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Abstract This paper describes certain wholly aromatic
polyamides based on 1,3-diamino-4-halobenzenes and 1,3-
diamino-4,6-dihalobenzenes, and on isophthaloyl and
terephthaloyl chloride by means of low temperature solution
polymerization. We set out to study the influence of the kind
of'halogen (F, CI or Br) and the type of substitution (mono or
di) in the diamine moiety with regard to solubility, water
uptake and thermal and mechanical properties. The materials
are characterized with respect to chemical structure and
purity by elemental analysis, infrared (FT-IR) and nuclear
magnetic resonance (NMR) spectroscopic techniques, and
special attention is paid to the sequence distribution
(constitutional order) of polymers derived from non-
symmetric monohalogen-substituted diamines, and their
influence on the above-mentioned properties.

Keywords Aromatic polyamides - Halogenated polymers -
Monomers - Mechanical properties - Thermal properties -
Water uptake - Solubility

Introduction

Wholly aromatic polyamides are characterized by their
excellent balance of thermal and mechanical properties,
which makes them useful as high performance materials for
advanced technologies in automotive, electrical, electronic,
and other industrial markets. Thus, poly(p-phenylene
terephthalamide) and poly(m-phenylene isophthalamide)
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have found application in high temperature-high strength
fibres, coatings and fillers [1-3]. However, they encounter
processing difficulties due to their extremely high transition
temperatures, which lie over the decomposition temper-
atures, and due to their poor solubility in common organic
solvents. However, in spite of their excellent balance of
thermal and mechanical properties, their low chemical
resistance to certain common chemicals such as chlorine,
and their limited flame resistance have restricted their
applications in some high technology fields, whence many
efforts have been made to enhance their processability,
solubility, thermal and chemical resistance by chemically
modifying their structure through a variety of methods: for
instance, by introducing bulky side groups [4-10], by
incorporating flexible chains into the polyamide backbone
[11-15], or by introducing groups that enhance mechanical
and thermal resistance, i.e. fire resistance.

In this work we explore the property modifications of
wholly aromatic polyamides by using mefa-oriented or
asymmetrically substituted monomers [16-22]. The intro-
duction of these kinds of monomers, so that monomeric
units become symmetrically non-equivalent, leads to
constitutional isomerism due to the unequal reactivities of
monomer unit functional groups, and the sequence distri-
bution influences the final polyamide properties.

Theoretical constitution isomerism has been widely
discussed in several papers by Odian [23], Suter et al.
[24-27] and Ravindranath [28], and practical and theoret-
ical aspects of sequence control in one-step condensation
polymerism have also been described by different authors
[18], and concisely summarized by Ueda [29]. The authors
[30] of this paper have previously described the practical
and theoretical aspects of the polymerization of 1,3-
phenylenediamines asymmetrically substituted by a chlorine
atom in ring position 4.
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Structure-property relationships arising from constitutional
isomerism are as yet not well known for polyamides,
nevertheless their sequence distribution may lead to a partially
disordered polymer structure that can have a strong effect on
cohesive energy and crystallinity.

It has been found that aromatic polyamides are very
sensitive to oxidation by chlorine, and that the ortho positions
of the aromatic diamine compounds m-phenylenediamine
were easily substituted by chlorine in the manner of an Orton
rearrangement through N-chlorination [31], which decreased
mechanical and thermal properties and also affected the
specific properties of material applications, such as perfor-
mance in reverse osmosis membranes in terms of flux rate
and salt rejection. Konogaya et al. [32] have shown that the
introduction of substituents into the ortho positions of
p-phenylenediamine has a widespread effect on decreasing
the chlorine uptake, which represents the first step of
oxidation by chlorine. In particular, the largest effect, by
far, on polymer protection against chlorine is due to the
introduction of a mono chlorine substituent.

Wholly aromatic polyamides have been widely used in
the fabrication of wide-bodied aircraft interiors and many of
these applications have to be flame retardant, which means
that any improvement in the flame-resistant behaviour of
these materials is obviously very important. Their flame
resistance is somewhat related to the amount of char formed
on the thermal degradation of a polymer, and there is a
significant correlation between char yield and the limiting
oxygen index [33, 34]. Hence, the well-established effec-
tiveness of halogen in polymer flame retardancy [35] as
studied by Kakimoto et al. [36], whose work showed a
great increase in the limiting oxygen index in halogen-
substituted aromatic polyamides in comparison to poly
(m-phenyleneisophthalamide). It is well known that wholly
aromatic polyamides burn with difficulty forming black
insulating char. Thus, the inclusion of halogens in the
polymer structure increases flame resistance. This positive
aspect is evident in surface chlorine treatment, which
increases the limiting oxygen index from 26 to 36% [37].
Although thermal stability is essential for most applications
in terms of the upper temperature limits of materials, it is
also very important from a safety perspective to know the
products that evolve in a decomposition process. In
aromatic polyamides and in halogenated polyamides these
products have been studied by pyrolysis methods [38—40].

In general, halogenated groups have been incorporated
into polyesters, polyamides, and polyimides, often with the
intention of increasing thermal stability or lowering the
dielectric constant and surface energy [41, 42].

This work deals with the synthesis and characterization
of halogen-substituted polyamides with the aim of fully
understanding the effect of halogen substitution on solubility,
water uptake, and thermal and mechanical properties; proper-
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ties that have to be considered to the application of wholly
aromatic polyamides in advanced materials, for example, in
water desalination membranes and in the aerospace industry.
The study of constitutional isomerism and its great influence
on chemical microstructures and properties in non-symmetric
monohalogen substituted diamines is a further objective of
this work.

Experimental section
Materials and methods

Isophthaloyl chloride and terephthaloyl chloride were recrys-
tallized twice from dry heptane. N-methyl-2-pyrrolidone
(NMP) was vacuum-distilled twice, firstly over phosphorous
pentoxide, and a second time over calcium hydride, and then
stored in dark bottles over 4-A molecular sieves. All other
materials were commercially available and were used as
received unless otherwise indicated.

Monomers

The synthetic steps, chemical structure and acronyms of
all of the monomers are depicted in Scheme 1. 1,3-
diamine-4-fluororobenzene, 1,3-diamine-4-chlorobenzene,
1,3-diamine-4-bromobenzene and 1,3-diamine-4,6-
difluorobenzene were all synthesized by the same general
method. As an illustrative example, the synthesis of 1,3-
diamine-4-chlorobenzene is described below.

1,3-diamine-4-chlorobenzene
A mixture of 5.0 g (24 mmol) of 1-chloro-2,4-dinitrobenzene

and 8.8 g (74 mmol) of granulated tin was cooled to 0 °C in
a 500 ml round-bottomed flask fitted with a mechanical

O)N NO, HoN NH;
i) Sn, HCI1
ii) NaOH
X X
X =F (1F), C1 (1Cl), Br (1Br)
O)N NO, HoN NH»
i) Sn, HCI1
ii) NaOH
F F
(2F)
HN NH» 1) CH3COCl HoN NH,
ii) Xp
\©/ i) HCI, H,O :@i
i) NayCO3 X X

X =CI(2CD), Br (2Br)
Scheme 1 Monomer synthesis
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stirrer and a condenser. Then, under vigorous stirring, 40 ml
of conc. HCl was added dropwise over a 2 h period. The
mixture was allowed to react at 0 °C for 1 h, and then the
temperature was increased to 20 °C, and the reaction
proceeded for a further 4 h. The solution obtained herein
was then heated to 90 °C for 1 h, cooled in an ice bath and
100 ml of dichloromethane was added to the reaction vessel,
after which KOH was gradually added to the stirred
heterogeneous mixture until a strongly alkaline solution
was obtained. The organic layer was washed several times
with water, dried with anhydrous sodium sulphate, filtered
off, and the dichlorometane removed by rotary vacuum
distillation. The dark crude product was purified by double
vacuum sublimation at 80 °C and P<1 mmHg, rendering
colourless needles.

1,3-diamine-4,6-dichorobenzene

A mixture of 40 ml (44 mmol) of dry triethylamine, 20 g
(185 mmol) of m-phenylenediamine and 200 ml of
dichloromethane was cooled to 0 °C in a 500 ml round-
bottomed flask fitted with a mechanical stirrer and a
condenser. Then, under vigorous stirring, a solution of
37 ml (444 mmol) of acetyl chloride in 75 ml of dichloro-
methane was added dropwise with an addition funnel over a
3 h period. The mixture was allowed to react at 0 °C for
1 h, and then a solution of KOH/H,O (50/50) was added
dropwise until a strong basic solution was obtained. A
needle-like brown precipitate was immediately observed.
The product, 1,3-diacetamidobenzene, was filtered off,
washed thoroughly with water and dried at 70 °C until its
weight remained constant. Yield: 21.3 g (60%). The crude
product was employed in the following synthetic steps.

A 500 ml round-bottomed flask fitted with a mechanical
stirrer and a condenser was filled with a solution of 6.3 g
(33 mmol) of 1,3-diacetamidobenzene in 100 ml of
anhydrous acetic acid. Chlorine, dry and free of HCI, was
bubbled into the former stirred solution, and a white
precipitate was immediately obtained. The Cl, addition
was discontinued when no further precipitate formation was
visible. The crude 1,3-diacetamide-4,6-dichorobenzene was
filtered off, washed thoroughly with distilled water and re-
crystallized in ethanol.

1,3-diacetamide-4,6-chorobenzene [2.2 g (11,4 mmol)]
was refluxed in a mixture of 40 ml of ethanol and 20 ml of
conc. HCI for 4 h. The mixture was cooled slowly to room
temperature, the solvent was vacuum distilled, and the 1,3-
diamino-4,6-dichorobenzene dihidrochloride obtained here-
in was solved in 100 ml of distilled water. Upon
neutralization with Na,COs, 1,3-diamine-4,6-dichoroben-
zene was obtained as a yellowish precipitate, which was
then purified by silica gel column chromatography (ethyl
acetate/hexane 1:1).

1,3-diamine-4,6-bromobenzene

The former synthetic procedure was followed, but Br,
(liquid) was added dropwise instead of by bubbling Cl,
(gas) in the synthesis of 1,3-diacetamide-4,6-bromobenzene.

Elemental analyses, melting points and yields of all
diamines are summarized in Table 1.

Polymer syntheses

A typical polymerization reaction is described: A 100 ml
double-walled glass flask, equipped with a nitrogen inlet
and a mechanical stirrer was charged with 10.0 mmol of
diamine and 20 ml of NMP under a nitrogen blanket. When
the diamine was dissolved, 10.0 mmol of trimethylsilyl
chloride (TMSCI) was added, and the solution was stirred
and cooled to 0 °C by a circulating cooling system. Then,
10.0 mmol of diacid chloride was added portionwise for
5 min, and the mixture was allowed to react under nitrogen
for 1 h at 5 °C, and then at 20 °C for a further 3 h. The final
very viscous solution was poured slowly onto 800 ml of
distilled water, forming a white, fibrous, swollen polymer
precipitate, which was filtered off, washed thoroughly with
water, extracted with acetone for 24 h in a Soxhlet, and
dried in a vacuum oven at 70 °C overnight. The yields were
nearly quantitative for all of the polymerizations.

Measurements

'"H and "C NMR spectra were recorded on a Varian
INOVA 400 spectrometer operating at 399.92 MHz ('H)
and 100.57 MHz ('*C), using deuterated dimethylsulph-
oxide as a solvent and TMS as the internal standard.
Microanalyses were carried out by the Analysis Service
(SCAI) of Burgos University. Differential scanning calo-
rimetry (DSC) analyses were performed on a Perkin-Elmer
Pyris 1 calorimeter at a heating rate of 20 °C/min under
nitrogen. The glass transition temperature (1) was taken as
the midpoint of the inflection observed on the heat capacity
vs. temperature curve. Thermal gravimetric analyses (TGA)
were performed on a Perkin-Elmer TGA7 thermobalance.
Measurements were recorded with 2+£0.5 mg sample heated
under a controlled flux of nitrogen at 10 °C/min. Inherent
viscosities were determined at 25.0+0.1 °C with and
Ubbelohde viscometer using H,SO4 or DMA (5% LiCl)
as a solvent, on polymer solutions with a concentration of
0.5 g/dL. Qualitative solubility was determined using 20 mg
of polymer in 1 ml of solvent. Water absorption rates were
determined by placing samples of about 200 mg of the
polyamide in a thermostated circulating air box at 20 °C.
65% r.h. was maintained by means of an oversaturated
solution of NaNO, in water, and 100% r.h. by a water
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Table 1 Yields, melting points, purification procedure and elemental analysis of all the monomers

Monomer Yield® (%) Melting point (°C) Purification procedure® Analysis
C (%) H (%) N (%)
1F 90 34+1 dvs Calc.: 57.13 5.59 22.21
Found.: 56.88 5.39 22.82
1Cl1 99 85+1 dvs Calc.: 50.54 4.95 19.65
Found.: 50.94 4.55 19.99
1Br 81 113+1 7 (chloroform) Calc.: 38.53 3.77 14.98
Found.: 38.86 3.46 15.19
2F 71 102+1 dvs Calc.: 50.00 4.20 19.44
Found.: 50.47 3.89 19.66
2Cl1 19 145+1 cc [silicagel, ethyl acetate/hexane (1/1)] Calc. 40.71 3.42 15.82
Found.: 41.00 3.23 16.07
2Br 18 138+1 cc [silicagel, ethyl acetate/hexane (1/1)] Calc.: 27.10 2.27 10.53
Found.: 27.37 2.02 10.95
# Overall synthetic steps.
® dvs double vacuum sublimation, r recrystallized, cc column chromatography.
Table 2 Synthesis of halogen-substituted aromatic polyamides
Analysis
Polymer X, X5 Ar C (%) H (%) N (%)
Calc.: 65.62 3.54 10.93
IFI F H mPh o pund: 6520 3.70 10.71
Calc.: 61.66 3.33 10.27
Il “ H mPh pund: 6131 3.44 9.95
Calc.: 53.02 2.86 8.83
1Bl Br H mPh pound: 5286 3.03 8.46
Calc.: 65.62 3.54 10.93
IFT F H PP Eound: 6532 389 10.67
Calc.: 61.66 3.33 10.27
1cIT cl H PP Eound: 6140 355 9.8
Calc.: 53.02 2.86 8.83
IBrT Br H PP Eound: 5271 2.99 8.54
Calc.: 61.32 2.94 10.22
2K F F mPh pound: 5996 323 10.09
Calc.: 54.75 2.63 9.12
2CI cl c P pound: 5450 2.99 8.82
Calc.: 42.46 2.04 7.07
2Brl Br Br mPh pound: 4205 238 6.75
Calc.: 61.32 2.94 10.22
2FT F F PP Eound: 5999 329 9.97
Calc.: 54.75 2.63 9.12
2CIT “ “l PPh Eound: 5442 3.05 8.86
Calc.: 42.46 2.04 7.07
2BrT Br Br PP Eound: 4201 241 6.95
It
HN@: NH—C—Ar—C
Xz X
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Table 3 Thermal properties of halogen-containing aromatic poly-
amides

Polymer i, (dL/g) T, (°C)  T4(°C)  Char yield (650°C, %)
1FI 0.912 268 415 76
1Ccl 0.89% 271 430 68
1Brl 0.44° 273 390 64
IFT 1112 285 430 76
1CIT 0.86° 288 430 68
1BIT 0.85° 298 390 56
2FI 0.60* 255 390 80
2C1 0.54% 269 425 70
2Brl 0.78% 274 415 55
2FT 1.13° 275 410 81
2CIT 1.24% 297° 430 68
2BrT 0.56° 313 390 56

#Solvent: DMA +5% LiCl.

®Solvent: H,SO4 (99%).

©A concomitant exothermic process influences the T,.
9 Temperature of decomposition onset by TGA.

saturated atmosphere. The samples had previously been
dried at 100 °C under vacuum for 24 h.

Results and discussion

Synthesis

The mono or dihalogenated diamine monomers were
synthesized according to Scheme 1 in high yields and
inexpensive routes from commercially available 1,3-dinitro-
4-halobenzene, 1,3-dinitro-4,6-difluorobenzene or m-phenyl-
enediamine.

Polymerization was carried out at a low temperature by
reaction of stoichiometric amounts of diamines with
isophthaloyl or terephthaloyl chloride in an NMP solvent,
with TMSCI as a direct activating agent of the amine group
(in situ silylation) [43, 44]. Table 2 shows the acronyms and
chemical structure of all the polymers.

The values of inherent viscosities (7;,,) are listed in
Table 3. Inherent viscosities were high enough to assure
high molecular weights and developing properties, almost
to their full extent, so that as a group they offered a good
opportunity for a comparative study.

Characterization and constitutional order

The polyamides were characterized by elemental analysis
(Table 2) and by 'H and '>C NMR spectroscopy (as an
illustrative example, the spectra of polyamide 2FI are
depicted in Fig. 1).

The diamine-containing polymers derived from mono-
halogen exhibit constitutional isomerism owing to the head-
to-tail, head-to-head, and tail-to-tail sequence distribution in
the polymer chain (Fig. 2) [30]. This influences the
cohesive energy of the polyamides and, as a consequence,
other properties such as T,, crystallinity, solubility and
mechanical properties. The constitutional order was deter-
mined by studying the constitutional regularity (s), which is
the probability of two adjacent non-symmetrical units in a
chain pointing out in the same direction (head to tail
orientation). This study was accomplished with 'H and '*C
NMR spectroscopy, evaluating the peaks of the amide
groups. Figure 3 shows the peak distribution of *C NMR
associated with the different amide groups of polymers 1FI,
ICII and 1Br] arising from sequence distribution. Applying
our procedure [30], a constitutional order between 0.36 and
0.44 was obtained, in terms of s (Table 4). A value of s=1
and s=0 implies a completely ordered structure with a
head-to-tail and head-to-head/tail-to-tail arrangement,

I a ?
¢ b C NH & NH
e f
C
h
. FhE
e b
c a
h .
L d/ g
1

11 10 9 8 7

3, ppm
Fig. 1 "*C (top) and "H (bottom) NMR spectra of polyamide 2FI
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—head to tail—

il i
—HN--17* ) HN—C C—NH ( < y--NH--
H ( s — M
- P1 P2 BN
N 2
—head to head —
i i
——HN-—-7~ > HN—C C—NH op—NH---
v [ — —_—— v
N\ P3 P3 C L3
N2 X -
—tail to tail—
i 0
——HN--¢7* ) HN—C C—NH ( < y-—-NH---
AL P4 P4 A
) X

Fig. 2 Possible sequences in polyamide chains derived from
unsymmetrical monohalogenated diamines (X = F, Cl, Br)

respectively. The random orientation of sequences, thus the
higher disorder, is obtained for a value of s=0.5.

When the volume of the halogen is increased (from F to
Br) and the monomers are compared, a higher polymer
constitutional order is observed under common polymeri-
zation conditions, implying that the higher volume of the
halogen increases the difference in reactivity of the two
amine groups in the diamine monomer.

Thermal properties

The thermal properties of the polymers were determined by
DSC and TGA.

e R
p4 p3
pl
p2
- J
[ T T T T T 1
166.2 166 165.8 165.6 e ™
ps D3
p2 p]
- J
T T T T T T 1 -~ ~
166.2 166 165.8 165.6
p2 p4 p3
pl
- J
T T T T 1
165.8 165.7 165.6

Fig. 3 '°C NMR of amide region of polymers IFI (fop), 1CII
(middle), 1Brl (bottom)
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Table 4 Constitutional order of polyamides containing one halogen in
their structural unit

Polymer s Polymer s

1FI 0.43 IFT 0.44
1ClI 0.38 1CIT 0.40
1Brl 0.36 1BrT 0.34

Glass transition temperatures, as determined by DSC,
were high and ranged from 255 to 313 °C (Table 3). This
result is significant as the reference technical, multipurpose
aramide-like Nomex® [poly(m-phenylene isophthalamide)]
shows a T, of 275 °C. It means that modification of the
non-substituted fully aromatic polyamide by means of
introducing halogen in the amine moiety of the polyamide
does not exert any significant influence on 7, (in the
polyisophthalamides the values of 7,s ranged between 255
and 274 °C). A few trends are observed:

(a) Polyterephthalamides have higher T,s than the
corresponding polyisophthalamides due to the higher
cohesive energies associated with the higher linearity
imposed by the 1,4-diphenyl substitution, instead of
the 1,3-disubstitution of the diacid moiety.

(b) In most of the polymers, the influence in mono or
dihalogen substitution is practically negligible. Taking
into account the constitutional disorder of polyamides
with only one halogen per structural unit, if perfectly
ordered polymers had been obtained, the T,s of those
polymers would have been higher than the
corresponding polyamides with two halogens. We

320
300
OG i
= 280
|
260 | | |
| |
. | | |
240 ——

10 15 20 25 30 35

halogen Van der Waals volume (1‘7&3)
Fig. 4 Dependence of 7, on Van der Waals volume of the halogen
[filled diamond (1X1); filled circle (1XT); filled square (2X1); filled
triangle (2XT)]
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1BrT
S
=) 2BrT
Z
=
T T T T T T T T T 1
250 300 350 400 450 500

Temperature (°C)
Fig. 5 DSC of polymers 1BrT and 2BrT

think that the intrachain interaction between halogens
and amide groups diminishes the global hydrogen
bond density lowering, to some extent, the 7s.

(c) The higher the halogen Van der Waals volumes (F=
13.37 A, C1=23.34 A%, Br=31.20 A?), the higher the
T, for each polymer series (Fig. 4).

In any event, the interpretation of 7, variations due to
chemical substitutions in the main polymer chains is
generally not easy to rationalize because of multiple factors:
one view might be that increased volumes should impair
chain rotation and increase the 7,. Conversely, the increase
in volume might increase the distance between chains and
this should diminish the interchain interactions lowering the
T,. Furthermore, if the chemical substitution introduces
polar groups, such as halogens, new polar interactions are
created, that could increase 7,. Halogen, and particularly
fluoride, establishes fluoride bonds with, for example, H of
amide groups that may exert a double influence on a

Scheme 2 Polybenzoxazol for- o
mation through the dehydroha-
logenation process

[0}

@CN

i Ty
@CN@NC@ v-@»CN N=
X X

12

Water uptake (%)

120

Time (h)

Fig. 6 Moisture absorption of polymer family 2XT at 65% r.h.
[dashed lines, 2FT empty diamond, 2CIT empty circle and 2BrT empty
square] and 100% r.h. [continuous lines, 2FT filled diamond, 2CIT
filled circle and 2BrT filled square]

polyamide: if the bond is interchain, the T, should increase,
but if it is intrachain, this should weaken the interchain
hydrogen interamide bonds, and lower the T,

Figure 5 depicts the DSC of polymers 1BrT and 2BrT.
After T, an exothermic crystallization peak is observed, but
this is not a clean process because it is accompanied by a
chemical dehydrohalogenation process, which leads to a
partial polybenzoxazol structure (Scheme 2) [45]. As the
hypothetical T, of the polymers is above this chemical
reaction, the thermal transition associated with the polymer
melt can unfortunately not be studied.

The high decomposition temperatures (7y), ranging
between 390 and 430 °C, in terms of TGA onset, correspond
to thermally stable polymers, and are shown in Table 3.
Another interesting parameter in thermal polymer decompo-
sition is the char yield after decomposition. In these
polyamides, the extremely high char yield from 55 to 81%
is noteworthy. Decomposition starts with the loss of one or
two HX molecules to produce a thermally stable phenyl-
benzoxazol subunit (Scheme 2), so the char yield at 650 °C
is outstandingly higher than the NOMEX® (50%) [46]. In
polyamides with two halogens in the structural unit, the

i

o

T—0—0

OO
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Table 5 Moisture absorption of the polyamides

Polymer 65% relative humidity 100% relative humidity

Water uptake Mol H,O/rep. mol H,O /eq. Amide Water uptake Mol H,O/rep. mol H,O /eq. Amide

(%) unit group (%) unit group
1FI 53 0.8 0.4 10.8 1.5 0.8
1CIL 3.6 0.5 0.3 7.3 1.1 0.6
1Brl 3.7 0.7 0.3 6.5 1.2 0.6
IFT 8.1 1.2 0.6 12.6 1.8 0.9
1CIT 5.4 0.8 0.4 9.5 1.4 0.7
1BrT 4.8 0.8 0.4 9.6 1.7 0.8
2FI 4.8 0.7 0.4 9.2 1.4 0.7
2CIL 29 0.5 0.3 5.2 0.9 0.5
2Brl 1.6 0.4 0.2 4.6 1.0 0.5
2FT 7.6 1.2 0.6 10.6 1.6 0.8
2CIT 3.7 0.6 0.3 7.5 1.3 0.6
2BrT 22 0.5 0.2 6.0 1.3 0.7

formation of a polybenzoxazol structure practically inhibits
further degradation in N, atmosphere, and so, the char yield
of these polymers virtually corresponds to the weight loss or
two molecules of HF, HCI, or HBr.

All the polymers show a unimodal decomposition
behaviour that strongly indicates that decomposition takes
place only with the loss of HX molecules, or that the loss of
HX molecules is concomitant with the loss of other low
molecular weight fragments. Nevertheless, in contrast,
Khanna [38] has described bimodal decomposition behav-
iour in a series of halogenated polyamides.

Water absorption

The ability to absorb water is an important characteristic of
polyamides that is mainly related to the polar amide groups.

Isothermal sorption of water at 65 and 100% r.h. was
measured and the values were related to the polyamide
structure. Figure 6 depicts the absorption isotherms of
polymers 2XT (X = F, Cl, Br), and Table 5 shows the data
obtained as water absorption percentage, molecules of
water per structural unit and molecules of water per amide
group.

The absorption of water at 65% r.h. is between 2.2 and
8.1%. The water uptake per structural unit ranged between
0.5 and 1.2, which corresponds to an uptake of 0.2 and 0.6
molecules of water per amide groups. In the series of
polyamides with one halogen per structural unit, a slight
increase in water uptake is observed in polyterephthala-
mides in comparison with polyisophthalamides. In the
series of polyisophthalamides or polyterephthalamides with
one or two halogens per repeating unit, water uptake

Table 6 Mechanical properties and solubility of halogen-substituted aromatic polyamides

Polymer Mechanical properties Solubility
Modulus (MPa) Tensile strength (Mpa) Elongation (%) DMF DMSO CRS TFAc/HCCl; 1/1

1F1 3,150 128 7 ++ ++ - ++
1CII 2,780 113 9 ++ ++ ++ ++
1Brl 2,700 112 9 ++ ++ + ++
IFT - — — - 14— _ _
1CIT 2,800 123 12 ++ ++ + ++
1BrT 2,990 145 11 ++ ++ - +—
2F1 3,690 - - +— +— - +—
2CII 2,915 84 5 ++ ++ +— +—
2Brl - — - - +— _ 4—
2FT - — - - 4— _ _
2CIT - - - - +— - -
2BrT - - - - +- - -

++ soluble at room temperature, + soluble on heating, +— partially soluble, — insoluble, DMF N,N-dimehtylformamide, DMSO

dimethylsulfoxide, CRS m-cresol, TFA trifluoroacetic acid.
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Table 7 Trends in solubility for all the polyamides

Higher solubility : Lower solubility
1XI IXT 2X1 2XT
1CIL 1Brl 1FI
ICIT 1BrT IFT
2CII 2Brl = 2FI
2CIT 2BrT = 2FT

increases with the increasing volume of the halogen. These
values hardly reflect the ideal water to amide group
interaction in discrete molecules, such as N-propylpropana-
mide, which is 1.5:1 (water: amide group) [47], but they are
close to the uptake of amide groups present in an
amorphous main polymer backbone, which ranges between
0.5 and 0.6 water to amide ratio [48, 49]. The water
absorption of NOMEX® at 65% r.h. is 0.6 molecules of
water per amide group. Thus, the introduction of halogen
moieties in the polymeric structural unit diminishes the
percentage of water uptake of the halogenated polyamides
and, in most cases, also lowers the absorption per amide
group.

When water uptake is studied at 100% r.h., the values are
virtually double those obtained at 65% r.h.

Solubility

The solubility of the polyamides is shown in Table 6. In
general, the highly ordered polyamides derived from
symmetric diamines, with two halogens in their structure,
are very insoluble, even in organic aprotic solvents with
dissolved salts. For example, 2CIT is only soluble in conc.
sulphuric acid.

Polyamides with only one halogen per structural unit are
soluble in common polar aprotic solvents, such as NMP,
except for 1FT that is insoluble in any solvent, and salts as
LiCl has to be added to the solvents to promote solubility.
This generally higher solubility arises from the asymmetry
of the monomers that leads to constitutional isomerism,
which diminishes the interactions between interchain amide
groups and halogen-amide groups.

The general trends in solubility are depicted in Table 7.

Mechanical properties

Those polyamides that could be dissolved showed a good
film-forming ability and could be transformed into films by
casting. The mechanical properties of the polyamides are
shown in Table 6. They can be considered good for films

made on a laboratory scale, with values of 84—145 MPa
tensile strength and 2,700 MPa to 3,700 MPa Young’s
modulus.

Conclusions

Twelve aromatic polyamides containing one or two
halogens (F, Cl and Br) per structural unit have been
prepared and characterized. The polymers show high Tgs
and an outstanding thermal stability in terms of 74 and
mainly in char yield, which are recognised as properties of
the halogenated polymers. The polymers derived from
dihalogen substituted diamines show an extremely low
solubility due to the molecular symmetry and intramolec-
ular interactions between halogens and amide groups that
lead to a high cohesive energy. The polymers with a
monohalogen substituted structural unit show constitutional
isomerism that promotes solubility and influence the
thermal properties of the materials due to the inherent
disorder of the head-to-head, head-to-tail and tail-to-tail
sequence distribution. Their water uptake is diminished by
the introduction of halogen in the poly(m-phenylene
isophthalamide) or poly(p-phenylene terephthalamide)
structure, and in terms of experimental fully aromatic
polyamides, the films derived from these polymers exhibit
good mechanical properties.
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