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Summary

Nanometer-scale structure, molecular dynamics (at 100-580 K) and membrane
properties were studied in two series of poly(imide-amide) (PIA)-poly(ethylene
glycol) (PEG) hybrid networks with regularly varied composition and different
lengths of PEG crosslinks (M, = 1 000 or 3 400). Combined WAXD/SAXS/polarized
microscopy/DSC/DRS/TSDC/creep rate spectroscopy (CRS) analysis of these hybrids
was performed. Depending on their composition, semicrystalline or mesomorphous, or
amorphous state, and nanostructural heterogeneity were observed for these networks.
They could be subdivided into (a) the PIA-rich hybrids with spatially isolated PEG
domains, “suppressed” dynamics in the PEG glass transition, and PIA domains with
T, = 520-570 K (group 1), and (b) the other hybrids with a continuous PEG phase and
low-temperature glass transition only (group 2). Heterogeneity in segmental dynamics
was revealed by CRS over the temperature range from TgPEG to TgP "% In the second
group of hybrids, the permeability coefficients were higher, by two or three orders of
magnitude, for organic vapors than those for air gases.

Introduction

In recent years, steadily increasing attention has been paid to hybrid polymer networks
consisting typically of covalently bound rigid and relatively “soft” flexible-chain
components. Such hybridization is aimed at modifying properties of the basic polymer
or combining, to some extent, the merits of both constituents within one material.
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Thus, high-performance membranes for separation of organic vapors from air gases
were obtained from the poly(imide-amide)-poly(ethylene adipate) hybrid networks
[1,2]. Silica nanoclusters, chemically incorporated into polyimide (PI), modified
dynamics in PI and resulted in increasing thermal lifetime of the PI-silica hybrids as
compared with neat PI [3]. Plurality of glass transitions in polycyanurate-
poly(tetramethylene glycol) hybrid networks [4] provided a substantial rise in their
tensile strength as compared with that for brittle polycyanurate network [5].

The present article describes the peculiarities of nanostructure, dynamics and
membrane properties in poly(imide-amide)-poly(ethylene glycol) (PIA-PEG) hybrid
networks. It was assumed that these hybrids could combine high permeability of
elastomer membranes with high thermal and mechanical resistance of PI.

Experimental

Materials

PIA-PEG hybrid networks were synthesized in accordance with the procedures
described in detail elsewhere for similar [6] and PIA-PEA networks [1,2]. The
“intermediate” products in the synthesis were (a) poly(amic acid) based on
pyromellitic dianhydride (Chriskev, USA) and 4,4'-oxydianiline (Aldrich, Czech
Republic), [PAA(PMDA-ODA)], and (b) 4-methyl-1,3-phenylene diisocyanate (TDI)-
terminated poly(ethylene glycol), where the isocyanate groups were end-capped with
phenol [Ph-TDI-PEG]. The latter permitted to prevent the premature reaction between
both components, PAA(PMDA-ODA) and Ph-TDI-PEG, during their mixing. PEG
with the number-average molar masses, M, = 1000 g/mol (PEG1000) and
3 400 g/mol (PEG3400) (Aldrich), were used in the experiments.

PAA(PMDA-ODA) with uncontrolled molecular weight was prepared by the reaction
of equimolar amounts of a dianhydride and a diamine in 1-methyl-2-pyrrolidone
(NMP, Merck) for 24 h at room temperature; the solid content was 10 wt. %. The PEG
terminated with TDI (TDI-PEG) was prepared by the reaction of TDI and PEG
(10 wt. % solution in toluene) in a molar ratio of 3:1. The reaction mixture was
allowed to react for 2 h at room temperature. Then, phenol was added into the mixture
(molar ratio TDI-PEG:PhOH = 1:2) and it was allowed to react for additional 3 h; the
product was obtained by precipitation into diethyl ether.

The PIA-PEG hybrid films with a thickness of 20-50 wm and different compositions
were prepared from PAA solution in NMP and Ph-TDI-PEG mixed in various ratios.
The mixtures were cast onto a glass plate. After evaporating the solvent, the films
were subjected to thermal treatment at 70, 100, 150, 200 and 230°C for 10, 1, 1.2 and
1 h, respectively. During the thermal treatment, phenol was released and the
deprotected isocyanate groups of TDI-PEG reacted with carboxylic groups of PAA
with formation of amide groups. Consequently, two reactions, both PAA imidization
and crosslinking (hybridization of both components), proceeded in parallel on
heating. As a result, the networks formed were complex in their chemical structures,
and contained basically imide but also amide groups in the backbone. The higher
crosslinking agent content was introduced into a composition, the higher amount of
crosslinks between PI chains and the lower polyimide moiety/polyamide moiety ratio
were reached. Along with neat PEG(3400) and PI, two series of the hybrid networks
were prepared and studied, with relatively short (PEG1000) and long (PEG3400)
crosslinks and PIA/PEG weight ratios of 20/80, 40/60, 50/50, 60/40 and 80/20.
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Techniques

Wide-angle X-ray diffraction (WAXD) measurements were performed in transmission
mode at room temperature using a DRON-3 (Russia) X-ray diffractometer with CuK,,
radiation (A = 1.54 A) and Ni-filter. Data were collected for a continuous scan at a rate of
2°C/min over a range of 26 = 4-35°. The measured X-ray diffraction intensities were
corrected for the background and then normalized by matching the integrated intensity
over the range of 26 = 4-45° The interplanar distance d was determined with the
accuracy 10%. Small-angle X-ray scattering (SAXS) measurements were performed on
a Kratky collimation system equipped with a position-sensitive detector, using Ni-
filtered CuK,, radiation. The samples as the film bundles of about 0.5 mm thickness
were used. The scanning rate was 2°C/min over a range of angles ¢ = 3-18 min. The
polarized optical microscopy study was performed using microscope equipped with
a Boetius heating table.

DSC curves were measured over the temperature range from 150 to 570 K, in nitrogen
atmosphere, using a Perkin-Elmer DSC-2 apparatus. Two scannings at the heating rate
20 K/min, with the cooling rate 320 K/min, were performed for each sample. The
PEG melting temperature T;,, melting range AT,,, degree of crystallinity j and glass
transition heat capacity steps AC,, and temperatures (at the half-height, T,, the onset,
T,’, and completion, T,”, of a heat capacity step) were determined. The accuracy of
Ty, Ty, AC, and y determination was £ 2 K, £ 1 K, + 5%, and + (3-5%), respectively.
Dielectric relaxation spectroscopy (DRS) measurements of the complex dielectric
permittivity, ¢*=¢"-ig", were performed as a function of frequency f = 10210’ Hz.
A Schlumberger frequency response analyzer (FRA, SI 1260), supplemented with
a buffer amplifier of variable gain (Chelsea Dielectric Interface), was used.

The thermally stimulated depolarization current (TSDC) measurements were
performed using a laboratory-made apparatus operating over the 77-300 K range. The
film sample was inserted between the brass plates of the capacitor and polarized in the
electric field E,= 6 kV/cm at temperature T, = 300 K for the time period 7= 5 min.
The latter was large in comparison with the relaxation time at 7, of the dielectric
dispersion under investigation. With the electric field still applied, the sample was
cooled with a rate of 6 K/min to temperature 7, = 88 K (low enough to prevent
depolarization by thermal excitation), and then was short-circuited and heated at the
rate 3 K/min. A discharge current was generated as a function of temperature, which
was measured with a sensitive electrometer. The equivalent frequency of TSDC
measurements spans the range 10%< f< 107 Hz [7].

Laser-interferometric creep rate spectroscopy (CRS) was used for discrete analysis of
segmental dynamics over the temperature range from —80 to ~300°C. This method,
developed at the Ioffe Institute, the schemes of the CRS setups, and the experimental
technique have been described in detail elsewhere [8-11]. CRS consists in precise
measuring low creep rates at constant small stress, much lower than the yield stress, as
a function of temperature (creep rate spectrum). A laser interferometer based on the
Doppler effect is used for this purpose. The tensile stress 5 MPa was chosen in this
work as capable of inducing sufficient creep rates to be measured while maintaining a
good spectral resolution. The time from the moment of loading to the onset of
measurement was kept constant (t=10 s) in measuring a creep rate spectrum.
Normally, a sample was cooled to the lowest temperature of the range under study,
and the stress was applied for 1 min to get the interferogram. Then, the sample was
unloaded, heated at the rate 1 K/min to a temperature by 5 K higher, and loaded again,
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and so on. CRS allowed to measure creep rates on the basis of deformation increment
of ca. 0.01-1.0% and manifested superiority in resolution and sensitivity to widespread
relaxation spectrometry techniques. Satisfactory reproducibility of the CR spectra may
be seen, e.g., from Fig. 7 in Ref. [12]. The correlative frequency of the CRS
experiments was \/C(,rr=(27zt)’1:10’2 Hz, i.e. the time conditions were close to those in
the DSC experiments.

The differential permeation method, using the laboratory-made instrument [1], was
utilized to determine the permeability coefficients P of films at 20°C and 1 atm.

Results and discussion

Structure

High crystallinity was observed by WAXD for neat PEG (3400) films where intense
reflections, corresponding to interplanar distances d = 4.6, 3.9, 3.5, 2.5, 2.3 A, and
broad peak (amorphous halo) with d = 10.0 A were observed (not shown here).

Figure 1 shows transmission WAXD diffractograms for a few PIA-PEG hybrid
networks. One can see that crystallinity of the hybrids with PEG (3400) decreases
with increasing PIA content. For the 20PIA-80PEG (3400) network, the same
reflections as for neat PEG (3400) were observed but the intensity of the most
pronounced reflections with d = 4.6 and 3.9 A decreased. For the 40PIA-60PEG
(3400) network, besides decreasing the narrow reflections, amorphous halo with d =
4.3 A arose. Only two broad peaks with spacings d = 11.0 and 4.5 A. were observed
for the SOPIA-50PEG (3400) hybrid, and polarized microscopy indicated that this
sample is a mixture of amorphous and mesomorphous domains. For the 60PIA-40PEG
(3400) and 8OPIA-20PEG (3400) films, the mesomorphous structure was shown since
two broad reflections with spacings d = 16.0 and 4.5 A were observed, and polarized
microscopy showed a bright anisotropic “picture” for these hybrids. WAXD
diffractograms of the hybrids with PEG (1000) indicated their amorphous structure.
Thus, the broad reflections with d = 11.0 and 4.5 A, or 16.0 and 4.5 A were observed
in the diffractograms of the 20PIA-80PEG (1000) and S50PIA-50PEG (1000)
networks, respectively (Fig. 1).
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Figure 1. Transmission WAXD diffractograms of the PIA-PEG hybrid networks.
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Figure 2. SAXS intensity (In I) versus square of scattering angle ¢ plots (Guinier co-ordinates)
for three hybrid networks.

Figure 2 shows the SAXS intensity versus ¢ plots obtained for three hybrid networks.
These dependences indicate density nanoheterogeneity in the hybrids, and some
difference in scattering ability.

The latter decreased in the order: 20PIA-80PEG (1000) — 20PIA-80PEG (3400) —
SOPIA-50PEG (3400) hybrids. The curves show the bend at ¢ = 6 min that indicates
the presence of scattering domains with two sizes. Radius of gyration R, was
calculated from scattering curves; two values, R, = 70 nm and Ry, = 11 nm, were
estimated. It was also shown that the SOPIA-S0PEG (1000) network was the most
nanohomogeneous since its SAXS was practically commensurable with background.

Dynamics

DSC curves were obtained over the range 150-570 K covering the regions of PEG
glass transition and melting, and PIA/PI glass transition.

Figure 3 shows the curves obtained at low temperatures on heating the PIA-PEG
networks, with the longer and shorter PEG crosslinks, cooled from 290 to 150 K with
the rate 320 K/min. One can see the PEG glass transition within the range of 210-270 K
and slightly higher TngG values for shorter crosslinks, due to the enhanced constraining
influence of the rigid phase on their dynamics. Different PEG glass transition behavior
is observed for two groups of the hybrids. For the PIA-rich networks with 20 wt. %
PEG or 40 wt. % PEG(1000) (group 1), practically total suppression of segmental
dynamics in the PEG glass transition by PIA chains is observed whereas, for the other
compositions (group 2), a pronounced transition may be seen.

Melting peaks at ~ 300-330 K (not shown here) were also observed in the DSC
curves, in the first scanning, for partly-crystalline samples having longer PEG
crosslinks. Figure 4 shows the characteristics of PEG melting and glass transitions as a
function of hybrid composition. These plots illustrate, in accordance with the above
WAXD data, reduction of the PEG crystallinity degree with increasing PIA content
and total amorphization of the PEG (3400) component at the PIA content over
50 wt. % in the hybrids, as well as amorphous state of PEG(1000)-containing
networks. Besides, total suppression of PEG (1000) glass transition at 60-80% PIA in
the hybrids was shown (ACPP EG_5 0). On the other hand, the slight glass transition at
550-570 K, indicating the presence of PIA or PI nanodomains, could be discerned in
the first scanning for the hybrids with 20-40 wt. % PEG (1000) (not shown here).
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Figure 3. DSC curves of PIA-PEG
networks with indicated PIA/PEG weight
ratios obtained in the temperature region of
PEG glass transition. Heating rate v = 20
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Figure 4. PIA-PEG networks: crystallinity
degree ¥, melting range AT, glass transition
temperatures ( Tgv, Ty, Tg” ), and heat capacity
step AC, in the glass transition, for PEG
component only, as a function of the PIA
content in a hybrid network.

DRS measurements, performed at 20°C over the broad frequency range, allowed to
conclude on morphology of the hybrids. These results confirmed that the samples
under study could be classified into two groups: group 1 of Pl-rich samples (the
hybrids with 20 wt. % PEG or 40 wt. % PEG (1000), and group 2 of the other
samples. Figure 5 shows that no conductivity effects in the €’(f) dependences, and no
tendency to manifesting a plateau at low frequencies in the o, (f) plots are observed
for the samples of group 1 and for neat PI. On the contrary, for the hybrids of group 2,
conductivity effects in the &’(f) plots are rather strong and increase with increasing
PEG content and chain length. These results suggest that PEG forms a continuous
phase in the hybrids of group 2 but spatially isolated, discrete PEG domains in the

samples of group 1.
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Figure 5. Real part of dielectric permittivity & and ac conductivity o,. at 298 K versus
frequency for the indicated PIA-PEG networks and neat PI and PEG.

Figure 6 shows that the TSDC thermograms for the PIA-PEG (1000) hybrids
demonstrate three peaks. The y -peak, corresponding to torsional vibration of the
imide ring [13], is located at 145 K for PI but slightly shifted to higher temperatures in
the hybrids. The hybridization effect resulted also in a considerable rise of this peak
with PEG content, obviously due to loosened packing of PIA chains and increase in
free volume.

Again, as in DSC experiments, the PEG glass transition (&) peak is located in the
TSDC plots at ~250 K for the hybrids of group 2 but is suppressed for the hybrids of
group 1. In the latter case, only a small peak was observed, by an order of magnitude
lower, at 270-280 K, which may be also associated with a conductivity effect.

100 T T T T
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100/0(PI) /
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104 .....B040

280

200 240
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Figure 6. TSDC thermograms obtained for the indicated PIA-PEG networks and PI.

160



72

The CR spectra, obtained under tensile stress of 5 MPa at 170-580 K, provided more
detailed information on segmental dynamics in PIA-PEG networks, and allowed to
estimate their creep resistance at elevated temperatures. Additionally, the discrete CR
spectra revealed a pronounced dynamic heterogeneity over the broad temperature
range, from TngG to TgpI (Fig. 7).
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Figure 7. Creep rate spectra obtained under tensile stress of 5 MPa and 7 = 10 s for the PIA-
PEG hybrid networks with (a) the shorter (M,=1 000 g/mol) and (b) the longer (M,=3.400
g/mol) PEG crosslinks. The PIA/PEG weight ratios in the hybrids are indicated.

200 250 300

The complex CR spectral contours consist of a few partly overlapping peaks. The
peak heights strongly vary with hybrid composition. The peak at the lowest
temperatures 220-270 K, must be assigned to “usual” glass transition in PEG
crosslinks. Its intensity decreases with the PIA content in a hybrid; the peak is totally
suppressed for the 80PIA-20PEG composition. Simultaneously, for this hybrid 7., a
peak at ~560 K, i.e., PI nanodomains can be observed.

The CR peak at around 300 K in the spectra of networks with 60 or 80 wt. % PEG
(3400) may be presumably related to melting of PEG(3400) crystallites. CR peaks at
~320 and 370 K may, obviously, be associated with PEG segmental motions
constrained by rigid PIA chains. This effect of “constrained dynamics”, which has
been observed also in the PIA-PEA hybrid networks [2], must increase with reduction
in the distance between a moving PEG segment and PIA chains. Low creep resistance
at T> 400 K is observed for 20PTA-80PEG composition (Fig. 7a).

A few peaks in the high-temperature part of the CR spectra, in the region 420-520 K,
are associated with the onset of “unfreezing” segmental mobility in PIA chains. Their
different temperature location may be treated in the framework of variability in PIA
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chain rigidity and TgpIA plurality. Really, the more crosslinking agent was introduced
into a composition, the more amide groups in PIA chains were formed [2,6], and the
lower PIA creep resistance is observed. Besides, uneven distribution of amide groups
in PIA chains and different cooperativity degree of segmental motion may result in
some distribution of 7, values. It should be noted that creep resistance of the
hybrids studied at high temperatures depended not only on hybrid composition but
also on its nanostructure. Thus, the nanohomogeneous SOPIA-50PEG (1000) hybrid
exhibited higher creep resistance than the 8OPIA-20PEG (1000) hybrid (Fig. 7a).

Permeability

Table 1. Permeability coefficients for organic vapors and air gas in the PIA-PEG networks

Permeability coefficient
10'® P [mol Pa'm's™!]

PIA/PEG wt. ratio M,PES [g mol ™ CO, methanol
80/20 1 000 5.80 non-measurable
60/40 1 000 12.34 156
50/50 1 000 15.10 6282
40/60 1 000 25.30 15897
20/80 1 000 44.60 50909
80720 3400 30.79 604
60/40 3400 37.00 15487
50/50 3400 93.70 20694
40/60 3400 117.80 62375
20/80 3400 101.25 68800

Table 1 shows the permeability coefficients P for CO, and methanol in the networks
studied. One can see that the P values are strongly dependent on network composition;
besides, the permeability is higher in the case of longer crosslinks. Low permeability
(not far from that of neat PIA) is observed for the PIA-rich networks of group 1, i. e.,
for 8OPIA-20PEG (1000), 60PIA-40PEG (1000) and 80PIA-20PEG (3400) hybrids
which are characterized by spatially isolated PEG domains with suppressed glass
transition dynamics (see above). In contrast, with increasing PEG content in the
networks, a slight rise in P(CO,) value but a sharp increase in P(CH30H) values, by a
few orders of magnitude, were observed. As a result, high selectivity o
=P(CH;0H)/P(CO,) = 400-1000 was reached for the hybrids of group 2 where PEG
formed a continuous phase. Thus, the latter was characteristic of the films with
40 wt. % of PEG (3400) exhibiting also good mechanical resistance at elevated
temperatures (Fig. 7b). High « values at 20°C were associated with “unfreezing”
segmental dynamics in the PEG glass transition which provided increased diffusion
ability of films. A comparison of Table 1 and Figs. 3-7 shows a direct connection
between PEG crosslink dynamics and membrane properties of the PIA-PEG hybrids.

Conclusions

1. Combined study, using seven complementary techniques, showed quite different
nanostructural state, dynamics and thermal/mechanical stability in PIA-PEG hybrid
networks, depending on their composition and PEG crosslink length.
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2. The networks with short crosslinks were amorphous, whereas the structure of the
networks with longer ones gradually changed with increasing PIA content, from
semicrystalline to mesomorphous/amorphous. Nanostructural heterogeneity, with two
prevailing sizes of scattering domains, R,;=10 nm and Ry»=700 nm, was observed for
the hybrids.

3. Reciprocally sustaining DSC/DRS/TSDC/CRS data formed a reliable idea of the
dynamics and morphology in the PIA-PEG networks. Two kinds of hybrids were
identified in these experiments. For PIA-rich hybrids, “suppressed” glass transition
dynamics in spatially isolated PEG domains, and distinct PIA/PI domains with T, =
550-570 K were observed. The other hybrids manifested only low-temperature PEG
glass transition in the DSC curves, and were characterized by a continuous PEG phase
resulting in a strong conductivity effect. CRS data showed that hybridization resulted
in large heterogeneity in segmental dynamics over the (TgpEG - TgPI) temperature range,
due to constraining PEG dynamics and PI/PA unit distribution.

4. The membrane properties of the hybrids are in accordance with the dynamics in
PEG crosslinks. Some of PIA-PEG hybrids combined high permeability to organic
vapors and good permselectivity with improved thermal and mechanical resistance.
The 50PIA-50PEG (1000) and 60PIA-40PEG (3400) compositions are high-
performance, effective membranes for separation of hot solvent/air streams.
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