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ABSTRACT: A set of new aromatic poly(ether amide)s containing benzimidazole
groups and ethylene oxide sequences of different lengths were synthesized and char-
acterized. The new polymers were prepared from two benzimidazole diamines, 2-(4-
aminophenyl)-5-aminobenzimidazole and 2-(3-aminophenyl)-5-aminobenzimidazole,
and various oligo(ethylene oxide)dibenzoyl chlorides. They exhibited good solubility in
polar aprotic solvents and glass-transition temperatures in the range of 125–300 8C
(the longer the ethylene oxide spacer was, the lower the glass-transition temperature
was). The new polyamides were essentially amorphous, as observed by X-ray diffrac-
tion measurements and confirmed by differential scanning calorimetry measure-
ments, by means of which no melting endotherm was observed in any case. The
decomposition temperatures, as revealed by thermogravimetric analysis in nitrogen,
were about 400 8C for all of them, regardless of the length of the ethylene oxide con-
tent or the phenylene ring orientation (meta or para) of the diamine moiety. The
number of ethylene oxide linkages per repeat unit also determined the water uptake.
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INTRODUCTION

Aromatic polyamides are polymers with high
thermal stability, good chemical resistance, and
excellent mechanical properties. Moreover, they
can absorb water because of their amide link-
ages,1 and this qualifies them as good candidates
for the preparation of semipermeable membranes2,3

for the filtration of aqueous solutions and water
purification.4 However, their high glass-transi-

tion temperature (Tg) values and insolubility in
common organic solvents seriously limit their
processability. One approach to overcoming this
drawback is the modification of the polyamide pri-
mary structure by chemical means. It is known
that the incorporation of bulky groups such as
imidazole or benzimidazole produces a chain-sep-
aration effect, lowering the chain packing and
increasing the water accessibility and the solubil-
ity.5–7 These groups can also form strong hydro-
gen bonds with water and produce a higher
hydrophilicity than that of unmodified poly-
amides and, at the same time, higher Tg values.8

Moreover, the processability may be improved by
the introduction of flexible chains into the poly-
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amide backbone to enhance the molecular mobi-
lity. It generally provides better solubility and a
lowering of Tg.

9–13 This can be achieved, for
instance, by the incorporation of ethylene oxide
sequences as spacers to facilitate the development
of bonds with water, which a priori should
enhance the polymer hydrophilicity.14,15

This work was undertaken to synthesize aro-
matic polyamides with phenylbenzimidazole groups
in the main chain (Table 1) through the poly-
condensation of 2-(4-aminophenyl)-5-aminoben-
zimidazole (p-DABI) and 2-(3-aminophenyl)-5-
aminobenzimidazole (m-DABI) with various eth-
ylene oxide acid chlorides. Here we report the
preparation of these polymers, their characteriza-
tion, and the study of their main properties. The
effects of the fused benzimidazole group and the
number of oxygen linkages on the properties of
the polymers were evaluated, with particular
attention given to the influence of the chemical
composition on the thermal transitions, solubility,
and water uptake.

EXPERIMENTAL

Toluene was distilled under reduced pressure and
stored over molecular sieves (4 Å). N-Methyl-2-
pyrrolidinone (NMP) was purified twice by distil-
lation under reduced pressure over calcium
hydride and stored over molecular sieves (4 Å).
All other starting materials were commercially
available and were used as received.

Monomer Synthesis

p-DABI and m-DABI

2-(4-Nitrophenyl)-5-nitrobenzimidazole (p-DNBI). To
a 1-L flask fitted with a stirring bar and a reflux
condenser were added 250.0 g (2.60 mol) of meth-
anesulfonic acid (MSA) and 25.0 g (0.17 mol) of
phosphorus pentoxide (P2O5). The mixture was
stirred for 2 h, and after that, 24.7 g (0.16 mol) of
4-nitro-1,2-phenylenediamine and 30.0 g (0.16
mol) of 4-nitrobenzoyl chloride were added. The
temperature was increased to 120 8C, and the
mixture was stirred at this temperature overnight.
The resulting solution was poured onto water,
and the precipitate was separated by filtration.

Recrystallization from a mixture of dimethyl-
formamide (DMF) and water gave 31.8 g (70%) of
pure p-DNBI.

mp: 350–352 8C. ELEM. ANAL. Calcd. for
C13H8N4O4 (284.23): C, 54.94%; H, 2.84%; N,
19.71%. Found: C, 54.79%; H, 2.78%; N, 19.60%.
IR (KBr, cm�1): 3335 (NH stretching), 1520 (NO2,
asymmetric stretching), 1345 (NO2, symmetric
stretching). 1H NMR [dimethyl sulfoxide-d6

(DMSO-d6), 200 MHz, d, ppm; for the assignment
of peaks, see Scheme 1]: 8.47 (d, 1H, Hb), 8.38 (s,
4H, Hi, Hj), 8.11 (dd, 1H, Hf), 7.77 (d, 1H, He).

2-(3-Nitrophenyl)-5-nitrobenzimidazole (m-DNBI). With
the aforementioned method, m-DNBI was ob-
tained from 4-nitro-1,2-phenylenediamine and 3-
nitrobenzoyl chloride.

Table 1. Structures and Designations of Polyamides p-PABI(EO)m and
m-PABI(EO)m

Structure Designation

m ¼ 1 p-PABI(EO)1
m ¼ 2 p-PABI(EO)2
m ¼ 3 p-PABI(EO)3
m ¼ 4 p-PABI(EO)4
m ¼ 5 p-PABI(EO)5

m ¼ 1 m-PABI(EO)1
m ¼ 2 m-PABI(EO)2
m ¼ 3 m-PABI(EO)3
m ¼ 4 m-PABI(EO)4
m ¼ 5 m-PABI(EO)5
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Recrystallization from a mixture of DMF and
water gave 33.2 g (73%) of purem-DNBI.

mp: 288–290 8C. ELEM. ANAL. Calcd. for
C13H8N4O4 (284.23): C, 54.94%; H, 2.84%; N,
19.71%. Found: C, 54.04%; H, 2.85%; N, 19.17%.
IR (KBr, cm�1): 3350 (NH stretching), 1520 (NO2,
asymmetric stretching), 1346 (NO2, symmetric
stretching). 1H NMR (DMSO-d6, 200 MHz, d,
ppm; for the assignment of peaks, see Scheme 1):
8.94 (t, 1H, Hi), 8.57 (dt, 1H, Hk), 8.44 (d, 1H, Hb),
8.33 (dt, 1H, Hf), 8.10 (dd, 1H, Hm), 7.84 (t, 1H,
Hl), 7.75 (d, 1H, He).

p-DABI. To a solution of p-DNBI (5.2 g, 0.02 mol)
in ethanol (150 mL) heated at reflux, 0.41 g of
Pd/C (10%) was added, and then 41 mL of hydra-
zine hydrate was added dropwise. The mixture
was stirred and refluxed overnight. After the mix-
ture cooled to room temperature, the catalyst was
filtered off, and the filtrate was concentrated until
the volume was reduced by one-third. The solu-
tion was poured onto water and neutralized with
HCl to give a white precipitate, which was sepa-
rated by filtration.

Recrystallization from EtOH/water gave 2.9 g
(70%) of pure p-DABI.

mp: 246–247 8C. ELEM. ANAL. Calcd. for C13H12N4

(224.27): C, 69.62%; H, 5.39%; N, 24.98%. Found:
C 69.54%; H, 5.21%; N, 24.95%. IR (KBr, cm�1):
3199 (NH, stretching), 1630 (NH deformation).
1H NMR (DMSO-d6, 200 MHz, d, ppm; for the
assignment of peaks, see Scheme 1): 7.74 (d, J
¼ 8.2 Hz, 2H, Hi), 7.17 (d, J ¼ 8.7 Hz, 1H, He),
6.65 (d, J ¼ 8.2 Hz, 2H, Hj and s, 1H, Hb), 6.46 (dd,
1H, J ¼ 8.7 Hz, Hf), 5.47 (s, 2H, Hn or Hl), 4.78
(s, 2H, Hn or Hl).

13C NMR (DMSO-d6, 50 MHz, d,
ppm; for the assignment of peaks, see Scheme 1):
150.4 (Cg), 149.9 (Ck), 144.2 (Ca), 127.2 (Ci), 118.2
(Ch), 113.6 (Cj), 110.8 (Ce).

m-DABI. With the aforementioned method, m-
DABI was obtained by a reduction of m-DNBI.

Recrystallization from water gave 2.7 g (67%)
of purem-DABI.

mp: 157–159 8C. ELEM. ANAL. Calcd. for C13H12-
N4 (224.27): C, 69.62%; H, 5.39%; N, 24.98%.
Found: C 69.46%; H, 5.30%; N, 25.20%. IR (KBr,
cm�1): 3500–2500 (NH, stretching), 1632 (NH
deformation). 1H NMR (DMSO-d6, 200 MHz, d,
ppm; for the assignment of peaks, see Scheme 1):
7.32 (t, J ¼ 1.7 Hz, 1H, Hi), 7.21 (d, J ¼ 8.5 Hz,
1H, He), 7.18 (dt, J ¼ 1.7 and 7.6 Hz, 1H, Hm),
7.08 (t, J ¼ 7.6 Hz, 1H, Hl), 6.65 (d, J ¼ 1.9 Hz,
1H, Hb), 6.59 (ddd, J ¼ 1.1, 1.7 and 7.6 Hz, 1H,
Hk), 6.49 (dd, J ¼ 1.9 and 8.5 Hz, 1H, Hf).

13C
NMR (DMSO-d6, 50 MHz, d, ppm): 149.6 (Cg),
149.7 (Ca), 148.9 (Cj), 144.6 (Cc), 131.5 (Cl), 131.3
(Cm), 129.2 (Ck), 114.7 (Cf), 113.5 (Ce), 111.5 (Ci),
111.4 (Cb).

Diacid Chlorides

Diacid chlorides with ethylene oxide sequences of
different lengths [(EO)mCl] were prepared accord-
ing to a general procedure described in detail in a
previous work.16

Synthesis of the Polymers

All the polymers were prepared by the general
method at low temperatures, as described in the
following:

To a three-necked, 25-mL flask fitted with a
mechanical stirrer and nitrogen inlet were added
10.0 mmol of a diamine (p-DABI/m-DABI), 20 mL of
NMP, and 0.8 g of LiCl. Once the diamine was com-
pletely dissolved, the solution was cooled at �5 8C,
and then 22.0 mmol of trimethylchlorosilane
(TMSCl) was added. The mixture was stirred for
5 min at �5 8C and allowed to reach room tempera-
ture. The solution was cooled again to �5 8C, and
10.0 mmol of the corresponding diacid chloride
(EO)mCl was added; the reaction was allowed to
proceed for 5 h at room temperature. The resulting

Scheme 1. Synthesis of diamines m-DABI and p-DABI.
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viscous solution was poured into water, and
the polymer precipitate was filtered off, washed
thoroughly with cold and hot water, extracted
with water for 24 h in a Soxhlet instrument, and
vacuum-dried over P2O5 at 110 8C.

The spectroscopic data for polymers p-PABI(EO)1
andm-PABI(EO)1 are as follows.

p-PABI(EO)1
1H NMR (DMSO-d6, 200 MHz, d, ppm; for the
assignment of peaks, see Fig. 1): 10.47 (s, 1H, Hf),
10.31 (s, 1H, Hf0), 8.23 (m, 3H, Hm, Ho, Hp), 8.02 (m,
6H, Hc, Hi), 7.66 (m, 2H, Hh), 7.15 (d, 4H, Hd), 4.46
(s, 4H, Hr).

13C NMR (DMSO-d6, 75 MHz, d, ppm;
for the assignment of peaks, see Fig. 1): 129.9 (Cc),
127.4 (Ci), 120.3 (Ch), 114.3 (Cd), 66.5 (Cr).

m-PABI(EO)1
1H NMR (DMSO-d6, 200 MHz, d, ppm; for the
assignment of peaks, see Fig. 1): 10.31 (s, 1H, Hf),
10.16 (s, 1H, Hf0), 8.67 (s, 1H, Hh), 8.20 (s, 1H, Ho),
8.02 (d, 4H, Hc), 7.84 (m, 2H, Hj, Hq), 7.53 (m, 3H,
Hl, Hk, Hr), 7.13 (d, 4H, Hd), 4.43 (s, 4H, Ht).

13C
NMR (DMSO-d6, 75 MHz, d, ppm; for the assign-
ment of peaks, see Fig. 1): 164.7 (Ca), 160.8 (Ce),
151.1 (Cm), 139.9 (Cp), 134.7 (Cg), 131.4 (Ck),

129.9 (Cj), 129.6 (Cc), 129.2 (Cb), 127.4 (Cl), 126.9
(Ch), 121.9 (Cs), 121.3 (Cn), 118.6 (Cr), 116.6 (Cq),
114.3 (Co), 114.1 (Cd), 66.5 (Ct).

Measurements

The melting points of the intermediates and
monomers were measured by a capillary method.
Fourier transform infrared spectra were recorded
on a PerkinElmer RX-1. 1H and 13C NMR spectra
were recorded on a Varian Gemini spectrometer
at 200 and 50 MHz, respectively, and on a Varian
XL spectrometer at 300 and 75 MHz, respectively.
DMSO-d6 was used as a solvent.

The inherent viscosities were measured with
an automated Ubbelohde viscometer at 25 6 0.1 8C
with NMP as a solvent at a 0.5 g/dL concentration.

The weight-average molecular weights (Mw’s)
and number-average molecular weights (Mn’s)
were determined by gel permeation chroma-
tography (GPC) with PLgel columns of 500, 104,
and 105 nominal pore sizes. The eluent was
DMF containing 0.1% (w/v) LiBr. The wavelength
of the detector was 271 nm, the column oven
temperature was 70 8C, and the flow was 1 mL/
min. Polystyrene standards were used as refer-
ences. The samples were prepared by the dis-
solution of 10 mg of the polymer in 10 mL of
DMF.

Figure 1. 1H and 13C NMR of polyamides p-PABI(EO)2 and m-PABI(EO)2.
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The thermal transitions were investigated
with differential scanning calorimetry (DSC) on a
PerkinElmer DSC 7 analyzer with 5–10-mg sam-
ples at a 20 8C/min scanning rate.

Thermogravimetric analysis (TGA) data were
recorded on a TGA Q500 analyzer with 5–10-mg
samples under a nitrogen atmosphere by a high-
resolution method.

Wide-angle X-ray scattering (WAXS) patterns
were obtained from films at a scanning rate of 18/
min in a 2h range of 5–358 on a Philips X-ray PW
1130 diffractometer with Cu Ka radiation.

Mechanical property assays were performed
with an MTS Synergie 200 universal testing
machine on 5-mm-wide, 30-mm-long film strips
with mechanical clamps of 10-mm initial separa-
tion and with the application of a speed extension
of 5 mm/min. At least five samples were measured
for each polymer, and the average values of the
tensile strength, modulus, and elongation were
considered.

Water sorption was determined gravimetri-
cally with powdered polymer samples of 0.3–0.4
g, which were previously dried at 120 8C for 24 h
over P2O5. The samples were placed in a closed
vessel containing a saturated aqueous solution of
NaNO2, which provided a relative humidity of
65%. The samples were frequently weighed until
their weight became constant.

RESULTS AND DISCUSSION

Monomer and Polymer Synthesis and
Characterization

p-DABI and m-DABI were prepared by the reac-
tion of 4-nitro-1,2-phenylenediamine with 4-
nitrobenzoyl chloride and 3-nitrobenzoyl chloride,
respectively, followed by the reduction of the dini-
tro intermediates to the corresponding amines
(Scheme 1). The synthesis of these two diamines
was previously described by Frost et al.17 and by
Preston et al.18 The first one described the cycli-
zation of this intermediate to form the benzimida-
zole via heating at 300 8C. In the work of Preston
et al., the synthesis of this monomer was achieved
via heating at 210 8C and with poly(phosphoric
acid) (PPA) in the cyclodehydration step. A priori,
the use of lower temperatures for the cyclization
step represents an advantage; however, the uti-
lization of PPA is not exempt of some difficulties
due to its high viscosity and difficult mani-
pulation at temperatures below 60–90 8C. There-
fore, the dinitro intermediates p-DNBI and m-

DNBI were prepared in one pot by the reaction of
4-nitro-1,2-phenylenediamine with 4-nitroben-
zoyl chloride and 3-nitrobenzoyl chloride under
Eaton et al.’s conditions19 [1:10 (w/w) P2O5/MSA
(PPMA); Scheme 1]. These conditions improved
the previous method using PPA because PPMA
is a milder reagent that can be easily prepared
and can be removed from the reaction mixture by
the mixture being poured into water. In the sec-
ond step, the dinitro intermediates were reduced
to the corresponding diamines with hydrazine
hydrate as the reducing agent and palladium
as the catalyst. Both diamines, p-DABI and
m-DABI, were obtained in a pure state by this
procedure after recrystallization.

Diacid chloride monomers containing one to
five ethylene oxide units were readily prepared in
a four-step synthesis starting from the corre-
sponding diol according to previously reported
procedures.14,20–23

Polycondensation at low temperatures, with
diacid chlorides and diamines activated by silyla-
tion, has become a general procedure for prepar-
ing aromatic polyamides. The new aromatic eth-
ylene oxide polyamides described here were syn-
thesized by this method with the set of ethylene
oxide diacid chlorides and diamines p-DABI and
m-DABI activated by TMSCl in NMP as a solvent
(Scheme 2).24

The improvement of the reactivity observed for
silylated amines with respect to nonsilylated ones
can be estimated by means of semiempirical calcu-
lations.23 It is well established that in reactions
between amines and acid chlorides, the nucleo-
philic character of the amine is related to the
energy gap between the highest occupied molecu-
lar orbital (HOMO) of the amine and the lowest
unoccupied molecular orbital (LUMO) of the diacid
chloride. Therefore, the lower the difference is be-
tween LUMO energy (ELUMO) and HOMO energy
(EHOMO), the greater the amine reactivity becomes
and thus the greater the possibility is of forming
the amide bond and long-chain polyamides.25 AM1
semiempirical studies carried out with diamines
p-DABI and m-DABI, which present two HOMO
orbitals because of their asymmetry, confirmed
that their silylated derivatives present higher
EHOMO values (�7.69 and �8.36 eV and �7.83 and
�8.40 eV) than the nonsilylated ones (�7.96 and
�8.61 eV and �8.09 and �8.70 eV); this speaks for
the convenience of the silylation method adopted
in this work.

The new polyamides were characterized by IR
and NMR spectroscopy. As an example, IR, 1H
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NMR, and 13C NMR spectra of one polyamide of
each series [p-PABI(EO)2 and m-PABI(EO)2] are
shown in Figure 1. The N��H stretching bands
of amide and benzimidazole groups could be
observed by IR spectroscopy for all the polymers
around 3400–3300 cm�1, along with the C¼¼O
stretching bands around 1710–1650 cm�1 and the
N��H bending and C��N stretching bands at
1550 cm�1. The characteristic ethylene oxide
stretching bands at 1125 cm�1 could also be
observed in every case. 1H and 13C NMR spectra
were consistent with a high degree of polyconden-
sation, and the peaks were assigned on the basis
of the monomer spectra, which were in good
agreement with the proposed structures.

Other parameters such as the degree of poly-
merization (molecular weight) were determined
by viscometry and size exclusion chromatography.
The polymers presented inherent viscosities high

enough to ensure that medium-to-high molecular
weights had been achieved (Table 2). Further-
more, relatively high molecular weights were
observed by GPC (Mn up to 100,000 dalton). Poly-
mers derived from p-DABI showed higher molec-
ular weights than the corresponding polyamides
from the m-DABI series; this was expected from
the measured viscosity values. In this regard, it
must be remarked that the molecular weight data
should be taken as indicative. Using polystyrene
standards provides generally higher values of Mn

and Mw than the actual values, and only with
standards of polymers structurally more related
to aromatic polyamides can molecular weights be
more accurately determined by GPC. Moreover,
a reliable explanation was not found to account
for some discrepancies observed in the trend of
inherent viscosities with respect to the trend for
Mn values. The length of the oxyethylene sequen-
ces, which provided different flexibility and con-
formational freedom to each polymer and the p
interactions between the benzimidazole and phe-
nyl rings, could be responsible for these discrep-
ancies.

Properties of the Polymers

The thermal properties of the polymers evaluated
by DSC and TGA are summarized in Table 3. The
results indicated that Tg’s of these polymers fell
in a temperature range between those of conven-
tional aliphatic polyamides and those of aromatic
polyamides, as expected from the nature of the
flexible ethylene oxide spacer between the aro-

Table 2. Inherent Viscosity (ginh) Values and GPC
Data of Polyamides p-PABI(EO)m and m-PABI(EO)m

Polyamide ginh (dL/g) Mn Mw Mw/Mn

p-PABI(EO)1 1.15 45,100 86,900 2.1
p-PABI(EO)2 0.85 50,200 128,800 2.6
p-PABI(EO)3 0.70 34,100 81,600 2.4
p-PABI(EO)4 0.70 54,200 108,500 2.0
p-PABI(EO)5 0.97 100,300 207,300 2.1
m-PABI(EO)1 0.47 20,600 40,200 1.9
m-PABI(EO)2 0.72 36,900 81,200 2.2
m-PABI(EO)3 0.53 23,600 68,800 2.9
m-PABI(EO)4 0.34 21,100 51,900 2.5
m-PABI(EO)5 0.54 47,100 119,100 2.5

Scheme 2. Synthesis of polyamides p-PABI(EO)m and m-PABI(EO)m.
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matic rings. The data summarized in this table
confirmed the assumption that an increase in the
number of flexible sequences would produce a
lowering of Tg as a result of the molecular mobi-
lity enhancement. The results in Figure 2, in
which Tg is presented versus the ethylene oxide
weight fraction, revealed a direct relationship
between the Tg value and the molecular fraction
of the flexible spacer.

Members of the m-PABI(EO)m series, with an
amine group in the meta position to the benzimi-
dazole group, showed Tg values slightly higher
than those of polyamides with an amine group
in the para position to the benzimidazole group
[p-PABI(EO)m]. This was an anomalous result
that may be associated with the torsional mobility
of the phenylene moiety linked to the benzimida-
zole group.

The thermal stability was investigated by TGA,
and the results are also summarized in Table 3. If
the onset decomposition temperature (Td,onset) is
taken as a criterion of thermal stability, polyamides
p-PABI(EO)m were more stable than polyamides
m-PABI(EO)m. As expected, the char yield, deter-
mined at 800 8C, decreased gradually in both the
p-PABI(EO)m andm-PABI(EO)m series as the ethyl-
ene oxide chain length increased.

Also, Table 3 presents data for polymer solubil-
ity. All polyamides exhibited high solubility at
room temperature in polar aprotic solvents such
as dimethyl sulfoxide (DMSO), dimethylaceta-
mide (DMAC), DMF, and NMP, and this allowed
us to prepare films to be used in the X-ray and
mechanical property determinations.

Most of the polymers were even soluble in
m-cresol, especially those containing longer ethyl-
ene oxide spacers. None of the synthesized poly-
mers were soluble in tetrahydrofuran or cyclohexa-
none.

All the polymers were amorphous because no
melting endotherm was observed by DSC. This
was also confirmed by WAXS, in which all poly-
mers showed an amorphous halo. As an example,
Figure 3 shows the WAXS diagram for polymer p-
PABI(EO)2; only a wide band can be observed,
corresponding to an amorphous material, with a
maximum at about 2h ¼ 228.

Table 3. Thermal Properties and Solubility of Polyamides p-PABI(EO)m
and m-PABI(EO)m

Polymer

Thermal Properties Solubilityb

Tg (8C) Td,onset (8C) R (%)a m-Cresol DMA CHc

p-PABI(EO)1 225 400 44 � þþ �
p-PABI(EO)2 175 395 33 þ þþ �
p-PABI(EO)3 155 400 38 þþ þþ �
p-PABI(EO)4 140 400 29 þþ þþ �
p-PABI(EO)5 125 395 32 þþ þþ �
m-PABI(EO)1 250 380 50 þ þþ �
m-PABI(EO)2 215 390 34 þþ þþ �
m-PABI(EO)3 180 390 27 þþ þþ �
m-PABI(EO)4 155 375 27 þþ þþ �
m-PABI(EO)5 140 370 25 þþ þþ �

a Weight residue at 800 8C.
b � ¼ insoluble; þþ ¼ soluble at room temperature; þ ¼ soluble on heating.
c Cyclohexanone.

Figure 2. Tg values of polyamides p-PABI(EO)m and
m-PABI(EO)m versus the ethylene oxide weight frac-
tion.
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The mechanical strength was investigated in
the tensile mode on polymer films. These poly-
mers showed high values (>2 GPa) for the Young’s
modulus (Table 4) and tensile resistance between
77 and 156 MPa, both decreasing gradually as
the number of ethylene oxide units increased.
Moreover, the polymers showed low elonga-
tions, as expected for vitreous and high-cohesive-
energy polymers. Polyamides m-PABI(EO)1 and
m-PABI(EO)4, with an inherent viscosity of less
than < 0.5 dL/g, gave brittle films, so the down
limit for mechanical resistance seems to be about
0.5 dL/g for this group of oxyethylene amides. The
effect of the spacer length on the tensile strength
and modulus is illustrated in Figure 4, in which
strain–strength diagrams are shown for polymers
with one and five EO linkages in the repeat unit.

Data of isothermal water sorption are listed in
Table 4. The polymers exhibited significant water
absorption values, roughly between 6 and 9%,
depending on the spacer length. Thus, the num-
ber of ether linkages of the repeating unit seemed
to play the most important role in water absorp-
tion. The presence of only one or two ethylene
oxide units yielded polyamides with relatively
high hydrophilicity, whereas the presence of three
or four ethylene oxide units yielded polyamides
with lower water sorption. A possible explanation
may be that increasing the number of ethylene
oxide units facilitated the number of intermolecu-
lar and intramolecular hydrogen bonds between
the ether linkages and the benzimidazole and
amide groups, then reducing the number of avail-
able ether and amide sites to interact with water
and consequently lessening the overall water
uptake.26 If the chains are long enough, as is the
case with five ethylene oxide units, the oxygen
atoms become available to form again hydrogen
bonding with water, increasing the water sorp-
tion.

Benzimidazole groups play a very important
role in water uptake. Homologous sequenced poly-
amides containing aromatic moieties and ethyl-
ene oxide spacers, but without benzimidazole
groups, showed much less ability to absorb water
than the current polyamides.27 Furthermore, those
polyamides were partially crystalline, showing
clear melting endotherms when they were inves-
tigated by DSC. Thus, the combination of the
hydrophilic benzimidazole groups and the absence
of crystallinity proved to be crucial characteristics

Table 4. Mechanical Properties and Water Sorption of Polyamides p-PABI(EO)m
and m-PABI(EO)m

Polyamide
Modulus
(GPa)

Tensile
Strength
(MPa)

Elongation
(%)

Water
Sorption

(%)

H2O (mol)
per Repeat

Unit

p-PABI(EO)1 4.2 156 8.6 8.1 2.2
p-PABI(EO)2 3.1 129 8.7 8.6 2.6
p-PABI(EO)3 2.6 95 8.7 6.8 2.1
p-PABI(EO)4 2.1 77 7.2 5.8 2.1
p-PABI(EO)5 2.2 80 11.5 6.5 2.6
m-PABI(EO)1 —a —a —a 8.1 2.2
m-PABI(EO)2 2.8 112 6.2 8.7 2.6
m-PABI(EO)3 2.6 89 5.1 7.5 2.4
m-PABI(EO)4 —a —a —a 5.6 2.1
m-PABI(EO)5 2.1 80 7.9 6.9 2.7

a Brittle film.

Figure 3. X-ray of polymer p-PABI(EO)2.
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that contributed to the high values of water
uptake measured for the current polyamides.

CONCLUSIONS

Soluble polyamides containing benzimidazole groups
and short ethylene oxide sequences (one to five)
were obtained by the polycondensation of suit-
able monomers by traditional polycondensation
methods.

The number of ether linkages of the repeat
units played an important role in the physical
properties. Thus, an increase in the length of the
flexible sequences produced a lowering of Tg as a
result of the molecular mobility enhancement.
Polyamides of this class with meta-oriented dia-
mines exhibited Tg values slightly higher than
those with para-oriented diamines.

Unlike homologous polyamides prepared from
monomers with reverse functionality, the current
polymers were amorphous.

Despite the presence of flexible spacers and
their amorphous character, the polymers here
reported showed good mechanical properties,
with Young’s moduli above 2 GPa and tensile
strengths over 75 MPa.

Additionally, the presence of only one or two
ethylene oxide linkages in the repeating unit
yielded polyamides with reasonable hydrophilic
character, whereas the presence of three or four
ethylene oxide units yielded polyamides with
lower water sorption. Polyamides containing a
spacer of five ethylene oxide units showed higher
water sorption values. This can be explained

because an increase in the number of ethylene
oxide units may induce the formation of intermo-
lecular and intramolecular hydrogen bonds be-
tween these ether linkages and the benzimidazole
and amide groups, consequently decreasing the
number of groups able to interact with water and
therefore lessening the overall water uptake. A
higher number of ethylene oxide units in the poly-
mer made more oxygen atoms available again
and therefore higher water sorption.
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