382 (NH,), 3458 (N-H imidazole ring), 3051 (C—H aromatic), 1614 (C=N), 1498
(C=C), and 1247 (C-0-C). "H NMR (DMSO-dj, é in ppm): 4.30 (s, 4H, N-H), 6.16
(d, 2H, Ar-H, J = 2.8 Hz), 6.52 (dd, 2H, Ar-H, J = 8 Hz), 6.65 (d, 2H, Ar-H,
J =8 Hz),7.14 (d, 4H, Ar-H, J = 8.4 Hz), 7.19-7.34 (m, 20H, Ar-H), 7.47 (d, 4H,
Ar-H, J = 8.4 Hz), 10.80 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for Cs7H 0FgNeOs: C, 71.70 %; H, 4.19 %; N, 8.81 % and found: C,
71.62 %; H, 4.29 %; N, 8.76 %.

Polymer synthesis

The following general procedure, as is illustrated in Scheme 2, was used for the
preparation of all PAEs from the diamines and various aliphatic and aromatic
dicarboxylic acids. The new diamines (I mmol), a dicarboxylic acid (1 mmol), and
lithium chloride (0.30 g) were dissolved in a mixture of pyridine (1 mL),
triphenylphosphite (TPP) (1.20 mmol), and NMP (5 mL) in a three-necked flask
equipped with a condenser, a mechanical stirrer, and a nitrogen gas inlet tube. The
mixture was heated at 120 °C for 12 h with stirring under dry N, atmosphere. The
reaction mixture was then cooled to room temperature and the resulting polymers
were precipitated in 200 mL methanol. The precipitate was filtered and washed with
hot water, and then was further purified by washing with methanol for 1 day in a
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Soxhlet apparatus to remove the low-molecular weight fractions. The inherent
viscosity (i) of the polymers measured at a concentration 0.5 g/dL. in NMP at
25 °C were in the range of 0.41-0.65 dL/g.

PAEal

Yield 90 % and #;,, (dL/g) = 0.65. FT-IR (KBr disk) at cm™': 3347 (N-H amide),
3060 (C-H aromatic), 1654 (C=0 amide), 1603 (C=N), 1552 (C=C) and 1249
(C—0-C). "H NMR (400 MHz, DMSO-dq, § in ppm): 6.91-8.39 (m, 38H, Ar-H),
10.14 (s, 2H, N-H amide), 13.08 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for (CgzH4oNgOs)y: C, 78.59 %; H, 4.37 %; N, 8.73 %. Found: C,
78.41 %; H, 4.42 %; N, 8.72 %.

PAEa2

Yield 87 % and #;,, (dL/g) = 0.48. FT-IR (KBr disk) at cm™': 3420 (N-H amide),
3035 (C-H aromatic), 1671 (C=0 amide), 1605 (C=N), 1504 (C=C) and 1221
(C—0-C). '"H NMR (400 MHz, DMSO-dg, d in ppm): 7.11- 8.28 (m, 33H, Ar-H),
10.14 (s, 2H, N-H amide), 12.93 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for (CgH41N7Os),: C, 77.26 %; H, 4.26 %; N, 10.18 %. Found: C,
77.11 %; H, 4.39 %; N, 10.18 %.

PAEa3

Yield 92 % and #u;,, (dL/g) = 0.52. FT-IR (KBr disk) at cm™': 3422 (N-H amide),
3060 (C-H aromatic), 2923 (C-H aliphatic), 1675 (C=0 amide), 1605 (C=N), 1500
(C=C) and 1243 (C—O-C). "H NMR (400 MHz, DMSO-ds, 6 in ppm): 1.09 (m, 8H,
C-H), 1.35 (m, 4H, C-H), 2.08 (t, 4H, C-H), 7.21-8.04 (m, 34H, Ar—H), 9.55 (s,
2H, N-H amide), 13.08 (s, 2H, N-H imidazole ring). Elemental analysis calculated

Ph Ph Ph Ph

Ph,  Ph Ph, Ph . -
HN_~N Na NH HN_~N Na NH
TPP/PY/NMP —Ar—
—Ar—0. + HOOC—R—COOH ———— g Ar=0
1e°c 0 0
N NH, +Nil :~;1|-|-|-R-|-|-}-

(A) (B)

/@\ /(i
R: N —(CHy)g—
(1) @)

3)

Scheme 2 Polycondensation reactions of the diamines with different dicarboxylic acids
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for (CgsHs54NgOs),: C, 78.16 %; H, 5.41 %; N, 8.42 %. Found: C, 78.10 %; H,
5.48 %; N, 8.40 %.

PAEDI

Yield 92 % and #;,, (dL/g) = 0.61. FT-IR (KBr disk) at cm™': 3423 (N-H amide),
3035 (C-H aromatic), 1670 (C=0 amide), 1604 (C=N), 1507 (C=C) and 1211
(C-0-C). '"H NMR (400 MHz, DMSO-dq, 6 in ppm): 6.86-8.36 (m, 38H, Ar-H),
10.07 (s, 2H, N-H amide), 12.19 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for (CgsH4FgNgOy)n: C, 71.96 %; H, 3.87 %; N, 7.75 %. Found: C,
71.85 %; H, 3.96 %; N, 7.72 %.

PAEDb2

Yield 90 % and #;,, (dL/g) = 0.41. FT-IR (KBr disk) at cm™': 3425 (N-H amide),
3036 (C-H aromatic), 1669 (C=0 amide), 1604 (C=N), 1507 (C=C) and 1229
(C—0-C). '"H NMR (400 MHz, DMSO-dg, § in ppm): 6.99-8.27 (m, 33H, Ar-H),
10.15 (s, 2H, N-H amide), 12.92 (s, 2H, N-H imidazole ring). Elemental analysis
calculated for (Cg4H41FgN-Oy4),: C, 70.78 %; H, 3.78 %; N, 9.03 %. Found: C,
70.65 %; H, 3.82 %; N, 9.02 %.

PAEb3

Yield 95 % and #n;,, (dL/g) = 0.49. FT-IR (KBr disk) at cm™': 3435 (N-H amide),
3024 (C-H aromatic), 2963 (C—H aliphatic), 1671 (C=0 amide), 1604 (C=N), 1501
(C=C) and 1237 (C-0-C). "H NMR (400 MHz, DMSO-dg, 6 in ppm): 1.07 (m, 8H,
C-H), 1.32 (m, 4H, C-H), 2.08 (t, 4H, C-H), 6.83-7.74 (m, 34H, Ar-H), 9.50 (s,
2H, N-H amide), 12.44 (s, 2H, N-H imidazole ring). Elemental analysis calculated
for (Ce7Hsy FeNgOy)y: C, 71.78 %; H, 4.82 %; N, 7.50 %. Found: C, 71.72 %; H,
493 %; N, 7.48 %.

Measurements

Proton and carbon nuclear magnetic resonance (lH NMR and '3C NMR) spectra
were recorded on a 400 MHz Bruker (Ettlingen, Germany) instrument using
DMSO-dg as solvent and tetramethyl silane as an internal standard. Elemental
analyses performed by a CHN-600 Leco elemental analyzer. Melting point
(uncorrected) was measured with a Barnstead Electrothermal Engineering Ltd
9200 apparatus. Inherent viscosities (at a concentration of 0.5 g/dL) were measured
with an Ubbelohde suspended-level viscometer at 25 °C using NMP as solvent.
Qualitative solubility was determined using 0.05 g of the polymer in 0.5 mL of
solvent. Thermogravimetric analysis (TGA) was performed with the DuPont
Instruments (TGA 951) analyzer well equipped with a PC at a heating rate of
10 °C/min under nitrogen atmosphere (20 cm*/min) and in the temperature range of
30-750 °C. Differential scanning calorimeter (DSC) was recorded on a Perkin-
Elmer pyris 6 DSC under nitrogen atmosphere (20 cm>/min) at a heating rate of
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10 °C/min. Glass-transition temperatures (7) values were read at the middle of the
transition in heat capacity and were taken from the second heating scan after cooling
from 350 °C at a cooling rate of 20 °C/min. Ultraviolet—visible and fluorescence
emission spectra were recorded on a Cecil 5503 (Cecil Instruments, Cambridge,
UK) and Perkin-Elmer LS-3B spectrophotometers (Norwalk, CT, USA) (slit
width = 2 nm), respectively, using a dilute polymer solution (0.20 g/dL) in DMSO.

Results and discussion
Synthesis and characterization of diamines

The objective of this study was the preparation of novel thermally stable and
organosoluble PAEs based on substituted pendent imidazole ring and ether linkage in
the backbone of polymer. Condensation of benzil with 2-chloro-5-nitrobenzaldehyde
and ammonium acetate is well known as a classical but convenient synthetic method
for preparation of triaryl imidazole. After reaction, 'H NMR spectrum of DPI showed a
peak in the region of 12.98 ppm which is related to N-H of formation of imidazole
ring. The dinitro compounds were successfully synthesized from DPI and diols as
starting materials by the nucleophilic chlorodisplacement reaction according to the
synthetic route shown in Scheme 1. The diamines were obtained by catalytic reduction
of the intermediate dinitro compounds using hydrazine hydrate and Pd/C in refluxing
ethanol. The structures of the dinitro and diamine compounds were identified by
elemental analysis, FT-IR, and 'H and '>C NMR spectroscopy techniques. The nitro
groups were evident from the FT-IR peaks at 1,530 and 1,350 cm™' related to the
symmetric and asymmetric stretching of NO,. After reduction, these absorption peaks
disappeared and the primary amino group in diamine showed the typical absorption
pair at 3,481 and 3,382 cm™'. As shown in Fig. 1, the "H NMR spectrum of diamine
(DAIFP) confirms that the nitro groups were completely transformed into the amine
groups by the high-field shift of the aromatic protons. The "H NMR spectrum of this
compound also showed the characteristic resonance of protons of amine groups at
4.30 ppm. The '>C NMR spectrum of DAIM shows 22 different carbons for the
aromatic segment and heterocyclic ring (Fig. 2).

Polymers synthesis and characterization

The new thermally stable PAEs were synthesized by phosphorylation polyconden-
sation between the diamines and various commercially available aromatic and
aliphatic dicarboxylic acids in NMP using TPP and pyridine as condensing agents at
120 °C in N; (Scheme 2). All the polycondensation reactions proceeded readily in a
homogeneous solution. Since Yamazaki et al.’s [38] development, many researchers
have utilized the activated polyamidation using the TPP activator and found that the
addition of a small amount of LiCl or CaCl, enhances the molecular weight of the
polyamides. Stringy and tough precipitates formed when the viscous polymer
solutions were trickled into the stirring methanol. As shown in Table 1, the inherent
viscosities of polymers were in the range of 0.41-0.65 dL/g. The elemental analysis
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Fig. 1 '"H NMR spectrum of diamine (DAIFP) in DMSO-dg

values generally agreed with the calculated values for the proposed structures of
polymers. Structural features of these PAEs were verified by FT-IR and '"H NMR
spectroscopy. FT-IR spectrum of the representative polymer PAEDb3 is shown in
Fig. 3. They exhibited characteristic absorption bands around 3,400 cm™' (N-H
stretch), near 1,250 cm ™! (aryl ether stretching) and at 1,665 cm™! (C=0, amide).
"H NMR spectrum of the representative polymer PAEb3 was illustrated in Fig. 4,
where all the peaks could be readily assigned to the protons in the repeating unit. In
the "H NMR spectra of these polymers, the N—H proton of amide groups appeared
in the region of 9.50-10.15 ppm, while the N-H proton of imidazole ring appeared
at the most downfield region of 13.00 ppm.

Solubility of PAEs

The solubility behavior of these PAEs was qualitatively tested in various organic
solvents, and the results are summarized in Table 1. All prepared PAEs exhibited
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Fig. 2 '>C NMR spectrum of diamine (DAIM) in DMSO-d¢

Table 1 Solubility of synthesized PAEs

Code Solvent

Yield (%) #ian (dL/g)" NMP DMAc NMP DMSO Py THF m-cresol TCE

PAEal 90 0.65 ++  ++ ++ ++ £ =+ -
PAE22 87 0.48 ++  ++ ++ ++ £ =+ -
PAEa3 92 0.52 o+ -
PAEbl 92 0.61 ++ o+ + + o+ +
PAEB2 90 0.41 e e = & +
PAEb3 95 0.49 ++  ++ H+ H H + +

DMAc N,N-dimethyl acetamide, DMF N,N-dimethyl formamide, NMP N-methyl pyrrolidone, DMSO
dimethyl sulfoxide, Py pyridine, THF tetrahydrofuran

++ soluble at room temperature, 4 soluble on heating at 80 °C, % partially soluble on heating at 80 °C,
— insoluble on heating at 80 °C

* Measured at a polymer concentration of 0.5 g/dL in NMP at 25 °C
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Fig. 3 FT-IR spectrum of PAEb3

excellent solubility in polar aprotic solvents such as NMP, DMAc, DMF, DMSO,
and some of them in less polar solvents like pyridine and m-cresol at room
temperature and in THF at high temperature. The good solubility should be the
result of introduction of the bulky pendent diphenylimidazole group in polymer
backbone. These factors increase the chain distance, inhibit the chain packing, and
decrease the interaction of the polymer chains; consequently, the solvents molecules
are able to penetrate easily and interact with the polar groups and to solubilize the
polymer chains. The amorphous nature of the PAEs was also reflecting their good
organosolubility. Besides the carbonyl and halogen groups have improved the
solubility of these polymers. Among the PAEs, polymers containing CF; polar
groups show better solubility in less polar and aliphatic solvents due to the presence
of aliphatic section which results in the increment of the flexibility of the polymer
structure. We believe, however, that the presence of imidazole and ether groups in
the pendent and in the main chain, respectively, can also contribute effectively in
the solubility of these PAEs by interacting with the polar molecules of solvents. In
addition, the solubility varies depending upon the dicarboxylic acid used. PAEs
were synthesized from aliphatic dicarboxylic acids (PAEa3 and PAEDb3) exhibited
better solubility behavior in less polar solvents such as THF and m-cresol. The
methylene units instead of rigid phenyl improve the solubility of these polyamides.

UV-vis absorption and fluorescence characteristics

The UV-vis absorption and photoluminescence (PL) spectra of the diamines and
PAE:s in dilute (0.2 g/dL) NMP solution and for PAEs in films (thickness 50 pm)
are shown in Figs. 5 and 6, and the data were summarized in Table 2. The diamines
and PAEs exhibited strong UV-vis absorption bands with maxima at 300 nm and in
the range of 302-315 nm, respectively, assignable to the m—n* transition resulting
from the aromatic moieties. By comparing spectra, a slightly red shift is observed in
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PAEs spectra due to expansion of © system. To investigate the optical properties of
thin films of these PAEs, solutions of the polymers were made by dissolving about
0.50 g of the samples in 6 mL of NMP. These solutions were poured into a 5-cm
glass Petri dish, which was heated under vacuum at 50 °C for 1 h, 100 °C for 2 h,
and 150 °C for 5 h to evaporate the solvent slowly. By being soaked in distilled
water, the flexible and transparent thin films with almost no color was self-stripped
off from the glass surface. The obtained films were then used to investigate the
optical properties of the PAEs. The maximum emission (A, (em)) of the diamines
in NMP solution was observed at 395 nm for DAIM and 400 nm for DAIFP. The
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Fig. 6 Fluorescence spectrum of PAEs in film

PL spectra of PAEs in NMP solution and in films (thickness 50 pm) exhibited a
high-intensity maximum around 456492 nm for the aromatic PAEs (PAEal,
PAEDbI1, PAEa2, and PAEDb2) and at 423427 nm for the aliphatic PAEs (PAEa3
and PAEDb3). To measure the PL quantum yields (&y), dilute polymer solutions
(0.2 g/dL) in NMP were prepared. A 0.1 N solution of quinine in H,SO4
(®; = 0.55) was used as reference according to the literature [39]. The &y values
were 0.30 for DAIM and 0.32 for DAIFP, 0.21 and 0.28 for the aliphatic PAEa3 and
PAED3, respectively, and in the range of 0.06-0.10 for the aromatic PAEs. The
maximum emission wavelength and the ®; values of these polymers particularly
PAEa3, PAEbI, and PAEb3 are comparable with the photophysical properties of
materials reported by other researchers [40, 41]. The blue shift and higher
fluorescence quantum yield of the aliphatic PAEs compared with the aromatic PAEs
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Table 2 Optical properties data of PAEs

Polymer Jabs (nM)? Jem (nm)? Jabs (nm)® Jem (nm)® ®; (%)°
PAEal 313 484 315 486

PAEa2 310 456 310 457 6
PAEa3 305 423 308 426 21
PAEb1 315 492 316 494 10
PAEDb2 312 469 314 470 7
PAEDB3 307 427 308 431 28

Polymer concentration of 0.20 g/dL in NMP
# UV-visible spectra of the PAEs in solution
" Fluorescence spectra of the film

¢ Fluorescence quantum yield relative to 0.1 N quinine sulfate in 1 N H,SO, (aq) (®¢ = 0.55) as a
standard

could be attributed to reduced conjugation and capability of charge-transfer
complex formation by the aliphatic diacids with the electron-donating diamine
moiety in comparison to the stronger electron-accepting aromatic diacids [42].

Thermal properties

DSC and TGA methods were applied to evaluate the thermal properties of the
polymers. The DSC curves of the PAEs were recorded at heating rate of 10 °C/min
in N, are shown in Fig. 7. Melting endothermic peak was not observed in the DSC
curves of PAEs which emphasize the amorphous nature of these polymers. The
amorphous nature of these PAEs can be attributed to their bulky pendent group
which decreased the interchain interaction resulting in loose polymer chain
packaging and aggregates. The T, values were taken as the midpoint of the change
in slope of the baseline of DSC curves, and found to be in the range of 204-308 °C,
as shown in Table 3. The presence of flexible bond such as ether linkage in the main
chain of these polymers reduced the rigidity of their backbones and consequently 7,
of these polymers to a reasonable and obtainable values in the range of 204-308 °C.
In general, molecular packing and chain rigidity are among the main factors
influencing on 7, values. Therefore, T, values of these polymers are affected by
these two opposite key factors; bulky pendants and flexibility of the main chain by
ether linkages. In general, the T, values of PAEs containing CF3 aliphatic group is
lower than that of those containing carbonyl group which can be assigned to the
symmetric and as a result of better flexibility of CF3 groups. The T, values also
depend on the flexibility of the diacid residue in the polymer main chain. Therefore,
among all the synthesized PAEs, the PAEa3 and PAEb3 based on aliphatic
dicarboxylic acid showed the lowest T, values and those based on the aromatic
dicarboxylic acids such as PAE (al, a2, b1, and b2) exhibited the highest T, values.

Thermal stability of these polymers was evaluated by TGA in N, atmosphere and
the curves are shown in Fig. 8. The data, extracted from the original TGA curves, in
Table 3, show the temperature of 10 % weight loss in the range of 330-450 °C in
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Fig. 7 DSC curves of PAE under a nitrogen atmosphere at a heating rate of 10 °C/min

Table 3 Thermal properties of PAEs

Polymer Ts (°C)* Tio (°C)° T, (°C)° Char yield LOI (%)°
PAEal 387 450 308 63 43
PAEa2 301 360 287 55 40
PAEa3 290 336 211 41 34
PAEbI1 339 401 299 59 41
PAEb2 295 343 264 48 37
PAEb3 284 330 204 29 29

* Temperature at which 5 % weight loss was recorded by TGA at a heating rate of 10 °C/min in a
nitrogen atmosphere

® Temperature at which 10 % weight loss was recorded by TGA at a heating rate of 10 °C/min. in a
nitrogen atmosphere

¢ Glass-transition temperature was recorded at a heating rate of 10 °C/min in a nitrogen atmosphere

9 Percentage weight of material left undecomposed after TGA analysis at a temperature of 750 °C in a
nitrogen atmosphere

¢ Limiting oxygen index percent evaluating at char yield 750 °C

N, atmosphere. The residual weights for the resulting PAEs were in the range of
29-63 % at 750 °C in N,. Char yield can be used as criteria for evaluating limiting
oxygen index (LOI) of the polymers in accordance with Van Krevelen and Hoftyzer
equation [43]. LOI = 17.5 + 0.4 CR, where CR is the char yield. For all the PAEs,
LOI values were calculated based on their char yields at 750 °C. Due to the reasons
which have been explained above, the thermal stability of these PAEs are observed
in order of PAEa > PAEb. According to Table 3, it is clear that aromatic PAEs
have better thermal stability and higher LOI as compared to the aliphatic PAEs. This
can be pertained to the rigid structure of aromatic diacids compared to the flexible
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structure of aliphatic diacids. The thermal resistance of polymers containing
aliphatic CF3 groups is less than those containing carbonyl group.

Conclusion

In this study, a series of novel photoactive PAEs containing bulky imidazole
pendent groups and aryl ether linkages in the backbone have been successfully
prepared by direct phosphorylation polycondensation of new diamines with various
aromatic and aliphatic dicarboxylic acids. The introduction of combination of two
flexible ether linkages and bulky triarylimidazole pendent groups into the polymer
repeating units significantly improved the solubility of the prepared PAEs in various
organic solvents. Most of these PAEs exhibited a desired combination of properties
such as good solubility and moderate T, values suitable for processing, good
thermal stability with the ability of fluorescence emission necessary for high-
performance materials.
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