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ABSTRACT: Two diamines, 2,6-bis(4-aminophenoxy)-
pyridine and 2,6-bis(5-amino-1-naphenoxy)pyridine, were
prepared through the nucleophilic aromatic substitution re-
action of 4-aminophenol and 5-amino-1-naphthol, respec-
tively, with 2,6-dichloropyridine. Poly(ether urea)s were
synthesized through the polyaddition reactions of these dia-
mines with aromatic, semiaromatic, and cycloaliphatic di-
isocyanates. All the monomers and polymers were fully

characterized, and physical properties of the polymers, in-
cluding the thermal behavior, thermal stability, solubility,
and solution viscosity, were studied. The polyureas showed
improved thermal stability. © 2004 Wiley Periodicals, Inc. ] Appl
Polym Sci 93: 961-965, 2004
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INTRODUCTION

Polyureas may be classified as heterochain macromo-
lecular compounds containing urea groups in their
structure. They are polycondensation or stepwise ad-
dition products in which a urea linking group occurs
periodically in oligomeric or polymeric chains of oth-
erwise different chemical structures. The chains may
be linear or nonlinear and comprise aliphatic, cy-
cloaliphatic, aromatic, or heteroatomic structural re-
peat units."

Polyureas were initially developed because of their
excellent mechanical properties and outstanding resis-
tance to hydrolysis.> Recently, polyureas have been
reported as piezoelectric and ferroelectric polymers,
second-order optical nonlinear polymers, lithographic
matrices, permeable membranes, biodegradable poly-
mers, and polymer microcapsules.>

Potentially more useful polyureas are those contain-
ing other functional groups. A wide range of commer-
cial polymers containing urea groups, such as urea—
formaldehyde resins,” poly(amide urea)s,® poly(ure-
thane urea)s used as cast elastomers,” and poly(ether
urea acrylate)s used as surface coatings have been
reported.

This article describes the preparation and properties
of novel poly(ether urea)s with improved thermal sta-
bility via the addition polymerization reaction of two
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pyridine-based ether diamines with different diisocya-
nates. Pyridine-based, ether diamines were prepared
through the reaction of 4-aminophenol and 5-amino-
1-naphthol with 2,6-dichloropyridine.

EXPERIMENTAL
Materials

All chemicals were purchased from Merck (Darm-
stadt, Germany) or Aldrich Chemical Co. (Milwaukee,
WI). 2,6-Dichloropyridine was recrystallized from eth-
anol. N-Methyl-2-pyrrolidone (NMP), N,N-dimethyla-
cetamide (DMAc), N,N-dimethylformamide (DME),
and toluene were purified by distillation over calcium
hydride under reduced pressure. p-Phenylene diiso-
cyanate (PPDI) and 1,5-naphthalene diisocyanate
(NDI) were sublimed before use. Toluene diisocyanate
(TDI) and 4,4'-dicyclohexylmethane diisocyanate
(H{,MDI) were purified by distillation.

Instruments

Infrared measurements were performed on a Bruker
(Ettlingen, Germany) IFS 48 Fourier transform infra-
red spectrometer. The H-NMR spectra were recorded
in dimethyl sulfoxide-ds (DMSO-d;) solutions with a
Bruker Avance DPX 250-MHz instrument. A Heraeus
(Wellesley, MA) CHN-O rapid elemental analyzer
was used for the elemental analyses. Differential scan-
ning calorimetry (DSC) and thermogravimetric analy-
sis (TGA) were recorded on a Stanton (London, En-
gland) Redcraft STA-780. Differential thermogravim-
etry (DTG) traces were recorded on a Polymer Lab
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Scheme 1 Synthesis of the diamines.

(London, England) TGA-1500. The dynamic mechan-
ical measurements were performed on a Polymer Lab-
oratories (Surrey, England) MK-II dynamic mechani-
cal thermal analyzer over a temperature range of —100
to 200°C at 1 Hz and a heating rate of 5°C/min. The
values of tan 8 and the storage modulus versus the
temperature were recorded for each sample. The in-
herent viscosities (7;,,) were measured with an Ub-
belohde viscometer.

Monomer synthesis

2,6-Bis(4-aminophenoxy)pyridine (AP) was synthe-
sized as follows. Into a 100-mL, three-necked, round-
bottom flask equipped with a Dean—-Stark trap, a con-
denser, a nitrogen inlet tube, a thermometer, an oil
bath, and a magnetic stirrer were placed 0.01 mol of
2,6-dichloropyridine, 25 mL of dry NMP, 15 mL of dry
toluene, and 0.021 mol of 4-aminophenol. Then, 0.0315
mol of K,CO; was added to the mixture, and the
reaction mixture was heated to 140°C for 6 h with
continuous stirring. The generated water was re-
moved from the reaction mixture by azeotropic distil-
lation. The reaction temperature was raised to 165°C
through the removal of more toluene, and it was kept
at the same temperature for 20 h. During this time, the
progress of the reaction was monitored by thin-layer
chromatography. The resulting reaction mixture was
cooled and poured into water. Then, 100 mL of 3%
NaOH was added to the mixture, and the mixture was
washed repeatedly with a 3% NaOH solution and
water. The obtained diamine was dried in a vacuum
oven at 60°C. The yield of the reaction was about 88%.

The same procedure was repeated for the synthesis
of 2,6-bis(5-amino-1-naphenoxy)pyridine (AN), but
5-amino-1-naphthol was used instead of 4-aminophe-
nol, and the yield of reaction was about 92%, as shown
in Scheme 1.

Polymer synthesis

A typical procedure for the preparation of poly(ether
urea)s was as follows. A round-bottom flask equipped

with an N, inlet tube, a condenser, and a thermometer
was charged with 0.005 mol of diamine and 10 mL of
dry NMP. Then, a solution containing 0.005 mol of
diisocyanate in 10 mL of dry NMP was added in one
lot to the flask contents. The solution was stirred for
1 h at room temperature and for 2 h at 60°C, and then
it was precipitated in water. The polymer was filtered,
washed with hot water and methanol, and dried in a
vacuum oven at 100°C, as shown in Scheme 2.

RESULTS AND DISCUSSION

Diamines are valuable building block for the prepara-
tion of a variety of important polymers, including
polyamides, polyimides, and polyureas. We prepared
two fully aromatic, pyridine-based ether diamines and
used them for the preparation of polyamides and
polyimides.'®!" In this article, the synthesis of polyu-
reas from the prepared diamines and their properties
are described.

A nucleophilic aromatic substitution reaction of
4-aminophenol and 5-amino-1-naphthol with 2,6-di-
chloropyridine in the presence of potassium carbonate
resulted in the preparation of two ether diamines, AP
and AN. The structures of the two diamines are shown
in Scheme 1. Spectroscopic methods and elemental
analysis were applied to the characterization of the
diamines (Table I).

The polyaddition reactions of five different diiso-
cyanates (aromatic, semiaromatic, and cycloaliphatic)
with the diamines afforded 10 poly(ether urea)s
(Scheme 2). Conventional methods were used for the
characterization of the polyureas, and the results are
listed in Table II

For the evaluation of the molecular weights, the m;,;,
values of the polyureas were measured at a concen-
tration of 0.5 g dL~! in NMP at 30°C. The 7, values
of the polymers were about 0.31-0.98 dLg ™', indicat-
ing moderate to high molecular weights (Table II).

To study the thermal behavior and thermal stability
of the polyureas and to study the effects of the struc-
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Scheme 2 Preparation of poly(ether urea)s.

ture on these properties, we used different analytical
thermal techniques, including DSC, dynamic mechan-
ical thermal analysis (DMTA), and TGA. According to
DSC (the midpoint of the change in the slope of the
baseline) and DMTA (decreasing storage modulus
with increasing tan 38), the polymers had glass-transi-
tion temperatures in the range of 134-183°C. The fully
aromatic polyureas had higher glass-transition tem-
perature than the others, and this was the result of
higher rigidity. The initial decomposition tempera-
tures of the poly(ether urea)s were about 146-240°C,
and their temperatures of 10% gravimetric loss were
292-328°C.

For the estimation of the maximum decomposition
temperatures of these polyureas, the first derivative of
TGA versus the temperature (DTG) was used. It was
310-345°C. Also, the char yields of the polymers at
600°C were about 37-50% (Table III).

According to the obtained data, these poly(ether
urea)s showed improved thermal stability in compar-
ison with common polyureas.'*'* The phenylation of
the backbone, the avoidance of weak linkages, and the
symmetry of the structures, in addition to a stable
pyridine heterocyclic ring, were the most important
factors in improving the thermal properties. Also, the
symmetry and polarity of the pyridine structure

TABLE I
Characterization of the Diamines

Elemental analysis

IR Caled Found Yi
ield
Substrate  (KBr cm™ ') NMR (DMSO-d,, 8, ppm) C H N C H N (%)
AP 3300-3450 3.60 s (4H, amine); 6.34 d (2H, Py); 6.63— 69.62 5.12 14.33 69.49 5.19 14.42 88
1450-1600 6.66 m (4H, Ph); 6.90-6.93 m (4H, Ph);
1140 7.51 t (1H, Py)
AN 3300-3400 5.83 s (4H, amine); 6.50 d (2H, Naph); 76.33 4.83 10.69 76.24 4.79 10.74 92
1150 Naph), 7.75 t (1H, Py); 7.94 d (2H,

Naph)

Py = pyridine; Ph = phenyl; Naph = naphthyl.
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TABLE 1II
Characterization of Poly(ether ureas)
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Elemental analysis

NMR Calcd Found _— Yield
No. Polymer IR (KBr, cm™ 1) (DMSO-d,, 6) C H N C H N (dL/g) (%)
1  AP-PPDI 3285, 3025, 1649, 8.63/2H, 8.51/2H, 6622 416 1545 66.01 406 15.62 0.98 85
1560, 1502, 1196 6.49-7.79/15H
2 AP-NDI 3320, 3029, 1652, 8.76/2H, 8.53/2H, 69.18 417 1391 6899 405 14.00 0.37 94
1557, 1502, 1195 6.50-8.06/17H
3  AP-MDI 3315, 3027, 2991, 8.61/2H, 8.48/2H, 70.72 460 12.89 7038 471 1298 0.48 91
1651, 1559, 1503, 6.52-8.01/19H,
1198 3.90/2H
4  AP-TDI 3366, 3030, 2989, 8.62/2H, 8.56/1H, 66.80 449 1498 6639 422 1510 0.34 90
1659, 1547, 1504, 8.52/1H, 6.50—
1200 7.89/14H, 1.90/
3H
5 AP-H,;,MDI 3325, 3022, 2964, 8.58/2H, 8.42/2H, 69.19 6.66 12,61 6944 650 1291 0.58 86
1650, 1545, 1501, 6.49-7.75/11H,
1189 3.05/2H, 2.01-
2.07/18H, 1.26/
2H
6  AN-PPDI 3277,3019, 1642, 8.95/2H, 8.76/2H, 71.60 416 12,66 7131 400 12.89 0.52 90
1555, 1510, 1218 6.52-8.47/19H
7  AN-NDI 3334, 3020, 1648, 9.01/2H, 8.83/2H, 73.63 414 11,60 7319 439 11.34 0.32 79
1553, 1508, 1222 6.53-8.09/21H
8 AN-MDI 3348, 3017, 2991, 8.72/2H, 8.52/2H, 74.65 451 10.88 7422 4.64 11.00 0.36 80
1647, 1595, 1512, 6.54-8.04/23H,
1221 3.93/2H
9 AN-TDI 3350, 3024, 2990, 8.64/2H, 8.60/1H, 7195 440 1234 72.08 458 1249 0.31 81
1653, 1592, 1513, 8.54/1H, 6.54—
1220 7.92/18H, 1.91/
3H
10 AN-H,,MDI 3356, 3018, 2922,  8.61/2H, 8.45/2H, 7328 626 10.68 73.01 6.04 10.92 0.40 84

1649, 1590, 1539,
1218

6.53-7.76/15H,
3.07/2H, 2.04-
2.11/18H, 1.30/
2H

TABLE III
Thermal Analysis Data
Char yield
at 600°C
No. T,(°C) T,(°C) Ty (°C) Thax (°C) (%)
1 183 240 328 345 44
2 180 220 325 332 43
3 178 210 323 330 41
4 167 202 317 325 40
5 152 185 312 341 40
6 162 180 316 348 45
7 157 168 312 342 44
8 153 165 310 330 50
9 143 152 302 314 41
10 134 146 292 310 37

T, = glass-transition temperature; T, = initial decompo-
= maximum decomposition tem-
perature; T;, = temperature for 10% weight loss; char yield

sition temperature; T,

= weight of polymer remaining.

caused an increase in the growth of the molecular
weights, interactions, and close packing of the final
polymer chains and therefore improved the thermal
properties of the polymers.

The structure—property relations of these poly(ether
urea)s can be explained from two points of view:

1.

Diamine structures. The symmetry of the AP
structure was greater than the symmetry of the
AN structure. Therefore, the polymers derived
from the AP monomer were more heat-resistant
than the polymers derived from the AN mono-
mer.

Diisocyanate structures. Fully aromatic diisocya-
nates (PPDI and NDI) imparted more rigidity to
the final polymers, and so more thermal stability
was observed than for semiaromatic [4,4"-diphe-
nyl methane diisocyanate (MDI) and TDI] and
TDI) and cycloaliphatic (H;,MDI) diisocyanates.

These two factors also had a reverse effect on the
solubility of the polymers. Therefore, the polymers
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derived from AN showed better solubility than the
AP-derived polymers in dipolar aprotic solvents such
as NMP, DMAc, DMF, and DMSO. The polymers
derived from more flexible diisocyanates (H;,MDI)
showed better solubility than the polymers derived
from more rigid diisocyanates (PPDI).

CONCLUSIONS

Two fully aromatic pyridine-based ether diamines
were synthesized through the reaction of 4-aminophe-
nol and 5-amino-1-naphthol with 2,6-dichloropyri-
dine. Polyaddition reactions of the prepared diamines
with different diisocyanates afforded poly(ether
urea)s with improved thermal stability. The phenyla-
tion of the backbone, the presence of a heterocyclic
pyridine ring, and the incorporation of ether linkages
were the main structural modifications used to syn-
thesize the building block for the preparation of poly-
(ether urea)s with improved properties.
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