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The synthesis and properties of novel aromatic poly- and co-polyisopthalamides bearing —OH, -tert-butyl
(TERT) and 3,5-bis(trifluoromethyl) benzoyl (BTFB) groups are reported. All synthesized aramides are highly
soluble in aprotic solvents, thermally stable up to 400 °C and present good film forming ability. The
combination at random of -OH group with TERT or BTFB groups in copolymers CPA 1 and CPA 2 is highly
effective for improving gas permeability (P) for all tested gases (CO,, Oo, N, CH4) and selectivity (a) for CO»/
CH,4 and CO,/N,. Copolymer CPA 2b containing OH and BTFB groups exhibited high gas permeability and

good selectivity (Pco2=60.17 and Pcys=2.67, a=22.53) in comparison with analogous polyamides and some
polyimides. These results are well correlated with both the increase in fractional free volume (FFV) and

interchain d-spacing.

1. Introduction

Over the years, aromatic polyamides or aramides have been widely
studied due to their outstanding thermal and mechanical resistance
[1-5]. The properties arise from their aromatic structure and amide
linkages, which result in rigid-rod polymer chains that interact with
each other via strong hydrogen bonding. These bonds often create
effective crystalline microdomains, resulting in high-level intermole-
cular packing and cohesive energy [6]. As a result, they tend to exhibit
low solubility in common organic solvents and very low processability.
Intensive efforts have been made to enhance their processability and
solubility, as well as to increase some properties for applications that
require high thermal and mechanical stability. These studies include
the modification of their chemical structure, reducing hydrogen bond-
ing by N-substitution, introducing flexible segments, replacing symme-
trical aromatic rings for unsymmetrical ones, copolymerization with
the introduction of an appropriate second monomeric unit sequence
and the incorporation of bulky pendant groups [3,7-16]. Another
interesting approach that has been studied is the introduction of
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functional polar groups into the polymer chain, such as hydroxyl (-
OH) or carboxyl (—COOH) groups, because they can be used to impart
special functionality to high performance polymers. For example, the
relationship between polymers with functional polar groups and their
solubility in organic solvents and in some cases the modification of
their gas permeability has been studied for polymers such as poly-
imides [17-24], poly(ether ether ketone) [25], polyesters [26] and
poly(diphenylacetylenes) [27].

Wholly aromatic polyisophthalamides (PIPAs) containing reactive
free -OH groups and the subsequent incorporation of side poly(ethy-
lene oxide) (PEO) sequences have been studied in recent years [28,29].
The results confirmed that OH-p-PIPA and OH-m-PIPA are quite
hydrophilic compared with non-hydroxylated aromatic polyamides.
They were proposed as an alternative approach in the preparation of
ultrafiltration (UF) membranes with high flux and antifouling proper-
ties [29]. It was also reported that the presence of —OH groups in
membranes from highly aromatic polymers increases the solubility
coefficient of condensable gases, although a decrease in gas diffusivity
is observed [19]. The incorporation of —COOH in the aromatic
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Fig. 1. Chemical structure of PA and copolyaramides with different bulky pendant groups.

polymers leads to strongly reduced permeability, but CO,-induced
plasticization can be reduced due to hydrogen bonding crosslinks [20].
The -OH group can be thermally converted to polybenzoxazole group
and shows excellent CO, separation compared to conventional mem-
branes [21-23]. Moreover, polyimides containing a free polar —-COOH
group were used as precursor to introduce bulky pendant groups [24].

In this work, we present the synthesis and characterization of a
novel polyaramide poly(hexafluoroisopropylidene hydroxyisophthala-
mide) (PA) which contains a free hydroxyl pendant group in its
repeating unit. Two syntheses of random copolyaramides were carried
out: a) by direct polycondensation of the diamine 4,4’-(hexafluoroiso-
propylidene) dianiline (HFA) with different comonomer ratios of 5-
tert-butylisophthalic acid (TERT) and 5-hydroxyisophthalic acid
(HIA); which lead to a random copolymer CPA 1 (Fig. 1a, where X,
Y indicate the feed molar percent of HIA and TERT, respectively), and
b) by a consecutive esterification reaction of PA polyamide to introduce
3,5-bis(trifluoromethyl) benzoyl (BTFB) bulky pendant groups via
reaction with the free —OH groups in PA main chain, which lead to
CPA 2 random copolymers (Fig. 1b, where X, Y indicate the level of
chemical modification).

The structure and general properties of the polymers obtained, and
their gas transport characteristics and separation properties are
reported.

2. Experimental
2.1. Materials
4,4’-(Hexafluoroisopropylidene)dianiline (HFA, 98%), 5-tert-buty-

lisophthalic acid (TERT, 98%), pyridine (Py, 99%), triphenyl phosphite
(TPP, 97%), triethylamine (TEA, 299%), 3,5-bis(trifluoromethyl) ben-

334

zoyl chloride (BTFBC, 97%), N,N-dimethylacetamide (DMAc, 99.8%),
N-methylpyrrolidinone (NMP, 99.5%) and methanol (MeOH, 99%)
were supplied by Aldrich and were used as received. Anhydrous
calcium chloride (CaCl,, Baker) was dried under vacuum at 180 °C.
5-hydroxyisophthalic acid (HIA, Aldrich 98%) was recrystallized from
MeOH.

2.2. Synthesis of poly(hexafluoroisopropylidene
hydroxyisophthalamide) (PA)

Poly(hexafluoroisopropylidene  hydroxyisophthalamide)  (PA)
homopolymer was synthesized by direct polycondensation of HFA
and HIA. The reaction was carried out in a 1:1 mol ratio between the
diamine and the diacid using the method reported by Yamazaki [30]. In
a typical polyamide synthesis, a 50 mL three-neck flask equipped with
mechanical stirrer and a nitrogen inlet was charged with (2.5 mmol)
HFA, (2.5mmol) HIA, (15% w/w) CaCl,, Py (1.44mL) and
TPP(1.42 mL) in NMP (5.5 mL). The reaction mixture was heated with
stirring at 105 °C for 24 h. The resultant polymer was poured slowly
into MeOH and the fibrous product obtained was filtered and washed
several times with MeOH. Finally, the PA was dried in a vacuum oven
at 200 °C for 24 h.

PA: FTIR (cm™Y): 3000-3600 (O-H, N-H), 1665 (C=0), 1175,
1205 (C-F). 'H NMR (600 MHz, DMSO-d,, 8): 10.66 (s, 2H; NH),
10.30 (s, 1H; OH), 8.05 (s, 1H; Ar H), 7.98 (d, 4H; Ar H), 7.61 (s, 2H;
Ar H), 7.42 (d, 4H; Ar H). '°F NMR: (600 MHz, DMSO-ds, 5): —63.3
(s, 6F; C—CF3).
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2.3. Synthesis by direct polycondensation of random copolyaramides
bearing —OH and tert-butyl groups (CPA 1)

Copolyaramides bearing tert-butyl (TERT) pendant groups and
hydroxyl groups were synthesized by direct polycondensation of HFA
diamine with the corresponding amounts of HIA and TERT monomers
to produce copolymers containing 25, 50 and 75 mol% of HIA. These
polymers will be identified as CPA 1a, CPA 1b and CPA 1c.

2.4. Synthesis of random copolyaramides (CPA 2) by chemical
modification of PA

The synthesis of copolyaramides bearing 3,5-bis(trifluoromethyl)
benzoyl (BTFB) groups and hydroxyl groups were carried out through
an esterification reaction at 25 °C and 60 °C. A typical PA esterification
reaction is described as follows: (0.81 g) PA (corresponding to 1.7
mequivalents of —OH) was dissolved in NMP (11 mL) in a 50 mL three-
necked round-bottom flask equipped with magnetic stirrer under
nitrogen atmosphere. The homogenous solution was cooled and
1.7 mmol of TEA were added drop-wise. After complete addition of
TEA, (1.7 mmol) BTFBC dissolved in NMP (4 mL) was added and the
reaction mixture was stirred for 10 min. The temperature was then
raised to 60 °C (a second reaction was carried out under the same
conditions at 25 °C) and the mixture was stirred at this temperature for
24 h. Finally, the polymer solution was precipitated in MeOH. The
precipitate was filtered and then washed several times with MeOH and
dried in a vacuum oven at 200 °C for 24 h. The synthesis of the CPA 2b
copolyaramides was carried out by triplicate. According to the mod-
ification grade of the —OH groups, the copolyaramides were identified
as CPA 2a (32%) and CPA 2b (71%).

CPA 2: FTIR (cm™): 3000-3600 (O—H, N-H), 1752 (C=O ester),
1665 (C=0), 1100-1300 (C—F, C-O-C ester). 'H NMR (600 MHz,
DMSO-dg, 8): 10.80 (s, 2H; NH), 10.63 (s, 2H; NH), 10.25 (s, 1H;
OH), 8.75 (s, 2H; Ar H), 8.61 (s, 1H; Ar H), 8.25 (s, 2H; Ar H), 8.02 (s,
2H; Ar H), 7.96 (d, 8H; Ar H), 7.58 (s, 2H; Ar H), 7.40 (d, 8H; Ar H).
19F NMR: (600 MHz, DMSO-ds, 8): —63.3 (s, 12F; C—(CF3),), —61.5 (s,
6F; C¢H3—(CF3)2).

2.5. Preparation of dense films

All dense films of the polyaramide and copolyaramides obtained
were prepared by casting a 4% (w/v) polymer solution in DMAc. The
solution was poured into an aluminum ring and the solvent was
evaporated slowly at 70 °C. The films obtained were dried in a vacuum
oven at 200 °C for 24 h to remove the residual solvent. Complete
removal of solvent was monitored using thermogravimetric (TGA)
analysis.

2.6. Characterization

'H NMR and '°F NMR spectra were recorded on a Varian NMR
spectrometer operating at 600 MHz using deuterated dimethylsulfox-
ide (DMSO-ds) as the solvent. The solubility of each polymer was
determined by mixing 5 mg of polymer in 1 mL of solvent, followed by
stirring for 24h at room temperature. Inherent viscosities were
measured using an Ubbelohde viscometer No. 50 at 30 + 0.1 °C with
DMACc as solvent at a concentration of 0.5 g/dL. Polymer films density
was measured in a density gradient column (Techne Corp) based on
aqueous calcium nitrate solutions between 1.22 and 1.47 (g/cm?®) at
23 °C. Based on the density data, the fractional free volume (FFV) was
calculated from van der Waals Volumes (V) obtained from Bondi's
group contribution method [31] using the following equation

sp
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Where V, is the specific volume (Vs,=1/p) and V, is the chain
occupied specific volume (V,=1.3V,,). For copolymers, the occupied
volume was calculated assuming that there exists additivity of each
polyamide occupied volume using the following equation

e))

where w; and w, are the weight fractions of each aromatic polyamide
in the copolyamide; Vj; and Vi, are the occupied volume of the
homopolymers.

X-ray diffraction (XRD) measurements were performed with a
Siemens 5000 X-ray diffractometer using Cu-K, radiation (\=1.54 A)
at 34 kV and 25 mA in all polymer films. The measurements were made
between 0 and 60° 20 at a step rate of 0.04°. Thermogravimetric
analysis (TGA) was carried out using a Thermogravimetric balance
(Perkin Elmer TGA-7) under nitrogen atmosphere at a heating rate of
10 °C/min between 50 and 700 °C. Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectra of the polymer films were
measured on a Nicolet 8700 FTIR in the wavenumber range from 4000
to 400 cm™!. Mechanical properties under uniaxial tension were
determined in a universal testing machine (Shimadzu AGS-X) with a
load cell of 100 N at a crosshead speed of 1 mm/min. Samples with
dimension 0.5 cmx2 cm and 50 um thickness were used for the
measurements. Molecular weight measurements, M,, and M,,,, were
performed by gel permeation chromatography (GPC) in a HP Agilent
1100 HPLC system equipped with a differential refractive index
detector (IR). DMF containing 0.5% LiBr was used as the mobile phase
(flow rate 1.0 mL min™!) at 30 °C. Two columns Zorbax PSM 60-S and
PSM 1000-S were used for molecular weight determination and
calibration was carried out with polystyrene standards. Glass transition
temperatures for the polyamides were determined using differential
scanning calorimetry (TA Instrument 2920 DSC). The measurements
were made between 30 °C and 350 °C at a heating rate of 10 °C/min
under nitrogen atmosphere.

Voc=w1 Vor+w2 Vop

2.7. Gas transport properties

Pure gas permeability (P), diffusion (D), and solubility (S) coeffi-
cients for four different gases: oxygen (O-), nitrogen (N,), methane
(CH,), and carbon dioxide (CO,), were determined in a gas permeation
cell using the constant volume method and a film area of 1.15 cm?. All
gases used in the study were obtained from Praxair Corp. with purities
>99.99%. P coefficients were determined from the slope of the down-
stream pressure versus time plot (dp/dt)ss, under steady-state condi-
tions at 2.02 bar upstream pressure and 35 °C for each pure gas, by
using the following equation:

_ VRV (dp
ARTAp\ dt ),

(3)

where V is the downstream volume (cm®) of the cell, RN volume of a
gas mole at standard conditions (STP), [ and A are the film thickness
(cm) and the effective area of the film exposed to the gas (cm?),
respectively. R is the gas constant, T is the absolute temperature (°K),
Ap is the pressure difference between upstream and downstream (cm
Hg) where downstream pressure is considered low enough that the
pressure difference across the membrane is essentially the value of the
upstream pressure. (%)SS is the steady state increase of pressure in the
downstream (cm Hg/s). Gas permeability coefficients, P, are reported
in Barrer [1 Barrer=1x10"'° (cm® (STP) cm cm 2 s™! em Hg™)].

Apparent diffusion coefficients, D, are determined using the time
lag method as described by Eq. (4), where [ is the film thickness (cm),

and 0 is the time lag before reaching steady state permeation.
12
“60 4

The solubility coefficient, S, was determined as the ratio of P and D
using the following equation:
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(5)

The ideal permselectivity, o/, of the film for a given pair of gases A
and B is defined as the ratio of the individual gas permeability
coefficients.

a=PA/PB

S=PID

©)

3. Results and discussion

3.1. Synthesis and characterization of PA and random
copolyaramides CPA 1

The PA and the copolymers CPA 1 were synthesized by direct
polycondensation (see Scheme 1) with a yield over 97%, which
indicates that it is possible to control the amount of —OH groups
present by copolymerization and that the —OH groups do not give rise
to side reactions in these polymerization conditions [32]. The latter is
due to differences in reactivity as a nucleophile of the amino group (-
NH,) and the hydroxyl group (—OH). The chemical structure of the PA
and CPA 1 series were confirmed by FTIR.

FT-IR spectra show characteristic absorption peaks of the PA
homopolymer and CPA 1 copolyaramides. A carbonyl (C=0) absorp-
tion band at 1665 cm™ and the absorption bands at 1175 and
1205 em™, corresponding respectively to the symmetric and asym-
metric stretching bands of the C—F bonds in the hexafluoroisopropy-
lidene group. A broad absorption band between 3000 and 3600 cm™!
attributed to the O—H group, this band overlaps with the absorption of
the N—H amide group. Meanwhile, the appearance of a new absorption
band was observed at 2966 cm™, which is representative of the —C—
(CH3)3 tert-butyl groups present in the copolyamides CPA 1, which
does not appear in the spectrum of PA. Moreover, this band was more
intense as the concentration of the TERT monomer increases in the
copolymer (see FT-IR spectra in Supplementary material).

Inherent viscosities (n;;,n) of PA and CPA 1 copolyaramides
obtained were in the range of 0.49-0.61 dL/g. The inherent viscosity
decreased with increasing amounts of tert-butyl monomer. This
decrease was attributed to a difference in conformation due to the
steric effect produced by the bulky tert-butyl groups that decrease
interchain interaction present in PA (see Table 1). The number average
molecular weights (M,,) of the PA and CPA 1 random copolyamides
were in the range of 48,000-82,000 with polydispersity index (PDI)
ranges from 1.79 to 2.18. Due to the fact that random copolymerization
of two different diacids, TERT and HIA, could have some reactivity
differences the molecular weight are in the expected range.
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3.2. Synthesis and characterization of random copolyaramides CPA 2

One of the advantages from synthesizing polymers with functional
reacting groups, such as -COOH or as in PA case —OH, is that they can
be used for subsequent modifications. In this particular polyaramide,
PA, the —OH groups are able to react under mild conditions to attach
other functional groups [32].

It has been shown that the introduction of lateral substituents
containing trifluoromethyl —CF5 groups considerably improves some
properties of polymers for a wide range of applications [33]. The
introduction of CF3 groups improves properties such as solubility,
thermal stability, optical transparency and they are expected to present
higher gas permeability and flame-resistance, while simultaneously
decreasing the crystallinity, dielectric constant and water absorption in
the polymer [34]. Thus, due to the proven advantages of —CFj
substituted polymers, in this case, 3,5-bis(trifluoromethyl) benzoyl
was selected as the substituent for PA chemical modification.

The chemical modification was carried out based on the Schotten-
Baumann synthetic route [35], making acid chlorides react with the
free —OH groups of the PA in the presence of triethylamine (see
Scheme 2). This reaction is an efficient and irreversible method for the
formation of esters. Usually, this reaction is quite rapid and exother-
mic, and proceeds well at low temperatures for small molecules. For
comparison, we carried out the reaction at room temperature (25 °C)
and at 60 °C. As will be shown later, NMR spectroscopy confirmed a
different level of modification 32% and 71%, for reaction at 25 °C and
60 °C respectively. In principle, any organic reaction that has been
applied for small molecules can be applied to modify chemically
polymers. However, the reactivity of a functional group attached to a
polymer chain may not be the same as when it is attached to a small
molecule thus a 100% substitution was not achieved. Also, we observed
that the solubility of the reaction mixture (PA, TEA, BTFBC in NMP)
improved with increasing temperature. This enhanced solubility level
of the reactants with temperature is favorable to increase the substitu-
tion of —OH groups attached to the polyamide, PA. In further
experiments, a possible addition of a BTFBC molar excess in the
reaction at 60 °C is expected to allow a higher substitution level.

The incorporation of 3,5-bis(trifluoromethyl) benzoyl into the
chemical structure of the PA was confirmed by NMR and FTIR
spectroscopy. In FTIR spectrum can be clearly seen that the broad
absorption band in the 3200-3600 cm™ range (O-H stretching)
decreases as the percentage of chemical modification of PA increases,
which indicates that the introduction of 3,5-bis(trifluoromethyl) ben-
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Table 1
Yield, inherent viscosity and molecular weight of the PA and CPA 1.

Journal of Membrane Science 522 (2017) 333—-342

Polyamide HIA (%mmol) TERT (%mmol) Ninn (dL/g) M,,x107% (g mol—1)* M,,x10~% (gmol—1)* PDI" Yield (%)
PA 100 0 0.61 51.3 91.8 1.79 97.0
CPA 1a 75 25 0.57 82.0 176.7 2.15 98.5
CPA 1b 50 50 0.55 54.0 117.8 2.18 98.3
CPA 1c 25 75 0.49 48.5 92.2 1.90 97.1
@ Molecular weights; polystyrene calibration.
b polydispersity Index.

zoyl was effectively taking place by esterification. Moreover, the 2

appearance of the absorption band at 1752 ecm™ (ester C=0 stretching) 4y

in CPA 2a and CPA 2b indicates the conversion of the hydroxyl a

groups into an ester moiety. Another important characteristic in the 8

CPA's 2a and 2b are the bands in the 1100-1300 cm™" region, which b PA

are broadened (see Supplementary information). This behavior is
attributed to the superposition of the C—O-C stretching and C-F
stretching of the ester group and trifluoromethyl moieties, respectively.

The PA and modified polyaramides, CPA 2a and 2b were
characterized by 'H NMR. PA exhibited peaks around of 8.05, 7.98,
7.61 and 7.4 ppm corresponding to aromatic protons; the signals at
10.66 and 10.30 ppm are assigned to the amide protons (C(=0)-NH-)
and OH protons, respectively. The "H NMR spectrum of the modified
polymers shows the presence of new peaks in the aromatics region
around of 8.75, 8.61 and 8.25 ppm, corresponding to protons of the
3,5-bis(trifluoromethyl) benzoyl (H: 6 y 7) and to protons of hydroxyl
isophthalic acid (H: 5) which was modified (see Fig. 2). It also shows
the presence of a signal at 10.80 ppm due to the amide protons (H: c)
that are influenced by their proximity to the pendant group. The level
of modification was estimated by comparing the area of peaks a
(10.80 ppm) and b (10.63 ppm) or the area of peaks 6 (8.75 ppm)
and 4 (7.58 ppm) (see NMR spectra with the peak integrals in
Supplementary information). The polyaramide modified at room
temperature, CPA 2a, reached a level of reaction where 32% —OH
groups were modified, while the esterification reaction carried out at
60 °C rose to 71% —OH groups modified (CPA 2b).

oo
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1 2
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CF3 4
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[
a
I T T T T T T T T T T T T T T T 1
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Fig. 2. "H-RMN spectra of PA and modified polyaramide CPA 2.

The incorporation of the fluorinated pendant groups and the degree
of modification of CPA 2b were confirmed by '°F NMR. The '°F NMR
spectrum for the PA (Fig. 3b) presents a single signal at —-63.3 ppm
corresponding to the fluorine atoms of the two (—CF3) groups on the
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Scheme 2. Synthesis of random copolyaramides CPA 2a and CPA 2b by chemical modification of PA at 25 °C and 60 °C.
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Fig. 3. '°F NMR spectrum of (a) CPA 2b and (b) PA in DMSO-d,.

HFA. In the CPA 2b copolymer (Fig. 3a), two signals were observed at
-63.3 and -61.5 ppm, the latter is due to the fluorine atoms in the 3,5-
bis(trifluoromethyl) benzoyl pendant group. The areas of the two
signals were integrated and they match the modification level esti-
mated by 'H NMR.

3.3. Solubility

All polyaramides were readily soluble in different organic solvents
such as NMP, DMF, DMSO and DMAc. However, the solubility of the
polymers in THF decreases as the number of —OH groups in the
polymer chain decreases. For example, the CPA 2b and CPA 1c were
partially soluble and the previously reported HFA/TERT polymer was
insoluble [11]. Thus, the solubility results confirmed that crosslinking
reactions did not occur, a possibility that could be expected due to the
presence of —OH group in the polyaramides main chain. On the other
hand, none of the aramides were soluble in chlorinated solvents.

3.4. Thermal and mechanical properties

Thermal characterization of polymer films by TGA revealed a higher
thermal stability up to 400 °C. PA and CPA 1 showed a single
decomposition temperature (Tq) with a 10% loss between 488 and
496 °C. According to Fig. 4, a slight increase in thermal stability was
observed as the concentration of the tert-butyl monomer increased up
to 496 °C, while PA, without the presence of tert-butyl groups, has an
onset at 488 °C (with 10% weight loss).

On the other hand, CPA 2 showed an additional decomposition
stage (see Fig. 4). The first stage is detected at 415 °C with a weight loss
at around 10% for CPA 2a and 15% for CPA 2b, which is attributed to
degradation of the units containing ester groups, and points out to the
loss of pendant groups [24]. This result indicates that the presence of
ester groups slightly reduces the thermal stability respect to PA. The
second decomposition stage occurs around 490 °C with a weight loss
around 30% for CPA 2a and 40% for CPA 2b, and can be attributed to
the generalized polymer backbone degradation. The weight losses of
CPA 2a due to degradation of the ester units at 350—460 °C are lower
than that of CPA 2b. This result agrees with the fact that CPA 2a has
lower amounts of ester groups than CPA 2b.
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Table 2
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Molecular weight, thermal and mechanical properties of the polyaramides and their comparison with some polymers.

Polymer M,,x107% (g mol~1)* T109 (°C)

Tg (°C)

TS (MPa) Elongation break (%) Modulus (GPa)

PAh

CPA 12"

CPA 1b°

CPA 1c"

CPA 2a"

CPA 2b°
HFA/TERT" [11]
PA 9B [36]°
6FDA-SADAF [37]¢
APA 5 [38]¢

51.3
82.0
54.0
48.5
57.4
54.9
50.0
56.8

488
489
493
496
415
398
494
438
480

309
308
307
289
303
297
306
235
370
268

63.89+4.4
74.58 + 6.02
67.50 +3.99
59.46 +11.99
57.27+4.63
45.19+5.79
31.35+0.1
81+2.00

80

88

12.32+2.25
8.76 + 1.35
9.35+0.87
6.95 +1.53
9.97 +0.01
4.81+0.89
3.05+0.3

7 £2.00

10

1.21+£0.11
1.43+0.11
1.48+0.17
1.16 £ 0.08
1.39+0.04
1.49 +0.05
1.24 +0.02
1.8+0.01
1.8

2.23

2 Number average molecular weight; polystyrene calibration.

> Mechanical properties evaluated at a crosshead speed of 1 mm/min.

¢ Mechanical properties evaluated at a crosshead speed of 1.25 mm/min.
4 Mechanical properties evaluated at an crosshead speed of 5 mm/min.

The glass transition temperatures (T,) of PA, CPA 1 and CPA 2
were in the range of 289-309 °C (Fig. 5 and Table 2). A decrease in T,
was observed as the concentration of the tert-butyl or 3,5-bis(trifluor-
omethyl) benzoyl groups increased. The high T, values of PA, CPA 1a,
CPA 1b and CPA 2a were attributed to a combination of interchain
interactions and the presence of bulky pendant groups, which hinders
molecular motions. On the other hand, when the substitution is above
50mol% of OH groups in the copolymers the T, decreases an
indication that bulky groups had diminished the interchain interac-
tions.

Under uniaxial tension test, PA and CPA 1 and CPA 2 membranes
exhibited tensile strength (TS) in the range 45.19-74.58 MPa, and
elastic modulus above 1.0 GPa with elongation at break that ranges
between 4% and 12%. A reduction of elongation at break and tensile
strength were observed in random copolyamides CPA 1 and CPA 2
with the introduction of tert-butyl group or 3,5-bis(trifluoromethyl)
benzoyl groups. A tendency of improving mechanical properties with
increasing molecular weight was found. In general, the combination of
thermal and mechanical properties exhibited by these polyaramides fit
well the requirements to meet the demands of separation processes and
they are comparable with some polymers reported recently [11,36—38].
Table 2 summarizes the thermal decomposition and mechanical
properties of PA, CPA 1 and CPA 2 and their comparison with some
polyamides and polyimides reported in the literature [11,36—38].

3.5. X-ray diffraction, density and FFV

X-ray diffraction patterns showed a behavior typical of amorphous
polymers for PA and copolyamides CPA 1 and CPA2. The values (d-
spacing) of the maxima are taken as the average intersegmental
distance between polymer chains and were calculated using Bragg's
equation (nA=2dsin 0). Fig. 6 shows the X-ray diffraction patterns of
CPA 1c and CPA 2b which presented some differences as compared
with the PA homopolymer.

The presence of tert-butyl and 3,5-bis(trifluoromethyl) benzoyl
bulky pendant groups has effects on chain packing. CPA 2b copolya-
mide shows 3 maximum in the amorphous halo corresponding to
3.75 A (20=23.6), 4.84 A (26=18.3) and 6.67 A (20=13.8). CPA 1c
shows 3 maximum in the amorphous halo corresponding to 3.94 A
(26=22.5), 5.45 A (26=17) and small shoulder at 6.67 A (26=13.8). PA
shows only 2 maximum in the amorphous halo with d-spacing at
3.75 A (20=23.6) and 5.31 A (20=16.6). In general, the appearance of
several intersegmental distances is associated with a certain degree of
irregularity in the packing of polymer chains [24]. In here the
emergence of a third maxima at d-spacing 6.67 A for CPA 2b and
for CPA 1c that is not present in PA is assigned to the presence of the
3,5-bis(trifluoromethyl) benzoyl and tert-butyl groups respectively
which restrict the mobility of the polymer chains and increase the
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Fig. 6. XRD patterns of PA, CPA 1c¢ and CPA 2b.

interchain distance.

Table 3 shows the data from the experimentally measured density
and those from calculated fractional free volume (FFV) of the PA, CPA
1 and CPA 2. These results support the fact of an interchain distance
increase in the tert-butyl and bis(trifluoromethyl) benzoyl copolymers
since there is a larger FFV than in PA. It is also seen that as the
concentration of either group increases in CPA 1 or CPA 2 the FFV
also increases.

3.6. Gas transport properties of PA and CPA films

It is known that the incorporation of strong polar groups in polymer
structures reduces permeability [19]. Based on XRD and FFV results, it
is expected that the copolyamides CPA 1 and CPA 2 will present
higher permeability coefficients than PA. Therefore, experimental
permeability coefficient (P) for pure gases CO», O,, N> and CH,4 were
performed at 2.02 bar and 35 °C for PA and the copolyaramide series
CPA 1 and CPA 2. The results are summarized in Table 3.

In all polyaramide films the gas permeability coefficients showed
the following behavior PCO, > PO, > PN,~PCH,, this sequence is
related to the order of kinetic diameters of the tested gases (COo,
3.304; 0., 3.464; N,, 3.644; CH,, 3.804) [39]. This trend is
commonly observed in most glassy polymer films [40-42]. The
incorporation of tert-butyl and 3,5-bis(trifluoromethyl) benzoyl in the
PA structure not only renders copolyaramide films more permeable
but also shows increase in CO»/CH,4 selectivity up to four times as
compared to PA for CPA 2b. Gas permeability coefficient increased
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Table 3
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Density, fractional free volume, gas permeability coefficient (P), and permselectivities (a) of PA, CPA 1 and CPA 2 films.

Membrane P (g/cm3) FFV “Permeability, P (Barrer) Selectivity, a
CO> (0 N> CH, CO»/CH,4 CO>/N>
PA 1.456 0.131 2.82 0.66 0.30 0.50 5.64 9.40
o= OF— MO 0
«LN%Q LF3<\ /> N c«@»clﬂ
OH
W e 9 9 o o CPA 1b 1.376 0.143 11.85 1.53 0.63 0.96 12.34 18.80
[( = //,/Li:uﬁ@ ch\ ,,Tct gc( Tcﬂ
b ooty
I
CPA 1c 1.335 0.151 23.69 3.77 0.97 1.10 21.34 24.42
o oOH CFs H HFA-TERT" 1.305 0.156 26.08 5.8 1.1 0.86 31.18 23.12
Rt OTON
HsC—f—CHs
CHy HFA-TERT
[ 0 CPA 2a 1.442 0.160 11.9 2.50 0.69 0.55 21.63 17.25
J[H*\ / CF;\U*’”\%C CPA 2b 1.451 0.174 60.17 12.54 3.28 2.67 22.53 18.64

@ Permeability coefficient evaluated at 2.02 bar and 35 °C; Barrer: 1x107*° em® (STP) em/cm? s em Hg.

b From Ref. [11].

with decreasing -OH groups presence in the random copolyaramides
backbone, indicating that the suppression of hydrogen bonding in PA is
promoted by the replacement of the —OH groups with the tert-butyl or
3,5-bis(trifluoromethyl) benzoyl groups. These results agree with
calculated FFV and increase in X-ray diffraction d-spacing. In parti-
cular, the polymer CPA 2b shows an order of magnitude increase in
gas permeability coefficients and almost two times selectivity increase
for CO»/CH, pair as compared to PA, which is ascribed to the
presence of 3,5-bis(trifluoromethyl) benzoyl moiety in the backbone
which presents the largest fractional free volume (FFV) of all copolyar-
amides studied.

Moreover, it was observed that ideal selectivity (CO»/CH4 and CO»/
N>) in the modified films (CPA 2) would not follow the expected trade-
off of diminishing selectivity with increasing permeability coefficients
since both permeability coefficients and ideal selectivity increase with
the -OH substitution. This result can be explained analyzing the
solution diffusion model for gas transport through polymer films
(P=D-S), permeability coefficients are the result of the product of a
diffusion, D, and solubility, S, coefficients.

Table 4 lists the diffusion and solubility coefficients of PA, CPA 1
and CPA 2. The introduction of tert-butyl or 3,5-bis(trifluoromethyl)
benzoyl shows improving diffusion coefficient, D, for all gases. This
improvement in D is attributed to an increase in fractional free volume,

Table 4
Diffusion (D) and solubility (S) coefficients for PA, CPA 1 and CPA 2 evaluated at
2.02 bar and 35 °C.

Membrane CO» 05 No> CH,

D s° D s° D s° D s°
PA 035 805 0.79 0.70  0.03 9.23 0.04 12.5
CPA 1b 250 474 272 0.55  0.05 12.82 0.12 8.01
CPA 1c 295 803 521 0.73 023 434 0.41 2.70
CPA 2a 1.28 9.35 13.00 019 023 3.05 0.12  3.88
CPA 2b 795 757 7185 017 184 1.78 1.01 2.62

2 Diffusion coefficients (Dx107%) em? s~
b Solubility coefficients (Sx1072) em® (STP) em® cm Hg,
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in particular for CPA 2b copolymer that is larger than the one of CPA
1 b,c tert-butyl copolymers. Furthermore, the introduction of 3,5-
bis(trifluoromethyl) benzoyl resulted in a CO- increase in solubility
coefficient, S, while S decreases or remains constant for the other gases.
Since for CO» both D and S increase, the overall result is that CO-»
permeability coefficient, P, improves more than the ones observed for
CH,4 and O, which show a decrease in solubility coefficient. In general,
the introduction of tert-butyl or 3,5-bis(trifluoromethyl) benzoyl
groups, inhibits close chain packing and helps mitigate the selectivity
loss associated with the increasing FFV for CO,/CH,4 and CO»/N, gas
pairs [42].

3.7. Comparison with some aromatic polymers previously reported

The performance of the modified copolymers CPA 1 and CPA 2 as
compared to PA and some commercial polymers (Matrimid, Trogamid
and cellulose acetate) [38,43,44] and some polyaramides and poly-
imides bearing large pendant moieties reported in the literature is
shown in Supplementary information (Table 1S) [11,36, 37, 45-48].
The correlation between CO» permeability and selectivity for CO»/CH4
gas pair and CO,/N, pair in terms of a Robeson plot for polyamides
and polyimides is shown in Figs. 7 and 8.

In Robeson plots, Figs. 7 and 8, Trogamid shows CO» permeability
at least one order of magnitude lower than the polyamides PA and
CPA's and it is the lowest of these polymers. Trogamid is a partially
aliphatic polyaramide with a bulky tert-butyl pendant group that can be
seen as a good comparison base since it follows the usual trade off of
higher selectivity with lower permeability. If we compare Trogamid
with the 6 FDA polyamides PA, CPA 1, CPA 2, HFA-TERT, DAIA-6F,
PA-9B and 3 h, they clearly show higher permeability in all cases but
selectivity for PA is lower due to higher packing as discussed above. The
introduction of bulky pendant groups to the main chain, this is
particularly true for bulky adamantyl (PA-9B) and CPA 2b with 3,5-
bis(trifluoromethyl) benzoyl polyamides increase both P and a one
order of magnitude compared to PA values for CO,/CH, separation. In
comparison with some previously reported polymer, it can be observed
that CPA 2b film show one of the highest CO, permeability coeffi-
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Fig. 7. Robeson plot for a comparison of CO,/CHj, selectivity vs. CO, permeability of the
PA, CPA 1 and CPA 2 with some other polymers [11,36-38, 43-48].
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Fig. 8. Robeson plot for a comparison of CO»/N> selectivity vs. CO, permeability of the
PA, CPA 1 and CPA 2 with some other polymers [11,36-38, 43-48].

cients. Furthermore, the increase in CO, permeability is accompanied
by an increase in CO,/CH4 selectivity. A further review shows that 6 F
polyimides TPM-6FDA, PI-ADA-3 and 6FDA-SADAF with bulky pen-
dant groups to the main chain have the same tendency of increasing
CO, permeability coefficient and improving or very similar selectivity
for CO»/CH4 and CO»/N, pairs depending on the pendant group
substitution. In this case Matrimid shows a CO, permeability around
9 Barrer and selectivity of 36 and 32 for CO,/CH4 and CO»/N», the
bulky pendant group substituted 6F polyimides show increased CO»
permeability with very similar or higher selectivity. Overall pendant
bulky groups substitution in this high rigidity polyamides and poly-
imides (modulus above 1 GPa) shows both and increase in P and a with
a strong tendency to move to the right quadrant of the permeability-
selectivity trade off curve. The inclusion of these bulky groups does not
reach yet the upper limit of the trade off curve but the tendency
indicates that these bulky substituents such as those on CPA 1 and
CPA 2 are advantageous modifications that with further improvement
could became high performance high selectivity membranes.

Journal of Membrane Science 522 (2017) 333—-342

4. Conclusions

A novel poly(hexafluoroisopropylidene hydroxyisophthalamide)
(PA) with —OH groups in the backbone and two different random
copolymers with tert-butyl and 3,5-bis(trifluoromethyl) benzoyl by
substitution of PA —OH groups were synthesized. To the best of our
knowledge, the syntheses of PA and their subsequent reaction with the
3,5-bis(trifluoromethyl) benzoyl chloride have not been previously
reported. The reaction between the —OH and acid chlorides is a
promising and versatile synthetic route for anchoring different groups
to a polyaramide backbone, under mild conditions and it can be
temperature controlled. This procedure is simpler than a direct
copolymerization reaction as shown here by a tert-butyl bearing
monomer and offers the same or better advantages in the copolymer
final properties. All the synthesized polyaramides and copolyaramides
are readily soluble in organic solvents and present high thermal
stability up to 400 °C. The substitution at random of the -OH groups
in PA for tert-butyl and 3,5-bis(trifluoromethyl) benzoyl groups was
very effective for increasing polymer interchain distance and improving
gas permeability (P) for all tested gases. It also increases gas selectivity
for CO>/CH4 and CO,/Ns. In particular, the copolyaramide CPA 2b
shows a sharp enhancement in gas permeability with respect to PA.
This result is attributed to the fact that the incorporation of 3, 5-
bis(trifluoromethyl) benzoyl groups increases the FFV and interchain
d-spacing.
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