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ORIGINAL ARTICLE

Physical, optical and gas transport properties of

new processable polyimides and poly(amideimide)s
obtained from 4,4’-[oxybis(4,1-phenylenethio)ldianiline
and aromatic dianhydrides

Eugenia Grabiec!, Ewa Schab-Balcerzak!:2, Aleksandra Woliﬁska-Grabczykl, Andrzej Jankowskil,
Bozena Jarzabek!, Justyna Kozuch-Krawczyk® and Matgorzata Kurcok?

Aromatic diamine 4,4’-[oxybis(4,1-phenylenethio)ldianiline and various dianhydrides with isopropylidene, hexafluoroisopropylidene,
fluorenylidene diphenyl, ether, thioether and/or amide linkages were applied in a polycondensation reaction to obtain new processable
polyimides and poly(amideimide)s (Pls). Pls were synthesized by the conventional two-step procedure of ring-opening polyaddition
and subsequent thermal cyclic dehydration. The structures of the polymers were characterized with Fourier-transform infrared

spectroscopy and elemental analysis. The thermal behaviors of the Pls were characterized with differential scanning calorimetry,
thermogravimetric analysis and dynamic mechanical thermal analysis. The glass transition temperature (7;) of the Pls were in the
range of 175-298 °C and depended on the dianhydride used. The 5% weight loss temperatures were in the range of 423-515 °C,
which shows the high thermal resistance characteristics of the Pl. The optical absorption properties in the UV-visible range of

the obtained polymers were studied in solution and in the solid state. The average refractive indices (n) of the Pl films measured

at the low absorption range were in the range of 1.96-1.50. The permeation properties of the Pls were studied for He, 05, N,
and CO, at 6 atm, with a constant pressure/variable volume setup. The hexafluoroisopropylidene-based Pl showed the largest

permeability for all gases.
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INTRODUCTION

Aromatic PIs belong to one of the most important classes of
high-performance polymers because of their outstanding physical
and chemical properties. Their thermal and chemical stability,
high glass transition temperature (Tg), mechanical strength, low
dielectric constant, low coefficient of thermal expansion, high radia-
tion resistance, optical transparency, high temperature alignment
stability and low optical loss have secured a permanent place for
them in a variety of applications.!” PIs have been the subject
of intense research for many years, both from the basic research
and from application standpoints. Some common applications of
PIs include dielectric films for the electronic industry, orientation
layers in the liquid crystal industry, lightweight load-bearing heat-
resistant composites and adhesives for the aerospace industry and
gas-separation membranes for modern technologies. The growth
of modern technology has posed a constantly increasing need for
materials that can perform well under harsh conditions, such as

elevated temperatures, and processable PIs with special properties
have become a subject of great interest all over the world.>® It was
found that compounds containing imine rings have prospective
applications in organic (opto)electronics and related fields, and
that they are exemplary as materials for fabricating field-effect
transistors,® organic light-emitting diodes,”'? solar cells'>'* and
photonic devices.!>17  With regard to the PI microstructure,
much effort is being devoted to the design and synthesis of PIs
with thioether linkages.'®2® One of the most popular research
directions in sulfur-containing PI is the investigation of their use as
high refractive index (1) materials.”’2® High n polymers have been
widely proposed for applications in advanced optoelectronic fabrica-
tion, such as high-performance components for advanced display
devices, encapsulates for organic light-emitting diode devices,
microlens component for charge-coupled devices, complementary
metal oxide semiconductor image sensors,2021:25:2829 gptireflective
coatings and for telecommunication systems as optical waveguide
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devices.?? Moreover, such PIs are interesting for their potential appli-
cations as memory devices,*® membranes for gas separation'®1%3! and
membranes for fuel cells.>?

Various sulfur-containing PIs have been recently developed.
These polymers mainly consisted of diamine with thioether link-
ages in skeletal structures, such as 4,4’-diaminodiphenyl sulfide,?
oligo(phenylene thioether) diamines,'®!° 4,4’-thiobis[(p-phenylene-
sulfanyl)aniline],2%?! 2,7-bis(4-aminophenylenesulfanyl)thianthrene,?"??
2,2’-bis-(trifluoromethyl)-4,4’-diaminodiphenyl  sulfide,”®  1,6-bis
(p—aminophenylsulfanyl)—3,4,8,9—tetrahydro—2,5,7,10—tetrathiaantracene,24
2,5-bis(4-aminophenylsulfanyl) tiophene, 2,5-bis{2’-[5"-(4"-amino-
phenyl) sulfanyl]thienyl} tiophene,? 2,6-bis[4-(4-aminophenylsulfanyl)
phenyl]-2-phenylpyridine, 4,4’-(p-phenylenedisulfanyl)dianiline, 4,4’-bis
(p-aminophenylsulfanyl) biphenyl, 2,7-bis(4-aminophenylenesulfanyl)
thianthrene and 4,4’-sulfonylbis[(p-phenylenesulfanyl)aniline].2®

In this paper, we report the synthesis of new PIs containing
thioether linkages originating from 4,4’-[oxybis(4,1-phenylenethio)]-
dianiline. This diamine was used for condensation with various
dianhydrides containing isopropylidene, hexafluoroisopropylidene,
fluorenylidene diphenyl, ether, thioether and/or amide linkages. The
purpose of this work was to study the optical and gas transport proper-
ties of this new group of polymers along with their physical properties
and structures to find relationships among their physical structure and
observed properties.

EXPERIMENTAL PROCEDURE

Materials

4,4’-(1,3-Phenylenedioxy)dianiline, N-methyl-2-pyrrolidinone (NMP), trimel-
litic anhydride acid chloride and other necessary starting chemicals were
purchased from Aldrich Chemical (St Louis, MO, USA) and were used as
received. 4,4’-(9-Fluorenylidene)dianiline was recrystallized from methanol in
the presence of decolorizing charcoal. 4,4"-[Oxybis(4,1-phenylenethio) ]dianiline
(m.p. 116°C) was a gift. Two dianhydrides were used for the PI prepara-
tion, namely, 4,4"-(4,4’-isopropylidene-diphenoxy)bis(phthalic anhydride) and
(4,4’- (hexafluoroisopropylidene)diphthalic anhydride), which were purchased
from Aldrich Chemical.

Two other dianhydrides, namely, 1,1’-bis(3”,4”-dicarboxybenzoiloamino)
1,3-phenylenedioxy) dianhydride and 1,1”-bis(3”,4” -dicarboxybenzoiloamino)-
9,9’-diphenylofluorene dianhydride, which were applied for the synthesis of
the poly(amideimide)s, were synthesized according to the method described
in our previous works for similar compounds.>*-3® Helium, oxygen, nitrogen
and carbon dioxide with a purity of 99.9% were purchased from Air Products
Sp. z 0.0., Warsaw, Poland, and they were used as received.

Measurements

Infrared spectra were acquired on an FTS 40 A Fourier-transform infrared
(FTIR) spectrometer (Bio-Rad, Digilab Division, Cambridge, MA, USA)
between 4000 and 400 cm™~! at a resolution of 2cm™! and for an accumulated
32 scans. Samples were analyzed as KBr-pressed pellets or films. Elemental
analysis was performed with a Vario EL III apparatus (Elementar, Hanau,
Germany). UV-visible (UV-Vis) spectra were recorded at room temperature
using a two-beam V-570 UV-Vis—NIR spectrophotometer (Jasco, Tokyo,
Japan). Absorption spectra of polymer solutions in tetrahydrofuran (THF)
and NMP were recorded using the quartz cells within a wavelength interval of
up to 500nm, depending on the transparency of the solvent. Transmission
(T%) and reflectivity (R%) measurements for thin films of polymers were
recorded for the whole spectral range of the spectrophotometer, that is,
200-2500 nm (except transmission for the films on glass substrates). During
the reflectivity measurements, a special two-beam reflectance arrangement was
used with an Al mirror in the reference beam as a reflectance standard. X-ray
diffraction patterns of solid samples, powders and films were recorded using Cu
Ko radiation (wavelength 1=1.54051A) on a wide-angle HZG-4 diffracto-
meter (Carl Zeiss, Jena, Germany) in the typical Bragg geometry. The X-ray
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diffraction angle ®, at which the maximum of a broad peak appeared on the wide-
angle X-ray diffraction (WAXD) profile, and the following Bragg’s expression,

A=2dxsin® (1)

were used to calculate the average interchain distance known as d-spacing.
Differential scanning calorimetry (DSC) was performed with a TA-DSC 2010
apparatus (TA Instruments, Newcastle, DE, USA) under nitrogen, using a
heating/cooling rate of 20 °C per min. The T, was taken to be the midpoint of
the heat capacity step change observed in the second run. Thermogravimetric
analysis (TGA) was performed with a TGA/SDTA 851¢ apparatus (Mettler-
Toledo International, Greifensee, Switzerland) with a heating rate of 10°C
per min under a nitrogen atmosphere. Dynamic mechanical thermal analysis
(DMA) was performed from 0 to 210 °C in the bending mode at 1Hz, at a
heating rate of 3 °C per min, a force of 14N and an amplitude of 1 pm. The
molar masses and polydispersities (M,,/M,) of the polymers were determined
by gel permeation chromatography measurements recorded in dimethyl-
formamide as an eluent at 80°C with a flow rate of 1mlmin~! using a
polystyrene standard. A Knauer apparatus with MIXED-DPL gel columns
(Knauer, Bad Hamburg, Germany) was used. The density of the polymer
membranes was determined by a buoyancy method by weighing the samples
in water and in air. The membrane density was calculated as follows:

ma
p=——""p (2

Comp—my
where m, is the membrane weight in air, m is the membrane weight in water
and p, is the density of water. The pure gas permeability in the polymers was
determined with a constant pressure/variable volume method. The flow of the
gas was measured using a soap bubble flowmeter (0-0.1ml). The feed side
pressure of the gases was set at 6atm. The permeate side was maintained at
atmospheric pressure. Before each measurement, the feed and permeate sides of
the apparatus were evacuated and subsequently filled with a gas that was tested
several times. The gas permeability was determined from the following equation:

q-1

: (pr—p2)-A-t ®)
where P is the gas permeability expressed in Barrer units (1 Barrer=10"1"cm
(STP) cm per cm?scm Hg), q is the quantity of permeant passing through the
membrane (cm?® (STP)) in time ¢ (s), / is the membrane thickness (cm), p; and
p> are the pressures at both sides of the membrane and A is the effective
membrane area (cm?). The experimental error in the permeability coefficients
has been estimated to be 10-16%, the error being larger the lower the
gas permeability. The commercial PI film Ultem (Sabic Innovative Plastics,
Pittsfield, MA, USA) was used as a standard. Gas permeabilities were measured
in the sequence He, N,, O, and CO,.

The ideal selectivity was calculated from a single gas permeation experiment as:

3

Py

Py (4)

%a/B) =

Synthesis of dianhydrides
A mixture of 22 mmol of trimellitic anhydride acid chloride and 25 ml of dry
acetone was added to a 100-ml flask equipped with a magnetic stirrer,
condenser and dropping funnel. After the mixture was heated under reflux, a
solution of 10-mmol diamine and 22 mmol of dry pyridine in 25 ml of acetone
was added dropwise. The mixture was stirred and heated under reflux for 2.5h.
After cooling to room temperature, the resulting yellow precipitate was filtered
off, washed with acetone and then dried at 60°C. The crude product was
washed with hot acetic anhydride and dried in vacuum at 200 °C. In this way,
dianhydride was obtained as a yellow solid.

1,1’-Bis(3",4" -dicarboxybenzoiloamino) 1,3-phenylenedioxy dianhydride: yield:
80%; melting temperature is in the range of 309-313 °C; IR (KBr, cm™!): 1849,
1773, 1722 (C=0 in anhydride), 1674 (C=O in amide). Elemental anal calcd
for C36H,9N,010: C, 67.50%; H, 3.15%; and N, 4.37%; found: C, 67.38%; H,
3.18%; and N, 4.38%.

1,1’-Bis(3",4" - dicarboxybenzoiloamino)-9,9 -diphenylofluorene  dianhydride:
yield: 70%; the range of melting temperature is 387-393 °C; IR (KBr, cm™1):



1855, 1775, 1718 (C=O0 in anhydride), 1663 (C=O in amide). Elemental anal
caled for Cy HyyN,Og: C, 73.21%; H, 3.60%; and N, 4.17%; found: C, 72.96%;
H, 3.39%; and N, 4.09%.

Synthesis of polymers (PIs)

The polymers were prepared with polycondensation reactions of equimolar
amounts of 4,4’-[oxybis(4,1-phenylenethio)]dianiline, with various dian-
hydrides in NMP as a solvent (20% of the total monomer concentration).
The reaction was performed in two steps. In the first step, the reaction mixture
was stirred for 20 h at room temperature under an argon atmosphere to prepare
viscous poly(amic acid). Thereafter, the poly(amic acid) was thermally cyclized
at 175°C for 8h. After this step, the resultant solution of the polymer was
cooled to room temperature and precipitated in methanol. The precipitate was
collected by filtration and washed with hot methanol to remove any residual
solvent. The resulting polymer was dried at 70 °C under vacuum for at least
24h.

PI-I: FTIR (KBr, cm™'): 1778, 1720 (C=0 in imide), 1659, 1590 (in the
polymer backbone amide I and amide II), 1369, 722 (C-N stretching), 1081
(Ar=S-Ar), 1237, 1219 (C-0-C). Anal calcd for (CgoHzsN4O05S5),, (1021.06),;:
C, 70.58; H, 3.55; and N, 5.48; found: C, 69.27; H, 3.75; and N, 5.42.

PI-II: FTIR (KBr, cm™!): 1778, 1722 (C=0O in imide), 1667, 1597 (in the
polymer backbone amide I and amide II), 1371, 723 (C-N stretching), 1080
(Ar=S-Ar), 1237 (C-O-C). Anal calcd for (Cg7HyoN405S,),, (1077.19),: C,
74.70; H, 3.74; and N, 5.20; found: C, 71.07; H, 4.18; and N, 5.81.

PI-IIT: FTIR (KBr, cm™1): 1776, 1722 (C=0 in imide), 1373, 745 (C-N
stretching), 1082 (Ar-S-Ar), 1239 (C-O-C). Anal calcd for (Cs5H36N,07S,),
(901.00),: C, 73.32; H, 4.03; and N, 3.11; found: C, 71.07; H, 4.15; and N, 3.47.

PI-IV: FTIR (KBr, cm™!): 1783, 1723 (C=0 in imide), 1372, 721 (C-N
stretching), 1083 (Ar-S-Ar), 1241 (C-O-C) 1210 (C-F). Anal caled for
(Cy3HpN,O5S,Fy), (824.75),: C, 62.62; H, 2.6% and N, 3.40; found: C,
61.32; H, 2.88; and N, 3.46.

Film preparation

The polymer solutions (0.05 g in 2ml NMP) were filtered through a 0.5-um
filter and then poured onto a glass plate and heated gradually from room
temperature to 100 °C over 3 h. The resulting films were stripped off the glass
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substrates (except the PI-I film), and the free-standing films were dried in a
vacuum oven at 110-160 °C for 3 h. The resultant films with the thicknesses in
the range of 11-26 um were used for the UV=Vis measurements.

Membranes for gas permeability and T, measurements (DMA, DSC) were
prepared from a polymer solution (0.3 g of PI in 4 ml of NMP), filtered through
a 0.5-pum filter and cast onto a Teflon plate mounted in a metal mold. The
membranes were soft dried at 50-70 °C for 2 days in air and then heated in an
oven at 70-80 °C for another 2 days. Thereafter, the membrane was lifted from
the Teflon plate and dried in a vacuum oven at 150 °C for 20 h. After this step,
the temperature was raised to 200 °C and the drying was continued for an
additional 3h. The thickness of the membranes, calculated as an average of
several thickness measurements, was in the range of 70-120 pm.

RESULTS AND DISCUSSION

Novel polymers with imide rings comprising diamine with flexible
thioether and ether linkages, specifically, 4,4"-[oxybis(4,1-phenyl-
enethio)]dianiline and four dianhydrides, were prepared by the con-
ventional two-step procedure of ring-opening polyaddition in NMP
and subsequent thermal cyclic dehydration without isolating the
intermediate poly(amic acid). Two of the polymers are PlIs, and
another two contain amide linkages and are poly(amideimide)s. The
chemical structures of the polymers synthesized in this work are
presented in Figure 1.

Polymer characterization

The structure of the polymers was identified by FTIR spectroscopy.
The typical FTIR spectra of the PIs are presented in Figure 2 for PI-III
and PI-I.

In the FTIR spectra, the structure of the synthesized PIs was
confirmed by the disappearance of the anhydride C=O vibration
bands at ~1792 and 1767 cm™!, and the appearance of the charac-
teristic absorption of the imide ring at 1783-1776 cm™! (asymmetric
stretching vibration of a carbonyl) and at 1720-1723 cm ™! (symmetric
stretching of carbonyl), as well as that of the C-N bond at
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Figure 1 Chemical structures of the investigated polyimide (PI) polymers.
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Figure 2 FTIR spectra of PI-I and PI-IlI. FTIR, Fourier-transform infrared; P, polyimide.

1000

Table 1 Physical properties of the obtained Pls

Table 2 Solubility behavior of the obtained Pls?

GPC data® Solvents
Polymer code p (gcm™3)  d-Spacing® (A) M, (x10*) M, (x10*) MM, Polymercode CHCl3 THF DMF NMP DMSO Cyclohexanone CH3CN
Pl-1 — — 1.184 0.6577 1.8 PI-1 + + + + ++ + +
PI-11 1.239 5.6 5.5643 2.517 2.2 PI-11 - + + + + + -
PI-111 1.210 5.12 8.782 3.813 2.3 PI-111 + + + + + + -
PI-IV 1.375 5.50 10.412 5.153 2.0 PI-IV + + + + + + -

Abbreviations: DMF, N,N-dimethylformamide; GPC, gel permeation chromatography; PI, polyimide.
2Buoyancy method at 20 °C.

bCalculated from WAXD data using Bragg’s equation.

“Relative to polystyrene standard, using DMF as the eluent.

1369-1373 cm~ L. In addition, absorption peaks at 740 cm~ !, which
are attributed to imide ring deformation, were detected. Moreover, the
strong peak at ~1239 cm™! and at ~1082cm™! due to the presence
of ether linkages (Ar-O—Ar)* and aromatic thioether linkages (Ar-S—
Ar),? respectively, were observed. The lack of amide groups in the case
of PI-IIT and PI-IV (without amide linkages) was confirmed by proton
nuclear magnetic resonance spectroscopy. No signal was observed in
the range characteristic for amide protons, which indicates a virtually
complete conversion of the poly(amic acid) precursor into PI. In the
FTIR spectra of PI-I and PI-II, the absorption band at 1650 cm™!
originates from the vibration of amide linkages in the polymer
backbone. In the spectrum of PI-IV, the hexafluoroisopropylidene
(6F) group was identified by its absorption peak at 1210cm~'. The
elemental compositions of the PIs were checked by elemental analysis.
The results of the elemental analyses show a good agreement with the
calculated content of hydrogen and nitrogen in the proposed struc-
tures. However, a deficiency in carbon content of 1.30-3.63% was
observed, and this is likely a result of the difficulties in burning these
high-temperature polymers, which was also observed for other ther-
mostable polymers.>” Thus, the obtained results for the synthesized
polymers may be assumed to be in accordance with the proposed
structures.

The molar masses of the polymers were measured with gel
permeation chromatography, using polystyrene standards, and the
data are presented in Table 1.
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Abbreviations: +, soluble at room temperature; *, partially soluble on heating; ++, soluble
on heating; —, insoluble on heating; CHCl3, chloroform; CH3CN acetonitrile; DMF, N,N-
dimethylformamide; DMSO, dimethylsulfoxide; NMP, N-methyl-2-pyrrolidinone; PI, polyimide;
THF, tetrahydrofuran.

2The qualitative solubility was tested with 2.5-mg samples in 1 ml of solvent.

The gel permeation chromatography measurements demonstrated
that the polymers exhibited rather high values of molar masses,
especially for PI-IV, with a low polydispersity in the range of 1.8-2.3.

The solubility of the synthesized PIs was qualitatively determined by
the dissolution of 2.5mg of the solid in 1 ml of organic solvent at
room temperature and under heating. Table 2 lists the solubility of the
PIs in different organic solvents.

All polymers were easily soluble in polar aprotic solvents, such
as NMP and dimethylformamide, at room temperature. These Pls
were soluble even in low-boiling-point solvents of the ether type,
such as THFE. The improved solubility of the presented poly-
mers compared with that of traditional PIs can be explained by
the presence of flexible ether and thioether bridges in the polymer
chains together with groups that introduce a disruption in the chain
linearity. The introduction of bulky isopropylidene, hexafluoroiso-
propylidene and fluorenylidene moieties in the polymer backbone
increases the free volume of the polymers because of the looser
chain packing and the decreased intermolecular interactions, which
in turn enhances polymer solubility. The best solubility was exhibited
by PI-IV, which contains hexafluoroisopropylidene units in the back-
bone. Both the PI-III and the PI-IV polymers were soluble even in
chloroform.

The supramolecular structure of the obtained polymer powders
was evaluated with wide-angle X-ray diffraction experiments. X-ray
patterns obtained from these measurements are shown in Figure 3.
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Figure 3 X-ray diffraction patterns of the prepared Pls. PI, polyimide.

Table 3 Thermal behavior data of Pls studied

TGA T, €C)
Polymer Char yield DSC DSC
code Ts% CC) Tpax (°C) (%P powder film DMA
PI-I 459 532 59 179 — —
PI-1l 423 520 61 298 264 259
PI-111 496 514 60 175 166 199
P-1vV 515 535 75 232 224 242

Abbreviations: DMA, dynamic mechanical thermal analysis; DSC, differential scanning
calorimetry; PI, polyimide; Tse, temperatures at 5% weight loss; Tg, glass transition temperature;
TGA, thermogravimetric analysis; Tnax, temperature of maximum decomposition rate.

2Residual weight when heated to 600 °C in nitrogen.
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Figure 4 Thermogravimetric curves of the investigated Pls. PI, polyimide.

One broad diffraction peak of the diffusion type centered at ~13°
(20) was observed for all studied samples (Figure 3). All polymers
showed the same diffraction patterns that are typical for fully
amorphous materials.

Thermal properties

The thermal decomposition and deformation behavior of the poly-
mers was evaluated with TGA, DSC and DMA. The results are
summarized in Table 3. The TGA curves of the polymers are shown
in Figure 4.
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All PIs exhibited similar TGA pattern characteristics for a one-step
decomposition process. By taking into account the results from TGA
analysis, it was found that the obtained PIs demonstrated good
thermal stability without significant weight loss below 350 °C. This
finding implies that no thermal decomposition occurred below this
temperature and that the onset decomposition temperature was
as high as 400°C. The 5% weight loss temperature (T5), which
is usually considered the criterion for determining the thermal stabi-
lity of high-temperature polymers, was in the range of 423-515°C.
The temperature of the maximum decomposition rate (Tp.), as
evidenced by the differential thermogravimetric (DTG) curves, was
in the range of 514-535°C (Table 3). Furthermore, the residual
weight at 600 °C in nitrogen was in the range of 59-75%. The char
yield percent at 600 °C was the highest in the polymers containing
hexafluoroisopropylidene (6F) groups because of the presence of
F atoms.®

The T of the PI samples, which is one of the key parameters of
polymers when considering high-temperature circumstances during
fabrication and long-term heat-releasing environments, was deter-
mined by the DSC analysis. All studied PIs yield similar DSC profiles
with no melting endotherms and a clear Ty transition. These findings
clearly confirmed their amorphous nature. The DSC curves recorded
with repeating heating—cooling cycles allowed the evaluation of the T
values, which were found to be in the range of 175-298 °C (Table 3).
It is obvious that thermal properties depend on the polymer structure.
By taking into account the polymer backbone microstructure, it was
found that fluorenylidene diphenyl units in PI (PI-II) significantly
increased the T, value, and this polymer exhibited the highest T,
On the other hand, the introduction of isopropylidene moieties into
the polymer chain decreased the T value (PI-III).

All polymers, except for PI-I, were formed as freestanding films,
and DMA analysis was performed for those films. The temperature
dependence of the dynamic storage modulus (E’), loss modulus (E”)
and tan 6 is shown in Figure 5 for PI-III as the exemplary polymer.

In DMA analysis, T, can be defined in three ways:** (i) the temper-
ature at which E’ has fallen to a certain value; (ii) the temperature at
which tan ¢ has its maximum value; and (iii) the temperature at which
E" has it maximum value. By taking into account the T, values of the
polymers evaluated from the loss modulus and tan ¢, small differences
were detected. The T values resulting from the tan 6 maximum are
higher than those estimated from the maximum E” by 6-11°C
depending on the PI. The highest difference was detected in the case
of PI-II (11°C) and the smallest difference was detected for PI-IV
(6°C). The definition of the Ty as the temperature at which tan &
attains its maximum value is common in the literature,?® and these
values are gathered in Table 3. The two different T, evaluation
methods applied in this study (DSC, DMA) provide different absolute
values of Ty for a given polymer film. In the DMA measurements, the
PIs PI-IIT and PI-IV show the higher Tg, and PI-II possesses the lower
one. Some differences can also be seen between the T values obtained
for powder samples and the films using the DSC method (Table 3).
This finding may be because of the plasticization effect caused by some
residual solvent remaining in the films but not detected by the DSC
analysis. On the other hand, the differences between the DSC and
DMA data can be attributed to the different response of PIs to the
evaluation system.*’ The DMA measurements not only reveal the glass
transition of polymers but also reflect their mechanical properties.?®
The PIs studied show initial (30 °C) storage moduli (E") of 150 MPa
for PI-1I, 91 MPa for PI-III and 89 MPa for PI-IV. The PIs maintained
their mechanical properties up to their Ty values, after which the E’
values dropped rapidly.
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Figure 6 UV-Vis spectra of PI-IV in NMP and THF solutions. NMP, N-methyl-
2-pyrrolidinone; PI, polyimide; THF, tetrahydrofuran; UV-Vis, UV-visible.

Optical properties

The optical properties of the studied PIs were analyzed with UV—-Vis—
NIR (near-infrared) spectroscopy. The UV-Vis absorption spectra
were recorded both in NMP and in THF solutions with a concentra-
tion of 10~>moll~1, suitable for the optical investigations, and in the
solid state. The transmission (7%) and reflectivity (R%) spectra for
the polymer films (freestanding films: PI-II, PI-III and PI-IV) and the
thin film on the glass substrate (PI-I) were obtained in the wide range
of 200-2500 nm. The short wave range of the spectra was limited by
the permeability of the used solvent (that is, 240 nm for THF and
260 nm for NMP) or by the glass substrate (300 nm).

The representative absorption spectra of PI-IV in the THF and
NMP solutions are depicted in Figure 6, whereas the positions of the
maximum absorption bands (4;,,) for all polymers in THF and NMP
are gathered in Table 4.

The electronic spectra of the studied polymers exhibited similar
characteristic with one absorption band due to m—m* transition in
the polymer chain. The solvatochromic behavior in two solvents
with different polarities, namely, NMP (¢=33.0) and THF (¢=7.58),
was investigated. By taking into consideration the obtained results
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Table 4 Optical properties and films thicknesses (d) of Pls

Amax (nm)
Polymer Tss0 T'gs50
code NMP THF (%) (%) Eg(eV)® n d (um)
Pl-I 268,308 264° 2896, 369> 83 94 270 194 2.5°¢
PI-1I 274, 309° 2745, 3090 67 85 2.77 1.50 11
PI-111 269,290 241, 262° 291> 58 84 297 1.96 17
P-1V 263, 288° 261, 288° 54 89 289 164 26

Abbreviations: NMP, N-methyl-2-pyrrolidinone; PI, polyimide; Ts0, transmittance at 450 nm;
T’gs0, transmittance at 850 nm; THF, tetrahydrofuran.

20ptical energy gap.

bThe position of absorption band calculated using the second derivatives method (that is, the
minimum of the second derivative of absorption corresponds to the absorption maximum).
CFilm on glass.
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Figure 7 UV-Vis-NIR spectra of PI-II (film thickness: ~10pum). PI, polyimide;
R, reflectivity; T, transmission; UV-Vis—NIR, UV-visible-near infrared.

that are demonstrated in Figure 7 and Table 4, it can be noted that
the spectra show a Ay, position at almost the same wavelength
despite the different polarities of the solvents. However, in some cases,
the absorption band recorded in the NMP solution is broadened
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toward the lower energy region in comparison with that recorded in
THEF (Figure 6).

Figure 7 displays typical UV-Vis-NIR transmission (T) and reflec-
tivity (R) spectra of the PI-II freestanding film with a thickness of
~10 pm.

All investigated freestanding films (PI-II, PI-III and PI-IV) and the
thin film on the glass substrate (PI-I) were transparent and yellow
with transmission levels >50% at 450nm. In the spectral range
>850nm (low energy range), the transmission is almost constant
at 84-89% (Figure 7 and Table 4) and the reflectivity is on the level of
3—-7%. This finding means that these studied PIs exhibited similar
optical permeabilities.

The Kramers—Kronig analysis*! applied to the reflectivity spectra of
the investigated films yields the values of the refractive index (n) in the
low-energy region, as shown in Figure 8.

The largest n values, > 1.9, were found for polymers PI-I and PI-II.

Further, knowing n, the film thickness (d) could be determined
from the interferences (seen in both T and R spectra) in a manner
similar to interference spectroscopy.*?

The absorption coefficient () of these polymer films was calculated
from the transmission and reflectivity measurements according to
formulae given in Manifacier et al.** and the calculations are visualized
in Figure 9a.

The absorption edges of all investigated films have been found to
follow the Tauc power law ooc (E—Eg)?, which is typical for amor-
phous semiconductors. Thus, the energy gaps (Eg) of the films were
deduced from the linear approximation of the («.E)’=f(E) depen-
dence, as presented in Figure 9b. This approach, typical for amor-
phous semiconductors, has also been applied to obtain the energy
gaps of both amorphous freestanding polymer films*¢ and thin
films on glass.*’ 8 The smallest values of the energy gap were found
for polymers PI-I and PI-II, which indicates better conjugation in
these PIs. The conjugation region in PI-I and PI-II is slightly higher
than that in the other studied PIs (PI-III and PI-IV) because of the
presence of a carbonyl group connected with aromatic imide rings.

Gas transport properties

The gas permeability coefficients (P) and the ideal selectivity values (o)
of the PIs synthesized in this work measured for different gases at
30°C and 6 atm are summarized in Table 5.
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the energy gaps.

Table 5 Gas transport properties of the Pl-based membranes at 6 atm
and at 30°C

Permeability P (Barrer) Ideal selectivity o
Polymer code He 0, N, CO» 0./N2 CO2/No
PI-111 3.56 0.231 0.041 0.686 5.6 16.7
PI-IV 12.21 1.12 0.138 1.58 8.1 11.5
PI-lit? 18.3 1.73 0.313 7.85 5.5 25.0

Abbreviation: PI, polyimide.
aData from Hirayama et al.,>* tested at 1.5atm and 35 °C.

In this study, the permeability measurements for PI-I membrane
could not be recorded because of the brittleness of the membrane. In
the case of PI-II, the gas permeation rate through the membrane was
too low to obtain reliable permeability data under the experimental
conditions applied. In Table 5, the data received for PI-III and PI-IV
show that the permeability of both polymers decreases in the following
order of the gases:

He>CO,>0,>N,

This finding is in the order of increasing gas molecule size, as
shown by the respective kinetic diameter values** given in Table 6.
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Table 6 Kinetic diameters and critical temperatures of the gases
tested

Gas Kinetic diameter (A)? Critical temperature T, (K)®
Helium 2.60 5.26

Oxygen 3.46 154.4

Nitrogen 3.64 126.2

Carbon dioxide 3.30 304.2

aData from Breck.*?
bData from Braker and Le Mossman.>0

Moreover, the gas condensability expressed by the respective critical
temperature values™ listed in Table 6 decreases in the same order from
CO, to N,. This result is in accordance with the literature,”® which
states that smaller and easily condensable gases permeate faster than
bigger and less condensable ones.

As can be seen from the data given in Table 5, the permeability of
the PIs studied is rather low, similar to that of many PIs reported in
the literature.>> However, the differences in the chemical structure of
the dianhydride monomer strongly influence the gas permeation
properties of the PI-based membranes for all gases studied. Hexa-
fluoroisopropylidene moieties in the polymer chain, compared with
the isopropylidiene ones, increase the PI permeability by a factor of 3.4
for both He and N, and by a factor of 4.9 for O,, whereas the CO,
permeability was found to increase 2.3 times for PI-IV. In accordance
with the trade-off observed between the permeability and selectivity
for most polymers,® the enhanced permeability of PI-IV is accom-
panied by its lower selectivity toward CO,/N, gas pairs. For compar-
ison, Table 5 shows the permeability and selectivity data found in the
literature for PI obtained from the same 4,4’-(hexafluoroisopropyli-
dene)diphthalic anhydride and 4,4’-[oxybis(p-phenyleneoxy)]aniline
with only ether linkages between phenyl rings.>* The reported perme-
ability data for this polymer are five times higher for CO, and slightly
higher for the other gases. By taking into account the fact that these
data were obtained at higher temperatures and at much lower feed
pressures than those used in this study, the observed differences are
probably less significant except for CO,. However, because the
pressure dependence of CO, permeability is more severe than that
for other gases, the true value of P(CO,) for PI-IV that is uncompli-
cated by this effect may be much closer to the value reported in the
literature.

In Tables 1 and 3, some physical properties of the synthesized PIs,
which may be related to their gas transport properties, are presented.
For comparison, the relevant literature data for PI-lit are as follows:
p=1.389 gcm™3; d-spacing=5.53 A; Tg=251°C (10°C per min). The
PIs from hexafluoroisopropylidene-based dianhydride, PI-IV and PI-
lit, have similar densities, which are higher than that of PI-III because
of the presence of fluorine atoms. By comparing the T, values of PI-III
and PI-1V; it can be seen that the bulky CF; groups hinder the rotation
of the polymer chain segments, thus decreasing the chain flexibility, as
demonstrated by the higher T, value of PI-IV (Table 3). Gas diffusivity
is generally expected to be enhanced by the increased polymer chain
flexibility. However, the flexibility may have a smaller contribution
over the diffusion than the other polymer properties. It seems that the
interchain spacing is more relevant in this case. As can be seen from
the mean d-spacing values summarized in Table 1, the higher inter-
chain distance measured for PI-IV correlates with the fact that its
permeability is greater than that of PI-III. Moreover, the similar
permeabilities of PI-IV and PI-lit agree well with their similar
d-spacing values. These high d-spacing values are attributed to the
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presence of bulky trifluromethyl groups, which disrupt chain packing
and make the molecular structure more open. This, in turn, favors
both gas sorption and diffusion.

Conclusions
4,4’-[Oxybis(4,1-phenylenethio)]dianiline-based PIs were synthesized
using various aromatic dianhydrides. Most polymers were easily
soluble in aprotic polar solvents and in THE and they exhibited
remarkable film-forming abilities. The obtained PIs showed high
thermal stability, which renders advantages in various applications.
Moreover, there is a large interval between T and the decomposition
temperature of each polymer, which also could be advantageous in the
processing of these polymers by the thermoforming technique. Two of
the studied PIs exhibited relatively high refractive indices of ~1.9. The
introduction of isopropylidene units into a polymer chain and the
increase of the number of aromatic rings with ether linkages resulted
in increasing indices of refraction for the PIs. The highest gas perme-
ability was found for hexafluoroisopropylidene-based PI. This finding
is in accordance with the high mean d-spacing value of this polymer,
which results from the more open molecule structure created by the
bulky —CF5 groups. The gas permeation properties as well as physical
properties, except the T, value, determined for this PI were found to
be quite similar to those reported for PI obtained from the same
dianhydride monomer and 4,4’-[oxybis(4,1-phenylenethio) ] dianiline.
This finding may suggest that the presence of the thioether linkages in
the PI backbone in place of the ether linkages does not affect the
polymer gas transport properties significantly.

Some polymers described in this article can be considered new
candidates for high refractive index, processable, thermally stable
polymeric materials.
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