Microwave Assisted Polycondensation of Polyimides by
[4,4'-(Hexafluoroisopropylidene)diphthalic anhydride,
pyromellitic dianhydride] and [2,4,6-Trimethyl-m-
phenylenediamine]. Power, Time, and Solvent Effect

Hugo Mendoza Tellez,' Joaquin Palacios Alquisira,' José Guadalupe Lopez-Cortés,>

Cecilio Alvarez-Toledano?

Laboratorio de Fisicoquimica Macromolecular, Departamento de Fisicoquimica, Facultad de Quimica,
Universidad Nacional Auténoma de México, Edificio “D” 108, Ciudad Universitaria,

Meéxico 04510, D.F., C.P., México

Instituto de Quimica, Universidad Nacional Autonoma de México, Circuito Exterior,

Ciudad Universitaria, México 04510, D.F., México

Received 21 August 2008; accepted 26 October 2009
DOI 10.1002/app.31761

Published online 28 January 2010 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The microwave assisted polycondensation of
two polyimides were studied using pyromellitic dianhy-
dride (PMDA), and 4,4'-(hexafluoroisopropyliden)diphthalic
anhydride (6FDA) as dianhydride monomers and 2,4,6-tri-
methyl-m-phenylenediamine (TrmPD), as diamine mono-
mer, under microwave irradiation in DMF and DMSO
solvents. The structure and performance of polymers were
characterized by Fourier Transform Infrared Spectroscopy
(FTIR), viscosity, density, and Thermogravimetric Analysis
(TGA). The results show that the polyimides can be
obtained in a short reaction time with high intrinsic viscos-
ity and high yield. The effect of the presence of a bridging

group, —C(CF;),—, in the monomer structure is apparent
in the permeability parameters of the macromolecules as
polymer (6FDA-TrmPD) always presents better results
than polymer (PMDA-TrmPD). Properties as density
and T, increases with the time exposition to the micro-
wave irradiation. Polyimides obtained present good
thermal properties because they began to lose weight in
a range of 8-16% at high temperature as 450°C. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 116: 2816-2824, 2010
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INTRODUCTION

Nowadays, the use of microwave dielectric heating
in organic synthesis'™? is well-known and fre-
quently applied. In the course of years, this tech-
nique has improved, passing from the use of con-
ventional ovens to modern instruments. Thus,
modern microwave ovens have been designed with
the purpose of reducing to a minimum the inherent
risks of usage. In particular, since the late 1990s, the
number of publications related to microwave synthe-
sis has increased dramatically to a point where it
might be assumed that, in a few years, most chem-
ists will probably use microwave energy to heat
chemical reactions on a laboratory scale. Microwave
heating has been shown to dramatically reduce reac-
tion times, increase product yields and enhance
product purities by reducing unwanted side reac-
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tions compared with conventional synthetic meth-
ods." Microwave absortion by polar components of
a reaction makes them more reactive under micro-
wave irradiation in comparison to thermal heating.'*
Thus an increase in reaction rates decreases the
apparent activation energy.'”'® Tt was found that
microwave irradiation reduces the reaction tempera-
ture and time."”” Concomitant with shorter reaction
times, side reactions are reduced to a minimum and
consequently the purity and the polymer properties
improve.'® Thus, the use of microwaves has been
enlarged for the synthesis of polymers'’ on fields as:
polymeric semiconducting materials,® esterification
reactions,””  biodegradable polymers (polylactic
acid),” degradation of polymers (degradation of
polystyrene),” free radical copolimerizations,** and
ring opening polymerization.>>?

There has been growing interest on the synthesis
and application of optically active polymers,*® for
example, the synthesis of aromatic optically active
poly(amide-imide)s®” with inherent viscosity ranging
from 0.23 to 0.41 dl/g and high yield ( 78-96%), the
resulting PAIs were thermally stable and were read-
ily soluble in common organic solvents as DMAc,



MICROWAVE ASSISTED POLYCONDENSATION OF POLYIMIDES

DMF, NMP, THF, o-cresol, m-cresol, and acetone.
Similar poly(ester-imide)s were synthesized from
diols,®® phenylalanine,® fluorinated®*>® and sulfo-
nated 38 polyimides, which are biologically impor-
tant because of their chiral structure.

Polyimides are some of the best engineering plas-
tics because of their high thermal and oxidative sta-
bility, their good mechanical properties and excellent
chemical resistance to dilute acids and organic
solvents.

The use of microwave energy for the obtention of
polyimides® has had great acceptance, for the syn-
thesis of poly(piromellitidimides) by means of
monomers of nylon-salt-type.***! Polyimides of aro-
matics dianhydrides and diisocyanates were pre-
pared,*” reducing the polymerization reaction
times,*" with regard to the same polymers obtained
by means of conductive heating. Li et al.** synthe-
sized poly(amic acid) (PAA), then PAA was used to
make polyimide (PI) by imidization reaction at a
low temperature. The PAA yield (93.56%) obtained
under microwave-assisted polycondensation was
higher than the PAA yield (77.50%) obtained under
conventional solution polycondensation in a period
of 2 h. The inherent viscosity (0.468 dL/g) of the
PAA prepared by conventional heating was lower
than that (up to 0.615 dL/g) of the PAA prepared
by microwave irradiation. Microwave energy has
been enlarged for the cure of polymers, for example,
Liu et al.* investigated the cure of a nadic-end-
capped polyimide resin, glass, and graphite compo-
sites containing this resin. He made glass and glass—
graphite hybrid composites with flexural strengths
of 372-588 MPa and moduli of 28.7-31.4 Gpa. Those
materials have equivalent properties (50-80%) to
composites fabricated by conventional thermal
processes.

On the other hand, polyimides have also found
applications in membrane technologies for gas sepa-
ration in petrochemical industry; the most important
characteristic for selecting a specific polyimide to be
used as a membrane material in a given commercial
application is permeability. The most typical way to
significantly enhance the gas permeability of poly-
imides is to change the chemical structure and con-
sequently the free volume. It is well recognized that
increasing the free volume usually strongly increases
diffusion coefficients, thereby improved permeability
is obtained. In fact polyimide 6FDA-TrmPD, has one
of the highest permeability values reported, 431 bar-
rer for CO, gas,45 in this use. However, those materi-
als are usually obtained under conventional solution
polycondensation in a large period of time.

As a part of a project directed to synthesis of poly-
imides used as membranes on gas separation, we
report the synthesis and characterization of two aro-
matic polyimides obtained from PMDA and 6FDA
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monomers under microwave irradiation. Our goal is
to study: microwave power, reaction time, and sol-
vent effects on the kinetics of the reaction and the
changes produced on properties of polyimides, such
as glass transition temperature Ty, density p, and
intrinsic viscosity [n], caused by the introduction of
a bridging group, —C(CF;),—, in the dianhydride
monomer structure. The presence of —C(CF;),—
group, enhances free volume and facilitate their use
as material for gas separation. Our experimental
strategy was to combine a selected diamine TrmPD
with two dianhydrides, PMDA, 6FDA. First, we
studied the synthesis of the polyimide of 2,4,6-
trimethyl-m-phenylenediamine (TrmPD) with the
PMDA, system (A), then we proceeded to synthesize
the polyimide 6FDA-TrmPD, system (B).

EXPERIMENTAL
Materials

Pyromellitic dianhydride (PMDA), 4,4'-(hexafluoroi-
sopropyliden)diphthalic anhydride (6FDA), and
2,4,6-trimethyl-m-phenylenediamine (TrmPD), dime-
thylformamide (DMF), and dimethylsulfoxide
(DMSO) were purchased from Sigma-Aldrich. DMF
and DMSO were dried with zeolites A4 for 12 h
before use.

Characterization

Fourier transform infrared spectra (FTIR) were
recorded in a FTIR-1605 Perkin-Elmer instrument
using potassium bromide pellets. Termogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) were performed in a DSC82le and TGA/
SDTAS851e Mettler-Toledo, with a heating rate of
10°C/min under N, atmosphere. The intrinsic vis-
cosity** " of polymers was determined for solutions
of 0.1 g/dL concentration in DMF at 25°C using an
Ubbelohde viscometer.

The densities of polymer were determined by den-
sity gradient column, according with the procedure
described in ASTM D 1505-85. Toluene and carbon
tetrachloride with densities of 0.87-1.59 g/cm®
respectively, were used.

The solubility of polyimide samples was studied
dissolving approximately 10 mg polymer sample in
three drops of each solvent, studied at 23°C.

Polymerization reaction

Polymerization reactions were carried out in a
monomodal microwave oven SEV Model Mic I with
600 watts of maximum power and temperature con-
trol. In a 50-mL glass reactor tube an equimolar
mixture of the dianhydride, diamine and the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Effect of Reaction Time, on Yield and Intrinsic Viscosities of Polyimides, 100 W of
Irradiation Power and DMF Solvent

System A System B
Sample code Time® (s) T° (°C) Yield (%) [n]° (dL/g) T° (°C) Yield (%) [n]° (dL/g)
AF1/BF1 10/15 40 49.17 0.1682 48 89.81 0.4844
AF2/BF2 20/30 58 58.74 0.1801 71 93.95 0.4894
AF3/BF3 30/45 80 78.24 0.1885 95 96.48 0.4993
AF4/BF4 60/60 134 85.80 0.1986 134 99.21 0.5142
AF5/BF5 90/120 134 92.05 0.2273 134 99.53 0.6074
AF6/BF6 120/180 134 93.56 0.3702 134 90.70 0.2693
AF7/BF7 240/240 134 83.02 0.2967 134 83.15 0.2189
cca. 25° 50 72 0.46'

* Irradiation time.
" Temperature reached at the time reaction.

¢ Measured at a concentration of 0.1 gdL.”! in DMF at 23°C.

4 Conventional heating.
¢ Reaction time in hours.

f Measured at a concentration of 0.5 wt % in DMAc at 35°C.

appropriate amount of solvent was poured. The ho-
mogeneous mixture was irradiated. Reaction times
are listed in Table I, at a certain heating power. Tem-
peratures were recorded automatically with an infra-
red probe; the thermometer is part of the microwave
oven and shows the actual temperature of the reac-
tion mixture. All operations were done under air
atmosphere. The resulting polymer solution was
dried at 80°C for 6 h in a vacuum oven to remove
DMF or DMSO solvent. The solid polymer produced
was then washed with methanol, to remove any
low-molecular weight substance, as water and resid-
ual solvents and dried at 40°C for 4 h more in the
oven.

Permeability

With the aim of knowing the permeability proper-
ties, we performed a theoretical approximation of
the volume occupied by the polymeric chains. These
values were evaluated using eq. (1)-(4) according to
Park-Paul’s method.”’

k
V= Z Bk(vw)k 1)
k=1
k
Vo), = ZYnk(Vw)k 2)
k=1
(FFV), = [V = (Vo) J/V ®)
P = Aexp(—B/FFV) 4)

where V is the volume [ecm®/mol]; V, is the volume
occupied by the polymer chains; V,, is the Van Der
Waals volume [cm®/mol]; P is gas permeability (bar-
rer); FFV is the fractional free volume; vy, B, A, B are
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empirical factors that depend on gas n and group k
and were taken from reference®'; k is the total num-
ber of groups into which the repeat unit structure of
the polymer is divided.

RESULTS AND DISCUSSION

The polyimidization reaction involves an A-A, B-B
polycondensation synthesis to generate aromatic pol-
yimides of the type depicted in Figure 1 (A and B).
As an example (0.2181 g) 1 mmol of PMDA and
(0.1502 g) 1 mmol of TrmPD, 10 mL of DMF solvent
were microwave activated at 134°C, reflux solvent
temperature for 2 min. It has been well recognized
the fact that a solvent with high dielectric constant
and dipolar moment is considered a §ood media for
reactions activated by microwaves.*! We selected
two solvents, dimethylformamide DMF, boiling tem-
perature T,= 153°C, dielectric constant ¢ = 36.71,
dipolar moment D = 3.86 D, and dimethylsulfoxide
DMSO, T,= 189°C, ¢ = 46.6, D = 3.9 D,’* as the po-
lar organic media to induce the effective homogene-
ous heating of our monomers.

Two polymers obtained, samples AF6, BE5, were
characterized by FTIR. Figure 2 illustrates the FTIR
spectra of the prepared polymers AF6 and BF5,
according with this figure, the formation of the im-
ide structure under our experimental conditions was
confirmed by the presence of several infrared (IR)
absorption bands located at: 1778 cm™' imide (C=0O
asymmetric stretching), 1728 cm ™' imide (C=0 sym-
metric stretching), 1373 cm™' imide (C—N stretch-
ing) and 730 cm ' imide (deformation of imide ring)
for system A. The FTIR spectrum also shows very
weak bands in the range of 3500-2500 and 1620
cm™!, which indicates the existence of —COOH
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Figure 1 Reaction schemes a and b.

group. These absorption bands at 3500 and 1600 are
characteristic of residual polyamic acid. On the other
hand, system B presents absorption bands located at:
1785 cm ™! imide (C=O asymmetric stretching), 1725
cm ™! imide (C=0 symmetric stretching), 1370 cm "
imide (C—N stretching), 725 cm ™! imide (deforma-
tion of imide ring). FTIR spectra were quite similar
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for both polyimides, however, a very strong absorp-
tion peak was observed at 1256 cm " which is at-
tributable to the symmetric stretching vibration of
—CF; group present in macromolecule (B).

After confirming the imide formation in our
polymers, microwave assisted polycondensation
reactions at several irradiation times were performed
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Figure 2 FTIR spectra of the prepared polymers AF6 and BF5. Notice the weak presence of polyamic acid bands at 3500

and 2500 cm™?
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Figure 3 Dependence of yield (%) on the reaction time,
1 mmol of PMDA-TrmPD and 6FDA-TrmPD, 10 mL of
solvent at 100 W of irradiation power.

for systems A and B. Data concerning the reaction
times, the polymerization reaction temperatures,
yields, and the intrinsic viscosities of the obtained
polyimides were collected in Table I, in this case
DMF solvent was used in our experiments. Yield
and the other properties were measured in each case
after a second thermal postreatment at 40°C for 4 h
in a vacuum oven. First and second postreatments at
80°C and 40°C respectively, are important to almost
fully complete the imidization reaction and eliminate
residual monomers and solvent.

Polymer samples were identified with two letters
and one digit according to the next description, first
letter corresponds to the system (A or B), second let-
ter corresponds to the solvent used in each case,
dimethylformamide (F), dimethylsulfoxide (S), the
number corresponds to the microwave irradiation
time, in seconds. For example, sample AF1 stands
for system A, in dimethylformamide F, and 10 s of
microwaves irradiation time.

Table I shows the kinetics data of 14 reactions, for
microwave assisted polycondensation of A and B
systems. In all cases the polymerization proceeded
very fast, and for the first 50 s reaction time, temper-
ature increases from room temperature to a maxi-
mum temperature of 90°C. After 60 s reaction time,
the liquid mixtures had enough time to reach the
reflux temperature for DMF, 134°C, and it remains
constant for the rest of the reaction time at 586
mmHg.

The yields under constant reaction conditions of
temperature and pressure, and after 1 minute reac-
tion time, reach more than 80 percent monomer con-
version in both systems A and B. However, system
B always presents a higher yield than system A. In
general, the use of a solvent having both a high
dielectric constant and a high boiling point, like
DMF lead to quick formation of polyimides with a
high intrinsic viscosity. Thus system B, at 120 s reac-
tion time reaches 99.5% monomer conversion, this
shows that the presence of one bridging group like

Journal of Applied Polymer Science DOI 10.1002/app
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—C(CF;3);— in the monomer chemical structure, pro-
duces good yields. The same effect was also
observed with relation to the intrinsic viscosity of
our materials. In Table I the yield and viscosity data
columns present a clear evidence of high yields and
high intrinsic viscosities moving in the same direc-
tion. The highest intrinsic viscosity value was
recorded for system B and is equal to 0.607 dL/g,
for sample BF5 this intrinsic viscosity is quite high,
compared with other values reported in the litera-
ture, for example, 0.26-0.39 dL/g** for aromatic pol-
yimides of similar chemical structures.

In Table I it is included a reference CC sample.”
This polyimide was obtained by a system B and was
activated by conventional heating for 25 h at 50°C.
The polymerization reaction reaches a 72% yield
with an intrinsic viscosity 0.46 g dL~'. A similar
intrinsic viscosity 0.49 gdL."' was obtained in only
45 s microwave reaction time, sample BF3.

In Figure 3, values of yield versus time for sys-
tems A and B in two solvents, DMF and DMSO are
compared. The DMF solvent produced the best poly-
meric materials in a record time of 1 min. Around
60 s reaction time, the monomer conversion contin-
ues increasing and for longer microwave activation,
a decrement in the production of polymer was
observed, this fact can be explained as produced by
the reversibility of the polymerization reaction.

In Figure 4, the effect of the reaction time on the
intrinsic viscosity of our polymeric materials is
shown. In DMF at 23°C, system B presents intrinsic
viscosity values higher than those observed in
DMSO. For example, if we choose 120 s reaction
time, the intrinsic viscosity value recorded, for this
system B, was 0.607 dL/g in DMF and 0.178 dL/g
in DMSO. When the reaction time is equal or less
than 100 s, the intrinsic viscosities of polyimide A in
both solvents are quite similar. For a longer reaction

time the intrinsic viscosity in DMF sensibly
increases.
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Figure 4 Dependence of intrinsic viscosity on the reaction
time, 1 mmol of PMDA- TrmPD and 6FDA-TrmPD, 10 mL
of solvent at 100 W of irradiation power.
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TABLE II
Density, Total Weight Lost (%), and Glass Transition Temperature Values T, for the Microwave Assisted
Polycondensation, in 10 mL DMF Solvent, at 100 watts, System A and B
System A System B
Sample code p* (g/cm®) WP (%) T,° (°C) p* (g/cm®) WP (%) T, (°C)
AF1/BF1 1.2914 14.7 396.0 1.3628 12.30 290
AF2/BF2 1.2914 - - 1.3672 - -
AF3/BF3 1.2930 16.6 397.0 1.3672 16.68 293
AF4/BF4 1.2981 14.9 399.5 1.3717 10.92 303
AF5/BF5 1.3032 - - 1.3886 8.2 358
AF6/BF6 1.3036 9.1 400.0 1.3717 14.20 287
AF7/BF7 1.3032 13.1 398.0 1.3673 - -
cce. 1.3520 12 377

Den31ty gradient, at 23°C.
" Total weight lost at 500°C.

¢ From DSC. Temperature of weight lost was recorded by TGA at heating rate of 10°C/min in N,.

4 Conventional heating.

The results of the density (p) at 23°C, total weight
lost (w%) at 500°C and the glass transition tempera-
ture ( g) for both system A and B, in DMF, are pre-
sented in the Table II. T, values were recorded by
Differential Scanning Calorlmetry (DSC) at heating
rate of 10°C/min in N,.

The effect of the presence of a bridging group in
the monomer structure is apparent in the density of
the macromolecules. Density of polymer system B is
always higher than density of polymer system A,
this results can be explained since flexible polymeric
molecules like those in system B, can move closer
and accommodate to form macromolecular blocks of
high density, this can be confirm by the polyimides
density values of 1.3036 g/cm’ for system A and
1.3886 g/cm® for system B. This is an indication of
the presence of regions of well packed molecules. In
this case the presence of the —C(CF;),— group is im-
portant, as these materials are mainly amorphous
and are applied for membranes preparation.

From data collected in Table II, it is clear that
weight lost at 500°C is lower for polymeric system B
samples, like it was mentioned before; this system
presents higher intrinsic viscosities meaning higher
viscosity average molecular weights.

Table II also shows the properties: density (p),
total weight lost (w%), and glass transition tempera-
ture (Ty) for the reference system B polyimide
obtained by conventional heating, sample CC. The
density of this sample is lower than those presented
by system B polyimides obtained by microwave
activation.

In reference to the total weight lost at 500°C, the
CC sample shows a 12% value this value is close to
the other w% values in the same table.

The glass transition temperature of CC sample is
377°C. This is the highest T, data recorded for our
polyimides. In addition, the use of microwave acti-

vation produced polyimides with properties quite
similar to those obtained by conventional heating.

On the other hand, the total weight lost at 500°C
and the T, values for our polyimides are maintained
in the same range as those recorded for the CC sam-
ple obtained by conventional heating.

Figure 5 presents the TGA curves of polyimides
AF6 and BF5 at a heating rate of 10°C/min from
30 to 600°C under nitrogen flow.

The results of TGA analysis show no significant
weight loss below 450°C under nitrogen atmosphere.
Curve AF6 presents significant weight loss before
reaching 250°C that can be attributed to cycloimid-
ization of the remaining polyamic acid to polyimide.
After 250°C no more cycloimidization occurs and
this sample does not undergo additional weight loss.
The decomposition of this sample starts after 450°C
and 9% of the original sample was lost at 500°C,
then a clear degradation was observed.

Curve BF5 shows that this polyimide has a 2.6%
weight loss under N, atmosphere at 260°C and is
thermally stable after this temperature in a range
from 260°C to 460°C. For this sample, the

AFo6

0 50 100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

Figure 5 TGA curves of polyimides AF6 and BF5 at a
heating rate of 10°C/min from 30 to 600°C under nitrogen
flow.
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Figure 6 Reaction time effect on intrinsic viscosity and
T,, for samples of microwave assisted polycondensation,
in 10 mL DMF solvent, at 100 watts, of system A and B.

decomposition starts at 460°C. The residual weight at
500°C is above 92% of the original sample under Np.

The presence of a bridging —C(CF;),— group in
our system B polymer causes an important modifica-
tion in the glass transition temperature; this effect
can be explained by the good polymer chain flexibil-
ity producing a decrement of 40°C in the Tg. See Ta-
ble II, samples AF6, T, = 400°C and BF5, T, = 358°C
respectively.

Figure 6 exhibits the reaction time influence on
glass transition temperature (T,) and intrinsic viscos-
ity [n] in both systems A and B polymers. The
intrinsic viscosity can be used as a measure of the
viscosity average molecular weight M,;,, as they are
proportional. Thus, according to our kinetic data,
increasing the microwave irradiation time, polymers
with high intrinsic viscosity [n] and viscosity aver-
age molecular weight are obtained. T, values presents
the same trend for corresponding polyimides.

The effect of power variation on yield and intrin-
sic viscosity for systems A and B is summarize in
Table III. Powers of 50, 100, 150, 200, and 250 watts
were studied in DMF, under constant temperature
of 134°C. From this table it is clear that an increment
in the magnetron power increases the yield from
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Figure 7 Dependence of yield (%) and polyimide intrin-
sic viscosity on microwave power, in 10 mL DMF solvent,
at constant irradiation time of 60 s.

76.9% to 98.8 for system A and 83.7 to 97.9% for sys-
tem B. These results are also reported in Figure 7,
they show a linear behavior. System B is less sensi-
tive to microwave variation power than system A. In
fact, this system B, has the highest yield, intrinsic
viscosity, and density.

According to Park-Paul’s method, the results of
the calculation of volume [V], the volume occupied
by the polymer chains [V], the fractional free vol-
ume [FFV], gas permeability [P], and theoretical gas
permeability ratio (P5/Pg) for both systems A and
B, are presented in the Table IV.

The effect of the presence of a bridging group
—C(CF;);— in the polymer structure B is evident, in
all parameters related to the permeability of the
macromolecules. As an example, the volume value
[V], for system A, was calculated 254.7 cm®/mol
while for system B was calculated 501.5 cm®/mol.
The volume occupied by the polymer chains [V] is
moving in the same direction, it goes from 225.61 to
423.05 for CO, gas, in both systems. As aforemen-
tioned, the introduction of a bulky bridging group
—C(CF;),— in polymer chains, augment the free vol-
ume since it generates a high number of microcav-
ities among polymer chains, which is apparent in

TABLE III
Power Effect on Microwave Assisted Polycondensation of System A and B, in 10 mL DMF Solvent,
at Constant Irradiation Time of 60 Seconds

System A System B
Sample code Power (W) Yield (%) [n]* dL/g p° (g/cm?) Yield (%) [n]*dL/g p° (g/cm®)
AF8/BF8 50 76.97 0.1174 1.2981 83.79 0.2529 1.3540
AF4/BF6 100 85.80 0.1986 1.2982 90.70 0.2693 1.3717
AF9/BF9 150 87.22 0.2239 1.3032 92.78 0.2693 1.3628
AF10/BF10 200 92.38 0.2492 1.3083 96.90 0.2744 1.3628
AF11/BF11 250 98.81 0.2895 1.3083 97.91 0.2844 1.3628

? Measured at a concentration of 0.1 g dL™" in dimethylformamide at 23°C.

b Density gradient, at 23°C.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Volume [V], Volume Occupied by the Polymer Chains [V;], Fractional Free Volume [FFV], Permeability [P],
and Gas Permeability Ratio (P5/Pg) for CO,, CHy N, and O, gasses, Calculated According
to Park-Paul’s Method, for System A and B

System V (em®/mol) Vo (cm®/mol) FEV pe rb (Pa/Pp)°
A(COy) 254.709 225.618 0.114 325.955 - 0.743 (CO,)
A(CH,) 254.709 233.043 0.086 9.863 - 0.439 (CH,)
A(N>) 254.709 225.972 0.113 36.939 - 0.801 (N3)
A(O») 254.709 226.484 0.111 77.080 - 0.911 (O,)
B(CO,) 501.051 423.052 0.156 438.814 431 -
B(CH,) 501.051 437.177 0.127 22.451 26 -
B(N,) 501.051 424.975 0.152 46.085 316 -
B(Oy) 501.051 422,651 0.156 84.620 109 -

a Theorehcal permeability values in Barrer.

" Experimental permeablhty values in Barrer.”

¢ Po = permeability in system A and Pp = permeability in system B, for the same gas to permeate. CO,, CH, at 35°C,

and 10 atm. O,, N, at 35°C, and 2 atm.

the fractional free volume (FFV) values. From Table
IV the permeability parameters, V, and FFV are not
only sensitive to the bridging group in the chemical
structure they are also affected by the type of gas to
permeate. The decrease in kinetic diameter of the
permeate gas, dy (A) CH, (3.87) > Nj (3.64) > O,
(3.46) > CO, (3.3) as expected, generates an incre-
ment in permeability in the reverse order CO,
(325.95 barrer) > O, (77.08 barrer) > N, (36.93 bar-
rer) > CHy (9.86 barrer). System B presents the same
trend for the corresponding CO, gas.

The theoretical ratio of permeability between both
systems depends on the gas to separate, thus O, gas
has the best of four permeability ratios with a value
of 0.9108, while CH, gas has a low (Pa/Pg) ratio
with a value of 0.4393.

For comparison purposes Table IV contained ex-
perimental permeability values in barrer for B sys-
tem considering CO,, CHy, Ny, O, gasses. If we com-
pare the literature permeability data with the
theoretical permeability values calculate in this arti-
cle, it is clear that they are very close to each other
and other, giving a good approximation to the
description of this phenomenon.

The solubility of our polymers in DMF, DMSO,
THF, acetone, methanol, cyclohexane, toluene, ben-
zene, carbon tetrachloride, and aniline was investi-
gated at 23°C following a standard procedure. THF,
DMF, DMSO, and acetone solvents gave positive
results from both systems A and B. In DMF and
DMSO, right after the polymer sample entered in
contact with the liquid, was dissolved completely. In
THF partial solubility was observed, for systems A
and B after a period of 24 h, with the solution color
changing from transparent to a dark violet. In ace-
tone polymer samples dissolved partially, after
15 min for system B. In the rest of the solvents tested
the polyimides did not show any change after 24 h
of close contact.

CONCLUSIONS

Microwave assisted polymerization of two aromatic
dianhydrides (PMDA, 6FDA) with a diamine (TrmPD)
is an efficient technique that can be used for polyimide
synthesis. The macromolecules obtained have high
intrinsic viscosities and good thermal properties.

The polar solvents, DMF and DMSO, used in our
experiments facilitated the synthesis of polyimides,
as the monomers were easily dissolved in a short
time. These solvents present similar performance for
the same system, but DMF solvent generates the
best results for system B.

Monomer conversion increases with the exposition
time to microwave irradiation in both systems A
and B. Polycondensation reactions were very fast;
since 92% monomer conversion was obtained in a
record time of 90 seconds, sample AF5.

On the other hand, it is clear, according to our
results, that increasing the microwave irradiation
power generates a correspondent increment on yield
and intrinsic viscosity. As an example, system A
presents a change in yield from 76.9% to 98.8% at 50
and 250 watts respectively. System B presents simi-
lar behavior.

The presence of the bridging group, —C(CF3),—,
in the monomer structure gives flexible polymeric
molecules, which enhance density, intrinsic viscosity
and free volume. For this reason fractional free vol-
ume in system B (0.1556), is 36% higher than frac-
tional free volume in system A (0.1142), see Table
IV. This effect is also apparent in the permeability of
the macromolecules obtained.

Since the thermal properties are influenced by the
mobility of polymer chains, the presence of the
bridging group, —C(CF;),—, also affected thermal
properties producing a decrement of 42°C in the T,
value for the best polyimides obtained, samples AF6
and BF5.
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Our thermal analysis reveals that the polymers

synthesized were very stable since they began degra-
dation at high temperatures (450 °C).
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