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Synthesis and characterization of novel polyamides containing dibenzobarrelene pendant
groups
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The 5-(9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboximido) isophthalic acid (DEAIA) monomer, containing a dib-
enzobarrelene pendant group, was synthesized by the condensation of S-aminoisophthalic acid and 9,10-dihydroanthra-
cene-9,10-a,B-succinic anhydride (DASA). The DEAIA monomer was reacted with four structurally different aromatic
diamines to synthesize four novel polyamides. All aromatic polyamide based in the DEAIA monomer showed very good
solubility in aprotic polar solvents and excellent thermal stability with onset of decomposition at 430 °C. They readily
form membrane by the casting method. Moreover, the most interesting polyamide was DEAIA-6F that showed high ther-
mal stability, good film formation, and the largest gas permeability coefficients in comparison with a reported polyhexa-
fluoroisophthalamide, HFAISO; this confirms the advantage of inserting a dibenzobarrelene pendant group.

Keywords: bulky pendant groups; aromatic polyamides; dibenzobarrelene

1. Introduction

Aromatic polyamides are an important group of high-per-
formance polymers. They are well known for their out-
standing properties, which meet the demands at end-use
conditions for technological applications. However, one
of the disadvantages presented by aromatic polyamides
is their low solubility in common organic solvents that
restrict their solution processability, while their high ther-
mal and mechanical properties require high energy for
other processing methods. Therefore, the aromatic polya-
mides that can be processed from solution have received
considerable attention recently; with work directed
toward chemical modification of backbone that allows
their enhanced solubility.[1]

Modification of polymers by incorporating bulky
pendant groups might bring more chemical versatility
and it will extend their field of applications.[2—4] In par-
ticular, the introduction of bulky pendant groups has
been performed to promote chain separation, increase
amorphous character, and produce a higher free volume.
Their introduction also improves solubility and process-
ability on aromatic polymers while maintaining their out-
standing properties.[S] Some bulky pendant groups such
as trimethylsilyl (=Si(CHj3)3),[6] trifluoromethyl (—CF3),
[7] tert-butyl (—C(CHj3);), and phenyl (—Cg¢Hs) are
preferred because their introduction promotes chain
separation and improves processability.[2]

High-performance aromatic polyamides tend to be
quite insoluble and therefore, there is a strong need to

increase their solubility.[8,9] Carja et al. [10] synthesized
aromatic polyamides containing phthalonitrile pendant
groups, these polymers exhibited good solubility in
organic solvents. Serna et al. [11] reported several modi-
fied chemical structures of aromatic polyisophthalamides,
with the incorporation of different pendant groups, using
the monomer S5-aminoisophthalic acid as a basis.[12,13]
The amine group in this aminated monomer has attracted
great attention for its potential to modify highly aromatic
polyamides after the polycondensation reaction [4,14,15]
or the possibility to use it as a basis to synthesize new
monomers.[16-18] In the later approach, taking advan-
tage of the Diels—Alder reaction between anthracene and
maleic anhydride, it is possible to prepare bulky dib-
enzobarrelene groups,[19] this fact and the reactivity of
the amine group in S5-aminoisophthalic acid could
be combined with the anhydride to synthesize
maleimides.[20-22]

In this work, the synthesis and properties of four
novel polyamides containing dibenzobarrelene pendant
groups are investigated. The dibenzobarrelene group has
been described by the concept of geometrically designed
roof-shaped molecules [23]; which presents a rigid,
bulky, and three-dimensional moiety composed by a
bicyclic aromatic structure. Similar structures reported in
the literature produce polymers with high internal free
volume where local cavities are formed due to the inabil-
ity of such structures to pack efficiently.[24] To the best
of our knowledge, so far there are no reports on the
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synthesis and properties of aromatic polyamides bearing
the dibenzobarrelene unit as a pendant group. Here, we
report the synthesis of four aromatic polyamides by
reacting 5-(9,10-dihydro-9,10-ethanoanthracene-11,12-di-
carboximido) isophthalic acid, DEAIA, with four differ-
ent aromatic diamines; 4,4'-(hexafluoroisopropylidene)
dianiline, 6F, 4,4’-methylenebis(2-isopropyl-6-methylani-
line), MIMA, 2,3,5,6-tetramethyl-1,4-phenylenediamine,
TEMPD, and 24,6-trimethyl-m-phenylenediamine,
TMPD. Consequently, the detailed synthesis of the
monomer DEAIA and its characterization as well as the
physicochemical properties of the new aromatic polya-
mides and their gas permeability coefficients are
reported.

2. Experiment
2.1. Materials

Anthracene, maleic anhydride (Fluka), xylene (Vetec), 5-ami-
noisophthalic acid, 4,4'-(hexafluoroisopropylidene)dianiline,
6F, 4,4'-methylenebis(2-isopropyl-6-methylaniline), MIMA
(Across  Organics), 2,3,5,6-tetramethyl-1,4-phenylenedi-
amine, TEMPD, 24 6-trimethyl-m-phenylenediamine,
TMPD, N-methyl-2-pirrolidone, NMP, pyridine, Py, tri-
phenyl phosphite, TPP, and anhydrous calcium chloride,
CaCl, (Baker) which was dried under vacuum at 200 °C for
24 h before use. Methanol, MeOH (Baker), N,N-dimethyl-
formamide, DMF, dimethyl sulfoxide, DMSO, N,N-dimeth-
ylacetamide, DMAc, 1,1,2,2-tetrachloroethane, TCE,
chloroform, CCls, dichloromethane, DCM, tetrahydrofuran,
THF. All chemical reactants and solvents were purchased
from Sigma-Aldrich.

2.2. Synthesis of 9,10-dihydroanthracene-9,10-a,f-
succinic anhydride (DASA)

A solution of anthracene (5.0 g, 28 mmol) and maleic
anhydride (2.5 g, 25.5 mmol) in xylene (60 mL) was
placed in a 100-mL flask and refluxed for 8 h. The reac-
tion mixture was then cooled to room temperature. The
precipitated solid was collected by filtering, thoroughly
washed with xylene and diethyl ether, and then dried in
vacuum to afford the compound DASA, which was re-
crystallized in xylene. Yield: 90.19%. Anal. Calc. for
CisH1,0; (27628 gmol™'): C, 78.25%; H, 4.38%;
found: C, 78.36%; H, 4.46%. FTIR-KBr-pellets (cm™):
v (=C-H) asymmetric 3075, v (=C-H) symmetric 3026,
v (C-H) 2968, v (C=0) asymmetric 1862, v (C=0) sym-
metric 1782, v (C=C) 1463, v (C-0O) asymmetric 1229,
v (C-0) symmetric 1069. 'H NMR: (600 MHz, ppm):
7.46 (2H, s), 7.32 (2H, s), 7.17 (4H, m), 4.86 (2H, s),
3.64 (2H, s).

2.3. Synthesis of 5-(9,10-dihydro-9,10-
ethanoanthracene-11,12-dicarboximido) isophthalic
acid (DEAIA)

Into a round-bottom flask equipped with a condenser and
a magnetic stirrer, 5.52 g (20 mmol) of DASA, 3.62 g
(20 mmol) of 5-aminoisophthalic acid, and 50 mL of
DMF were placed. The reaction mixture was refluxed for
8 h and after this time, it was cooled to room tempera-
ture. The resulting solution was carefully added into
500 mL of cold water. The white solid precipitated
obtained was collected, thoroughly washed with water,
and then dried under vacuum. The product DEAIA
(yield: 80.71%) was purified by recrystallization in iso-
propanol. Anal. Calc. for C,cH;7NOg¢ (439.41 gmol_'):
C, 71.07%; H, 3.9%; N, 3.19%; found: C, 70.83%; H,
4.02%; N, 3.25%. FTIR-KBr pellets (cm™'): v (COOH)
Key peak 3400-2500, v (C=0) asymmetric 1780,
v (C=0) symmetric 1700, v (C=0) aromatic 1610,
(C=C) 1460, v (C-N) 1380. '"H NMR (600 MHz, ppm):
13.43 (s, br. COOH), 8.36 (1H, s), 7.51 (2H, s), 7.31
(4H, m), 7.18 (4H, m), 4.87 (2H, s), 3.42 (2H, s).

2.4. Synthesis of aromatic polyamides

The preparation of the novel polyamides was carried out
following the traditional Yamazaki's method.[25]
The synthesis of polyamide DEAIA-MIMA provides
a representative example of this methodology. A
mixture of 5-(9,10-dihydro-9,10-ethanoanthracene-11,12-
dicarboximido) isophthalic acid (DEAIA, 0.88 g,
2.0 mmol), 4,4’-methylenen(2-isopropyl-6-methylaniline)
(MIMA, 0.62 g, 2.0 mmol), anhydrous calcium chloride
(CaCl,, 0.63 g), triphenyl phosphite (TPP, 1.15 mL), pyr-
idine (Py, 1.14 mL), and N-methyl-2-pirrolidone (NMP,
4.44 mL) was stirred and heated for 24 h at 110 °C
under nitrogen atmosphere. After this time, the reaction
mixture was poured into 1.0 L of methanol, and the
stringy precipitated polymer was collected by filtration,
washed thoroughly with methanol and hot water, and
dried under vacuum at 120 °C for 24 h. The other polya-
mides DEAIA-TEMPD, DEAIA-TMPD, and DEAIA-6F
were synthesized following the same steps.

DEAIA-MIMA. Yield: 1.27 g (86.8%); 7 : 0.39 dL/g,
FTIR-ATR (film, cm™"): 3300, 2960, 2928, 2866, 1780,
1712, 1666, 1595, 1488, 1436, 1253, 1177, 758.

DEAIA-TEMPD, Yield: 1.03 g (98.6%); #inn : 0.18 dL/g,
FTIR-ATR (film, cm™"): 3276, 2960, 2925, 2866, 1780,
1708, 1663, 1496, 1436, 1375, 1250, 1179, 1016, 758.

DEAIA-TMPD, Yield: 0.81 g (70.5%); 7 : 0.25 dL/g,
FTIR-ATR (film, cm™"): 3300, 2960, 2934, 2866, 1780,
1711, 1663, 1594, 1494, 1441, 1375, 1250, 1177, 1024, 759.
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DEAIA-6F, Yield: 1.44 g (95.1%); #in : 0.27 dL/g,
FTIR-ATR (film, cm™'): 3330, 2928, 1780, 1711, 1680,
1595, 1515, 1377, 1329, 1245, 1170, 966, 927, 827,
759.

2.5. Characterizations

Elemental analyses were carried out on a Carlo Erba
EA1108 elemental analyzer (C, H, N). An FTIR spec-
trometer Thermo Nicolet Nexus 8700 was used to con-
firm both the monomer and polyamide synthesis.
Samples were prepared using KBr pellets for intermedi-
ate and the diacid monomer; the spectra were acquired
with 32 scans using a resolution of 4 cm™' in the trans-
mittance mode covering the wavenumber range of
4000-400 cm™'. The polyamide films were analyzed on
ATR accessory (Diamond Golden Gate) and the spectra
were obtained in the region 4000-600 cm™' with 32
scans using a resolution of 4 cm™' in the transmittance
mode. '"H NMR spectra were recorded on a Varian
VNMRS 600 MHz NMR instrument using DMSO-d as
solvent for intermediate and diacid monomer, DMF-d;
as solvent for polyamides, and TMS as internal
standard.

Solubility was determined by dissolving 5 mg of
polymer in 1 mL of solvent at room temperature for
24 h. Gel permeation chromatography (GPC) analysis of
the polyamides was performed on an HP Agilent 1100
HPLC system equipped with a differential refractive
index detector. DMF was used as the mobile phase at a
flow rate of 1 mL/min and the injection volume was
20 pL. Calibration was accomplished with polystyrene
standards (Polymer Laboratories) and molecular weights
ranged from 5.8 x 10% to 1.7 x 10°. Two columns Zorbax
PSM 60-S and Zorbax PSM 1000-S were used for
calibration and molecular weight determination.

Wide-angle X-ray Diffraction measurements were
performed on polyamide films using a SIEMENS 5000
X-ray diffractometer with CuKa radiation of wavelength
1.54 A and operated at 40 kV and 15 mA. Data were
collected in the angular range of 2-60° (20) with
1.0°/min scan increments.

Thermogravimetric analyses (TGA) were performed
on a TGA-7 thermobalance (Perkin Elmer, Inc) under
nitrogen atmosphere in the temperature range between
50 and 700 °C at 10 °C/min heating rate. Differential
scanning calorimetry (DSC) analyses were performed on
a Diamond (Perkin Elmer, Inc) differential scanning
calorimeter, using 7.0 mg samples at 10 °C/min with a
heating rate of 10 °C/min over the temperature range of
50-310 °C. The determination of the glass transition
temperature (I,) was carried out taking of the
slope change from the base line for the second DSC heat
scan.

3. Results and discussions
3.1. Synthesis and characterization of monomers

The elemental analysis, IR spectrum, and 'H NMR
supported the synthesis of the diacid monomer
5-(9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboxim-
ido) isophthalic acid (DEAIA), from the reaction between
5-aminoisophthalic acid and 9,10-dihydroanthracene-9,10-
o,B-succinic anhydride, DASA, following the reaction
scheme described in Figure 1. The intermediate DASA
compound was obtained readily in good yield by the
Diels—Alder reaction between anthracene and maleic anhy-
dride. DASA was essential for the preparation of dib-
enzobarrelene units as pendant group, when reacted with
5-aminoisophthalic acid to give DEAIA. The amine group
in the S-aminoisophthalic acid is a very valuable synthetic
moiety, which can be utilized to incorporate a number of
different pendant groups, bearing interesting molecular as
well as material properties.[18,26-29]

3.2. Synthesis of novel aromatic polyamides based on
DEAIA

The aromatic polyamides were prepared by the reaction
of DEAIA diacid with four structurally different aromatic
diamines using NMP as solvent and triphenyl phosphite
and pyridine as condensing agents [25] as shown sche-
matically in Figure 2. Figure 3 shows the IR spectrum of
the polyamide DEAIA-MIMA. The characteristic bands
of the amide group (-CONH-) appeared at 3300 cm ™'
and 1666 cm ™', whereas a strong absorption band about
2960-2866 cm™' was attributed to the CH stretching
(CH, CH,, and CHj;) presents in the diamine monomer.
Moreover, the bands of the carbonyl groups correspond-
ing to the imide group present in the diacid monomer
appeared at 1780 cm™' (asymmetric stretching of C=0)
and 1712 cm™' (symmetric stretching of C=0). The
FTIR spectra of all other polyamides synthesized were
comparable in the specific amine, methyl, methylene,
and carboxylic bands present as well as the ones belong-
ing to benzene and fluorine groups (see supporting infor-
mation). "H NMR spectroscopy was used to confirm the
chemical structure of the aromatic polyamide. The sin-
glet at 10.00 ppm was attributed to the amide bond pro-
ton (~CONH-), which was present in all polyamides. As
an example, the 'H NMR spectrum of DEAIA-MIMA
polyamide has been reproduced in Figure 4. These find-
ings suggest that the expected novel polyamides had
been synthesized as described in the scheme shown in
Figure 2.

3.3. Properties of DEAIA-based aromatic polyamides

The solubility of the novel polyamides incorporating dib-
enzobarrelene units was evaluated dissolving 5.0 mg of
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Figure 1. Scheme of synthesis of the diacid DEAIA.
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Figure 2. Scheme of synthesis of the DEAIA-based polyamides.

polymer in 1 mL of solvent (0.5% w/v) at room tempera-
ture. The four polyamides were readily dissolved in polar
aprotic solvents such as NMP, DMAc, DMSO, and
DMF; however, the polyamide DEAIA-MIMA exhibited

CHj HaC,
CH,
CF,
CF,
CH,
MIMA 6F

better solubility than the others (Table 1). The enhanced
solubility exhibited by DEAIA-MIMA is due the pres-
ence of ortho methyl and isopropyl substituents on the
phenylene moieties bringing steric hindrance and
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Figure 3. FTIR spectrum of the polyamides DEAIA-MIMA.
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Figure 4. '"H NMR spectrum of the polyamides DEAIA-MIMA.

Table 1. Solubility of aromatic polyamides with dibenzobarrelene pendant group.

Polyamide NMP DMAc DMF DMSO DCE TCE CCl; THF
DEAIA-6F + + + + - - - -
DEAIA-MIMA + + + + - + + +
DEAIA-TMPD + + + + - — - -
DEAIA-TEMPD + + + + - — - —

Note: Solubility test: 5 mg/mL at room temperature. +, soluble; —, insoluble.
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Figure 5. Dense membrane of the polyamide DEAIA-MIMA.

providing an easier solvation pathway.[30] The solubility
test suggests to utilize DMF as solvent for GPC analysis
and to evaluate its ability to form cast-films by this sol-
vent. Flexible and continuous polyamide films of DEA-
IA-MIMA (Figure 5), DEAIA-TEMPD, and DEAIA-6F
were obtained by casting from a homogeneous polymer
solution of them in DMF (10.0% p/v). However, the
DEAIA-TMPD polyamide was not able to form continu-
ous films. The number average molecular weight (M),
the weight average molecular weight (M,,), and polydis-
persity index (PDI) of the aromatic polyamides bearing
the dibenzobarrelene moiety are reported in Table 2. M,
are broadly similar among all polyamides with PDI
around 3 with the exception of DEAIA-6F. The dib-
enzobarrelene polyamides that showed good film-forming
ability were suitable for XRD analysis and considered to
test its thermal properties as well as evaluation of gas
permeability coefficient in dense membranes.

3.4. X-ray diffraction analysis of the polyamides

Figure 6 displays X-ray diffraction (XRD) patterns of
novel polyamides based on DEAIA monomer. The
resulting patterns indicated that all polyamides are

Table 2. GPC analysis of aromatic polyamides.

Polyamide M, x10° (g/mol) M, x 10 (g/mol) PDI
DEAIA-6F 25.6 144.0 5.6
DEAIA-MIMA 31.0 87.7 2.8
DEAIA-TMPD 19.0 53.0 2.7
DEAIA-TEMPD 19.2 30.8 1.6

Note: DMF as mobile phase and polystyrene as a standard.

DEAIA-6F

EAIA-TEMPD

DEAIA-MIMA

T T T T T T T T
10 20 30 40 50

20

Figure 6. XRD patterns of the DEAIA-based polyamides.

amorphous with two broad maxima. This behavior could
be associated to the bulky dibenzobarrelene pendant
groups, which significantly increase chain disorder and
therefore, modify the chain packing.[31] Although all
dibenzobarrelene polyamides showed a typical amor-
phous halo, it can be seen that in general two peaks were
observed at about 26 = 14.0 and 26 = 22; using Bragg's
equation, the d-spacing was calculated at around 6.1 A
and 4.0A, respectively (Table 3). The polyamides
DEAIA-TEMPD and DEAIA-MIMA showed similar dif-
fraction patterns, while in the polyamide DEAIA-6F, the
d-spacing peak at 6.0 have a higher intensity; this behav-
ior is due to the fact that repeat unit contains —CF; as
bulky pendant group, which was observed to give a sim-
ilar pattern previously in similar type of polymers.[32]

3.5. Thermal properties of the polyamides

DSC and TGA, were used to evaluate the thermal prop-
erties of the novel polyamides based on DEAIA, and the
results are summarized in Table 4. Confirming the amor-
phous nature of the DEAIA polyamides in the DSC anal-
ysis no melting peaks (7,,) were observed in the range
of 50-310 °C (see Figure 7). The glass transition temper-
ature (T,) showed for these dibenzobarrelene polyamides
was in the range of 261-288 °C. Among these three
polyamides, DEAIA-6F showed the highest 7, due to
the presence of bulky —CF5 groups which increases the
rotational barrier and inhibits the local segmental
motions making it more rigid.[33] TGA thermograms are
shown in Figure 8 and decomposition data are reported
in Table 4. All DEAIA polyamides were thermally stable
up to 300 °C without significantly weight loss and they
displayed char yields above 40% at 700 °C under N,
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Table 3. X-ray scattering data of polyamides based on DEAIA monomer.

Polyamide 20, (°) 26, (°) d,-spacing (A) d,-spacing (A)
DEAIA-6F 14.6 24.04 6.0 3.7
DEAIA-TEMPD 144 20.88 6.1 4.2
DEAIA-MIMA 14.2 20.68 6.2 43

DEAIA-6F

DEAIA-TEMPD

Endo

DEAIA-MIMA

g L
160 180 200 220 240 260 280 300

Temperature (°C)

Figure 7. DSC thermograms of the DEAIA-based polyamides.
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Figure 8. TGA thermograms of the DEAIA-based polya-
mides.

atmosphere. Their temperature at 5% weight loss (75) is
in the range of 306-334 °C, with the following stability
order DEAIA-TEMPD < DEAIA-MIMA < DEAIA-6F
an indication that the first decomposition involves the
elimination of —CHj3 and > CH, groups present in the
polyamide backbone. Moreover, TGA thermograms of

these polyamides showed two degradation steps under
nitrogen. The first weight loss appeared around 400 °C,
which is attributed to the degradation of the dib-
enzobarrelene pendant group, whereas the second weight
loss was in the range of 490-553 °C due to decomposi-
tion of main chain with the following stability order
DEAIA-TEMPD < DEAIA-MIMA < DEAIA-6F.

3.6. Gas permeability of the polyamide membranes

The facts described above, good solubility, ability to
form continuous films, good thermal stability, and amor-
phous nature, suggest evaluating gas permeability coeffi-
cient in the DEAIA polyamides. Furthermore, to the best
of our knowledge, gas transport properties of aromatic
polyamides containing dibenzobarrelene pendant groups
have not been reported in open literature. Pure gas per-
meability coefficients were measured at 35°C and
2.0 atm for He, O,, N,, CHy, and CO,, using the con-
stant-volume variable-pressure method. Their values of
permeability coefficients are reported in Table 5. The gas
permeability order was, in all cases, Ppe > Pco, >
Po, > PN, > Pcn,, which correlate with the kinetic
diameters reported for each gas molecule (He, 2.6 A;
CO,, 3.3 A; 0,, 3.46 A; N, 3.64 A; CH,, 3.8 A).[34]
This tendency is observed in most glassy polymer mem-
branes.[35] For some gases (He, CO,, and O,), the per-
meability  coefficient values in dibenzobarrelene
polyamide membranes followed the order DEAIA-
TEMPD < DEAIA-MIMA < DEAIA-6F. To visualize the
effect on gas permeability coefficients of bearing a dib-
enzobarrelene group in aromatic polyamides, a compari-
son has been made with the gas permeability coefficient
for polyamide HFA-ISO, using the data obtained from
the literature, see Table 5.[33] As it is shown, the incor-
poration of the dibenzobarrelene group increases the per-
meability coefficient, for all five gases. This result
confirmed that pendant dibenzobarrelene groups inhibit
chain packing and improve the permeability coefficients
on aromatic polyamides. On the other hand, ideal selec-
tivity obtained as the ratio of pure gas permeability coef-
ficients, for gas pairs CO,/N, and CO,/CH,4 shows a
decrease for all dibenzobarrelene polyamides, which is
consistent with the observed trade-off between gas per-
meability and ideal selectivity reported in polymeric
membranes [36]; however, the ideal selectivity of the
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Table 4. Thermal properties of aromatic polyamides.

Polyamide T, (°C) Tse, (°C) T} max (°C) T3 max (°C) Char yield (%)
DEAIA-6F 288.0 334.5 404.1 553.6 41.0
DEAIAI-TEMPD 282.4 306.6 431.4 465.2 443
DEAIA-MIMA 261.7 313.8 406.9 490.5 42.0
Table 5. Gas permeability coefficients of novel aromatic polyamides with dibenzobarrelene pendant groups.

Permeability (Barrer)

Selectivity ()

Polyamide He COZ 02 N2 CH4 COz/ CH4 COz/Nz C02/02
DEAIA-TEMPD 12.09 2.96 0.82 0.35 0.33 8.9 8.4 3.6
DEAIA-MIMA 19.13 6.94 2.00 1.00 0.87 8.0 6.9 35
DEAIA-6F 30.18 9.66 2.38 0.71 0.65 14.9 13.6 4.0
HFA-ISO [33] 345 6.5 1.68 0.25 0.13 50.0 26.0 3.9

Note: 1 Barrer: 1 x 107" cm*(STP) cm em™ s cm Hg ™.

——Robeson 1991
—— Robeson 2008 |

100

HFAISO B

5 4DEAIA-6F
o 10 -jpEAla-TEMPD
] 3 ¥ DEAIA-MIMA
10° 10’ 10° 10° 10* 10°

Permeability CO, (Barrer)

Figure 9. Trade-off plot for CO,/CH, gas pair defined by
Robeson.[36,37]

CO,/0O, gas pair does not changes significantly. The per-
formance of DEAIA-based polyamides for CO,/CH, gas
pair in a Robeson plot, where the upper bound limits are
shown, is compared with the performance of HFAISO
membrane reported elsewhere [33] in Figure 9.[36,37]
Here, in the plot of the DEAIA-based polyamides series,
the comparison is favorable to the DEAIA-6F which has
higher CO, permeability coefficient and it is closer to
the upper bound. However, the introduction of dib-
enzobarrelene as pendant groups increases the permeabil-
ity coefficient but it follows the usual trade-off as the
ideal selectivity decreases, when it is compared with
HFAISO membrane which is less permeable to CO, but
presents a higher selectivity.

3.7.  Structural modification

In order to take advantage of the properties that have
been reported in the aromatic polyamide HFAISO,[33]
efforts toward enhancing both their solubility in organic
solvents and gas permeability coefficient through the
incorporation of pendant groups on the diacid monomer
are shown in Figure 8. Liu et al. [15] reported that incor-
poration of maleimide functional group on aromatic
polyisophthalamide, HFAISO, provides an opportunity to
increase the solubility of aromatic polyamides in polar
aprotic solvents; however, the membrane preparation as
well as other properties such as T, and gas permeability
coefficients were not reported. For comparison, the mem-
brane of HFAISO was casted utilizing DMAc (boiling
point: 165 °C) as solvent, and their gas permeability
coefficients were reported. On the other hand, the aro-
matic polyamide, DEAIA-6F, synthesized in this study
was soluble in polar aprotic solvents, and its membrane
was elaborated using DMF (boiling point: 153 °C) as
solvent. The result of this modification allowed a better
performance by maintaining thermal properties plus an
increase in CO, gas permeability coefficient of almost
50% on the polyamide DEAIA-6F in comparison with
membrane HFAISO (7,: 294 °C, T,;: 492 °C, Pco,=6.5
Barrer). These results confirmed that incorporation of
bulky dibenzobarrelene pendant groups increases the gas
permeability coefficients while maintain the advantages
of high T, and increasing solubility in organic polar
aprotic solvents. This behavior is due to the fact that the
dibenzobarrelene group presents a higher van der Waals
volume (see Figure 10) as compared to the Hydrogen
and maleimide groups, as calculated using the
COMPASS force field in Materials Studio 7.0 (Accelrys
Software, Inc.)
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Figure 10. Sequence of chemical modification of the polyisophthalamides in the position 5 from isophthalic acid. (a) HFAISO,[33]

(b) PA-5,[15] and (c) DEAIA-6F (this study).

4. Conclusions

Four novel aromatic polyamides containing dibenzobarre-
lene pendant groups were successfully synthesized using
the monomers 5-(9,10-dihydro-9,10-ethanoanthracene-
11,12-dicarboximido) isophthalic acid (DEAIA) and four
different aromatic diamines. Incorporation of the dib-
enzobarrelene pendant group resulted in aromatic polya-
mides with good solubility in polar aprotic solvents.
Polyamides bearing dibenzobarrelene pendant groups
showed T, above 250 °C and onset of thermal decomposi-
tion above 300 °C. This chemical modification was
especially useful to achieve an increase in the gas
permeability coefficients of the membranes obtained by
solution casting, without modify significantly its thermal
stability. The best result was achieved for DEAIA-6F. It
showed higher permeability coefficient for CO, (9.66
Barrer) and it maintained the ideal selectivity for carbon
dioxide with respect to oxygen (CO,/O, = 4) in compari-
son with the values reported for polyisophthalamide
HFAISO.
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