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Abstract

Thermally stable nanoporous polymer films have been created as promising materials for
membrane technologies. Thermosetting Cyanate Ester Resins (CERS) and linear polyurethane
(LPU) were combined by stepwise thermal curing, and the films of resulting hybrid polymers
were irradiated with a-particles followed by chemical etching. Well-defined highly regular
nanoporous structures were developed in the films as evidenced by using SEM. No significant
changes in chemical structure of the polymer systems obtained after a-irradiation were observed
by FTIR spectroscopy measurements. The polymer films obtained on the basis of hybrid
networks with the CER/LPU composition equal to 90/10 wt.% had quite narrow pore diameter
distribution with average pore diameters around 12 nm. DSC and TGA measurements showed
that the thermal characteristics of the nanoporous films were sufficiently high (75~ 167 °C to
~199 °C, Tus% ~ 293-359°C, and T4 max~ 429-457 °C). The CER/LPU nanoporous thermosetting
materials demonstrated effective gas transport properties tested with gases, such as Oz, CO»,
N2, and CH4. The combination of an additional sensitization step using y-rays and longer time
of chemical etching improved the properties of the nanoporous systems developed. Such
materials open the way to numerous applications, for example, as ultrafiltration membranes for

advanced technologies, especially under extreme conditions.

Keywords: cyanate ester resins; nanoporous films; track-etched membranes; nuclear

technologies; structure-property relationships; gas transport properties



Highlights

e Thermostable nanoporous membranes are developed using track-etching technologies.

e Nanoporous CER/LPU hybrid networks show effective transport properties with Oy,

CO2, N2, and CHa.

e The effect of sensitization with y-rays and longer time of chemical etching is

investigated.
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1. Introduction

Pioneering studies of Fleischer and co-authors on track etching in thin sheets of materials
[1, 2] exploded a huge trend in further development of physics and chemistry of porous
polymer materials, namely the generation of novel track-etched membranes (TMs), also known
as Nuclepore membranes [3-5].

Nowadays, track-etching technology is extensively used in industrial scale for producing
multipurpose polymer-based membranes for micro- and ultrafiltration, gas and liquid

separation, water purification [3-7], in the areas of medicine, biotechnology and genetics [8].



The essence of the technology lies in irradiation of thin polymer films by charged particles of
high energy (ions, protons, a-particles, y-irradiation, etc.) or with fragments of heavy nuclei
fissions (argon, krypton, xenon, uranium, etc.) resulting in radiation degradation of
macromolecules and formation of damaged channels (i.e., so-called “tracks”) in the materials.
During further etching of the irradiated films with solutions of alkalis, acids, oxidants and other
chemical reagents, the fragments of the materials are washed out from the tracks and regular
through pores are formed [3-15]. To generate track-etched membranes based on the most
known polymers, the etching process usually does not exceed 30—90 min. The resulting TMs
are characterized by an extremely regular porous structures with well-defined pore size, pore
shape and density, ensuring the required controllable transport and retention characteristics [4,
5, 15-17]. Moreover, the nuclear technology developed is quite universal and can be widely
applied to most polymers and polymer blends [3-8].

Depending on the chemical structure and initial thickness of the polymer film and on the
irradiation and etching conditions (type of irradiation, source applied, temperature, atmosphere
and humidity during irradiation, etchant composition, component concentrations, etc.), the
resulting porous structure and physico-chemical properties of the final material can be varied
in a very wide range. To change pore size and shape, pore size distribution, and
correspondingly, final permeability of the membrane produced, an additional sensitization of
the irradiated film can be fulfilled, prior to etching. Sensitization is carried out through exposure
to ultraviolet, plasma or y-irradiation, additional temperature treatment, etc., thus resulting in
increasing defectiveness of macromolecules and growth of the etching rate inside the tracks
formed [3-5, 13]. Usually, the preliminary sensitization procedure allows for improving pore
shape and pore size distribution, increasing permeability coefficient along with easing etching
conditions (decreasing etching temperature and duration, concentration of etching solution,
etc.) [3, 17].

In addition to conventional polyethylene, poly(vinylidene fluoride), polypropylene and

polyester based TMs [4, 10], numerous efforts have been made to develop similar products



based on high temperature polymers, such as poly(ethylene terephthalate), polyamides,
polyimides, etc. over the last decades [8, 15-17]. However, producing TMs based on high-
performance cross-linked polymers remains largely unexplored yet.

To the best of our knowledge, our research results are among the first attempts to produce
track membranes from nanoporous materials on the base of high performance thermosetting
polymers. Such materials are usually characterized by high glass transition temperature and
temperature of degradation (in both inert and air atmosphere), water resistance and resistance
to aggressive media (acids, alkalis, etc.). Indeed, crosslinked cyanate ester resins (CERs, also
known as polycyanurates), have higher thermal characteristics in comparison to PE, PET,
polyesters, much better water resistance compared to polyamides and easy processing
compared to polyimides (CERs based films can be produced by reactive forming without use
of toxic solvents). Usually, to improve the elastic properties of film-forming materials based on
thermosetting polymers, some amount of a linear polymer with suitable elasticity is added. In
our previous publications [18, 19] we studied different combinations of CERs with some
monomers, oligomers and polymers, and effect of the modifier type, chemical structure and
concentration on the basic physical properties of the modified CERs based networks. CER/LPU
compositions have appeared to be the most suitable because they had improved mechanical
properties without any significant loss in thermal stability.

A few years ago, we published the pioneering results of our successful attempt to develop
a highly porous structure in hybrid polymer networks of cyanate ester resins (CERSs) modified
with 30 wt.% of poly(tetramethylene glycol) or poly(e-caprolactone), which were chemically
incorporated into the growing polycyanurate network. The encouraging results showed the
potential of such an innovation [20]. Accordingly, the present detailed investigation is focused
on the generation of track-etched membranes based on promising high-performance hybrid
networks formed by CERs and linear polyurethane, LPU, possessing high thermal and chemical
resistance, low dielectric loss, and moisture absorbance as potential membranes for

multipurpose applications, especially in extreme conditions.



2. Experimental

2.1. Materials

1,1'-bis(4-cyanatophenyl)propane (dicyanate ester of bisphenol A, DCBA), under the

trade name Primaset® BADCYy, and 1,1'-bis(4-cyanatophenyl)ethane (dicyanate ester of

bisphenol E, DCBE), under the trade name Primaset® LeCy were kindly supplied by Lonza

(Switzerland). Linear polyurethane (LPU, under the trade name “Vitur T-261”, My = 40 000

g-mol™) based on 4,4"-methylene diphenyl diisocyanate and oligo(butylene glycol adipate) with

My = 1000 g-mol™?, was purchased from SPC "Vitur" Ltd. (Russia). The catalysts (cobalt (11)

acetyl acetonate and nonylphenol) were supplied by Aldrich. All the components were used as

received. The formulas and basic physical characteristics for the components used are

summarized in Table 1.

Table 1. Chemical structure and physical characteristics of the components used

Name

Chemical structure

Physical

characteristics

Dicyanate ester of

bisphenol E, DCBE

CH,

o (T o

H

M =264 g-mol~
Tm= 29 OC,

p ~1.180 g-cm3[21]

Dicyanate ester of

bisphenol A, DCBA

M = 278 g-mol*
Tm=T79°C

p~1.259 g-cm?[21]

Linear polyurethane,

LPU

M, = 40 000 g-mol*

p~1.208 g-cm[18]

Cobalt(Il)

acetylacetonate

M =257 g-mol*?

T~ 167 °C [21]




Nonylphenol /©/OH M =220 g-mol?
CH3(CHz)7CH Tm=42°C,

2

Th = 295 °C [21]

2.2. Synthesis of CER/LPU hybrid networks and preparation of thin films

The melt of DCBA (or DCBE) at T = 100 °C was mixed with co-catalysts, i.e. cobalt
acetylacetonate (0.17 phr) and nonylphenol (2 phr), followed by degassing of the mixture under
vacuum for T~ 5 min at T = 100 °C. 10 wt.% of LPU was then dissolved completely in the melt
of DCBA (or DCBE). The mixtures were poured into a PTFE-coated mold. The curing cycle
consisted of three sequential stages: 5 h at 150°C, 3 h at 180°C, and 1 h at 210°C in a thermally-
regulated oven. Finally, the CER-A/LPU and CER-E/LPU hybrid polymer networks derived
from DCBA and DCBE, correspondingly, were synthesized. The thickness of all the CER-
based films was ~ 30-50 pum.

Our previous experiences showed that the introduction of 30 wt.% of a thermoplastic
modifier and the final curing at 180 °C used did not provide the desirable mechanical strength
of the resulting porous films after etching [18]. Therefore, in the present study, we involved the
more effective catalytic complex along with increasing the final curing temperature up to

210 °C, and the amount of the modifier was reduced to 10 wt.%.

2.3. Generation of porous structures

Irradiation. The CER-based films obtained were irradiated by a-particles with an energy of
27.2 MeV using a Cyclotron U-120 device (Institute of Nuclear Research, Kyiv). The density
of a-particles, which passed through the samples was varied from 2.65x10%° to 5.53x10%°
particles/cm?. In the technology developed, the deviation of holes (cylinders) from the vertical
direction does not exceed 8-12 degree depending on the film thickness and the polymer nature.
Note, that the tracks formed in the samples were end-to-end, which was confirmed by the

sensors detected the same number of alpha particles that entered and exited from the opposite



side of the polymer film. Additionally, this fact was confirmed by SEM measurements of the
irradiated films from both sides (not shown in the paper).

Sensitization. To increase the etching rate, additional sensitization of some of the irradiated
samples was also implemented, prior to etching. The sensitization stage was performed by -
irradiation at 1.4 kGy for ~17 min. All sample codes of sensitized samples have a subindex “y”.

Etching. After irradiation, sensitized and non-sensitized films were etched using two
different approaches named as “short-term” and “long-term” etching. At the “short-term”
etching procedure, polymer films were treated by a solution of 5% KOH in ethanol at T ~ 70
°C and mixing by magnetic stirrer for ~30 min (sample code has subindex “z1”), as well as at
“long-term” etching procedure, the polymer films were etched at the same conditions for 180
min (sample code has subindex “72”). All the porous polymer films obtained were neutralized
using 0.1 M HCI and then washed and dried up to the constant mass. Finally, two series of the
porous film materials were obtained, the sample codes and corresponding pore generation

conditions are given in Table 2.

Table 2. Sample codes and pore generation conditions

Sample code Pore generation conditions
Irradiation / Sensitization Et(z:],irrfi:)me
CER-A/LPU a-particles / without 30
CER-E/LPU a-particles / without 30
CER-A/LPU, 1 a-particles / y-irradiation 30
CER-E/LPU, a-particles / y-irradiation 30
CER-A/LPUx, a-particles / without 180
CER-E/LPUx, a-particles / without 180
CER-A/LPU, »» a-particles / y-irradiation 180
CER-E/LPU, a-particles / y-irradiation 180




2.4. Characterization techniques

To determine the occurrence of porous structures and to estimate the basic porosity
parameters (such as pore diameter, pore density, and pore size distribution) in the obtained
samples, direct measurements using scanning electron microscopy (SEM) were carried out.
SEM measurements were performed using a Merlin FEG microscope from Zeiss equipped with
two detectors (InLens and Secondary Electron) using low acceleration voltage (5 kV). Prior to
SEM analyses, the samples were coated with a alloy Pt/Au of a thickness equal to 3nm. SEM
images were then processed with public domain image processing and analysis programs such
as ImageJ 1.52a and OriginLab 8.5 softwares. For the calculation, the size of the
microphotographs was increased significantly (up to the size of computer screen) to improve
the visibility of pores. To determine the main porosity characteristics derived from SEM data,
~100 pores in several microphotographs with resolution of 1024x768 pixels for each sample
were evaluated. Pores with an area in the range from ~ 20 nm? to ~ 2000 nm? were evaluated,
while pores with a smaller area were not taken into account in order to avoid possible errors
caused by some roughness of the surfaces under study. For the sake of clarity, pore size
distribution was represented for each sample with an increment matching each 2 nm in
diameter. The porosity values were calculated by using the ImageJ software.

Differential scanning calorimetry (DSC) studies were performed using a Perkin Elmer
DSC 8500 calorimeter under nitrogen atmosphere by heating from 40 to 250°C at a rate equal
to 20°C min. The glass transition temperature was defined as the midpoint-by-half-height of
glass transition zone on the corresponding DSC thermograms obtained after the second heating
run. Temperature and heat flow calibrations were achieved by measuring the melting
characteristics of indium.

To characterize porous structure (pore sizes, pore size distributions, and total pore

volumes) of the samples obtained, the DSC-based thermoporometry method was used. The
DSC technique allows determination of pore sizes in different media, including particles,

porous organic beads, and the pore structure in coated media etc. with voids sizing from ~0.002
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to ~1000 um. Basic principles and methodology of the DSC-based thermoporometry technique
are well known [22-25]. The method is based on thermodynamic principle known as Gibbs-
Thompson law, i.e. of the dependence of equilibrium temperature of solid-liquid phase
transition on the radius of curvature r of the interface between liquid and solid phases. Since,
during the melting of crystallites, the liquid contained in the pores of the polymer is finely
dispersed, therefore, the radius of curvature r of the interface is practically equal to the radius
of the pore R:

2y,T k
TmO_Tm(R)z_AI_I]pI;eO :E’ (1)

where Tmo is the melting temperatures of crystallites in the sample free volume; Tm) is the
melting temperature of crystallites inside the pores with radius R; ys refers to the surface tension
at the “solid-liquid” interface (for the “ice-water” system ysi = 12.1 mJ/m?); 4H is a heat fusion
of crystallites (for water AH ~ 334 J/g); p is the density of the liquid (g/cm®) and K is the
characteristic parameter of the liquid (K-nm).
For this purpose, firstly, dry porous samples were weighed at temperature T ~ 20+2°C.
To increase the hydrophilicity of the porous networks and facilitate the penetration of water
into their pores, the samples were immersed in ethanol overnight. After this preliminary
treatment, deionized water was gradually added to remove the ethanol, i.e. the samples were
placed for 1 h consequentially in ethanol/water mixtures of different volume compositions
(70/30, 50/50, and 30/70 vol.%), and then immersed in pure water for 2 weeks. After wiping,
the melting thermograms of the water inside the swollen porous sample were recorded from -
50 °C to 5°C at a heating rate of 1°C min. The absence of traces of ethanol after final
replacement by water in the porous samples was confirmed by FTIR spectroscopy.
In the DSC thermograms of all the swollen porous samples studied two clear endothermic
maxima appeared in the temperature range from — 2 °C to 4 °C, which correspond to the melting
of ice crystallites in the pores of different size (Tmri)) and in the free volume (Tmo) of the sample.

From the DSC thermograms the pore diameter Dy was found as indicated by Eq. (2) [22-25]:
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B
Dp(i) (nm) =2- [A — T—Tmo] ) (2)

m(Ri)
A is a parameter determining the layer of non-freezing liquid in the pore (for water A =
0.68 nm); B is the characteristic parameter of the liquid depends on type of the liquid, pore
geometry and a heating rate of the sample (for water B = 32.33 nm-K).

The pore size distribution, i.e. dVpg/dRpg Vs. Dpg), was derived from the melting

thermograms by using graphical differentiation method and Eq. (3) [22-25]:

dg,/dt; - (Tm(Ri) —Tio

32.33-p-v-m-4H,(T,) ®)

dV,, /dR,, (cm*/(nm- g)) =

n(i

where dg, / dt; stands for the heat flow value; p, v, m are the water density, the heating rate of
the sample, and the sample mass, respectively; 4H,(T;) is the melting enthalpy of crystallites

inside the pore with radius R at the T(). The 4H,(T,) value was determined by using Eq. (4)
[22-25]:

AH,(T)(J/g) = AH +C (T, = T )+ D (T = Tof (4)
where A4H = 334 J/g (for water); the constants C and D depends on whether the DSC
measurements are made (i.e. in heating or cooling), pore geometry (cylindrical pore shape
assumed) and penetrant liquid (here C = 11.39J/(g-K), D =0.155J/(g - K?) ).

The pore volume (V,) inside the porous samples was calculated as follows: Vp = J(dV/dR),
i.e. the Vp value corresponds to the area under the peak of the dV/dR = f (Dp) dependence.

The error in determining AH using "TA Instruments Q100" is € = £0.1%, and when
determining Tm it is equal to € = +0.01 K. To separate the hidden peaks into DSC
thermoporometry curves the Gaussian fit method have been used as well, the error was no more
than ¢ = +2-3%. Thus, the maximum total experimental error when using the DSC

thermoporometry method to determine the pore size was & < 5-6%.
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Fourier transform infrared (FTIR) spectra were recorded with ATR mode by means of a
Bruker Optics model Tensor 37 spectrometer between 4000 and 700 cm™. For each spectrum,
32 consecutive scans with a resolution of 0.6 cm™ were averaged.

Thermogravimetric analysis (TGA) measurements were performed on a Netzsch TG 209
thermo-balance under nitrogen atmosphere. Sample pellets with masses ranging from 10 to 20
mg were heated at 20 °C-min* from 20 °C to 700 °C.

Permeation measurements were performed at 20 °C for dioxygen (Oz), carbon dioxide
(CO2), nitrogen (N2), and methane (CHa) with respective kinetic diameters of 2.92, 3.23, 3.64,
and 3.80 A, respectively [26]. The gas purity level was above 99.98%. The studied samples
with a useful area of 3 cm? were placed between the upstream and downstream compartments
of the permeation cell. A secondary vacuum desorption step was performed prior to each
permeation experiment. The permeation measurements were carried out under an upstream
pressure, P1, equal to 3 bars. The pressure in the downstream compartment was followed as a
function of time with a 100 Torr datametrics pressure sensor. The permeability was calculated
from the gas flow (J) in the steady state according to the following equation:

P =e J/AP, (5)

where e is the film thickness (50+3 um), AP is the pressure gradient.

3. Results and Discussion

Early a series of hybrid materials based on CER networks and LPU were synthesized [18,
19], and their structure and segmental dynamics (in the temperature region from —133 to 327
°C) were studied by FTIR, SAXS, DSC, and laser-interferometric creep rate spectroscopy
(CRS) techniques [18, 19]. Hybridization effect via cyanate/urethane groups chemical
interaction was evidenced in these systems, which led to the formation of completely
homogeneous structures on a scale of >2 nm, irrespective of material composition. At the same

time, combined CRS/DSC analysis allowed for revealing the pronounced nanoscale (< 2 nm)
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dynamic heterogeneity within or below extraordinarily broad glass transition for these single-
phase materials [18]. The existence of only one stage of thermal-oxidative degradation for the
CER/LPU compositions of 50/50 wt.% and with excess of CER reflected the chemical
uniformity of the system (hybrid network) [27]. Note, that no individual degradation stage of
the components in CER/LPU hybrid networks was observed. It was interesting to investigate
the characteristics of porous structure and the effect of the pores generation using irradiation
technology and track etching procedure on the complex of properties of CER/LPU hybrid

networks.

3.1. Morphological characterization of nanoporous structures

Fig. 1 represent the typical SEM micrographs for porous films of CER-A/LPU and CER-
E/LPU hybrid networks, specifically, CER-A/LPU, > (Fig. 1a) and CER-E/LPU, > (Fig 1b).
SEM photos for other samples are not shown here. One could clearly observe the generation of
well-defined nanoporous structures in the CER/LPU hybrid networks. The pore size
distribution diagrams revealed at different stages of pore generation for all CER/LPU hybrid
networks created are given in Fig. 2. The calculations made from SEM micrographs using
ImageJ and OriginLab softwares are summarized in Table 3. A quantitative analysis of the
porous structures showed the presence of numerous black areas of high circularity
corresponding to pore diameters sized from ~4 to ~27 nm with a predominant majority of pores
not larger than ~15 nm. As it was expected, increasing etching time as well as using
sensitization for both the CER-A/LPU and the CER-E/LPU samples resulted in significantly
increasing their total porosity (Table 3). It should be noted that the value of the total porosity
of the studied nanoporous samples is not related only to the content of the LPU component in
the samples, since a-particles penetrate both LPU and CER fragments of hybrid networks, and
after etching of tracks, pores are formed everywhere in these samples.

It is known that sensitization ensures more selective etching, and that the samples

preliminary sensitized before etching are characterized by better defined and more regular
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Figure 1. Typical SEM micrographs for nanoporous CER/LPU hybrid networks created: (a)

CER-A/LPU, 2; (b) CER-E/LPU, 2. Some pores are indicated by arrows.
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Table 3. Morphological characteristic values of nanoporous materials as determined by SEM

Pore size (Dy) distribution / ADy* Average pore Total porosity

Sample

(nm) diameter, Dp(av) (nm) (%)
CER-A/LPUx, 4-27123 11.5 13.8
CER-A/LPU, 1, 5-26/21 12.6 21.2
CER-A/LPUzx, 6-20/14 12.5 41.8
CER-A/LPU, 7-18 /11 11.1 452
CER-E/LPUy, 5-27/22 11.8 10.9
CER-E/LPU, v 6-22/16 12.6 19.1
CER-E/LPUx, 7-17/10 11.6 22.1
CER-E/LPU, 8-15/7 12.0 24.9

* ADp = Dp(max) — Dp(min)

porous structures with narrower pore size distribution per unit area. Sensitization was carried
out in order to increase the destruction of the material along the tracks. This allowed for
speeding up the process of film etching, and it was carried out by additional processing with
sufficiently energetic radiation [3-5]. One could see that extension of etching time from 11 = 30
to t2 =180 min led to increasing the total porosity value by 3 and ~ 2 times for the CER-A/LPU
and CER-E/LPU hybrid networks created, correspondingly. The additional sensitization at
“short-term” etching increased the total porosity value by ~1.5 and 1.8 times, whereas at “long-
term” etching — only by ~ 8% and 13 % for the nanoporous CER-A/LPU and CER-E/LPU
hybrid networks created, respectively. Thus, the sensitization with y-rays facilitated and
improved the efficiency of track etching. Moreover, increasing etching time led to a narrowing
of pore size distribution (decreasing ADy), but almost did not affect the average pore diameter
(Table 3). Using an additional sensitization led to some narrowing of pore size distribution and

some increasing average pore diameter (Table 3). Thus, by varying the etching duration and
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using sensitization of CER/LPU hybrid networks, one could tune the porosity of such types of
materials.

The average pore diameter in track technologies is determined both by the type and size
of charged particles used for irradiation and by the conditions of sensitization and chemical
etching. During a-irradiation, tracks of uniform size are formed in the sample, which contain
fragments of destroyed CER and LPU macromolecules. Then, as a result of their "washing out"
from the tracks in the process of chemical etching, pores are formed. Alpha particles penetrate
both LPU fragments and CER matrixes of the hybrid network. Thus, after etching the tracks, a
regular porous structure is formed. It is known that the longer the etching time, the larger the
pore volume. We assume that in the CER/LPU hybrid network, LPU fragments are etched more
easily, while CER fragments require more time due to slower diffusion of the etching solution
inside the rigid densely crosslinked CER network as compared to LPU. An increase in the total
porosity with increasing etching time or with the use of additional sensitization was predictable,
since both of these factors cause the appearance of additional pores, apparently in those parts
of the sample where the etching takes longer (CER fragments). At the same time, some
narrowing of the pore size distribution (12-15 nm) observed was not expected, and it can be
assumed that this is due to an increase in the number of pores close to the average size and a
decrease in the proportion of large pores. In a series of these samples, the average pore diameter
practically does not change because it is specified by the same size of alpha particles, which
generate tracks of the same size, and by the etching solution chosen, which provides formation
of the pores of similar sizes.

In order to confirm the observations and conclusions from SEM measurements on the
nanoporous structures generated, DSC-based thermoporometry was performed for the CER-
E/LPU samples obtained. In the Fig. 3a one can see the typical DSC thermoporometry curves
for melting ice crystallites of pure water and for ice crystallites of water inside the swollen

nanoporous CER-E/LPU+1 sample (the curves are indicated in the plot). It is clearly seen that

only one endothermic peak with Tmo = 2.1 °C of melting ice crystallites of pure water is present
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Figure 3. Typical (a) DSC thermoporometry curves for melting ice crystallites of pure water
and of ice crystallites of water inside the swollen nanoporous CER-E/LPU-; sample (indicated

in the plot); curves 1, 2, and 3 in (a) correspond to the Gaussian fitting of the thermoporometry
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multi-peak curve for the CER-E/LPU-1 sample: 1 - for melting ice crystallites inside pores, 2 -
for melting ice crystallites in the bulk sample, and 3 - cumulative curve of the approximation;
(b, c) Pore size distributions curves DSC thermoporometry for different nanoporous CER-

E/LPU hybrid networks (indicated in the plots).

on the corresponding DSC thermoporometry curve. However for swollen nanoporous CER-
E/LPU-1 sample two endothermic peaks with Tmo =~ 2.3 °C and Tmrav) = 0.7 °C are appeared
due to melting ice crystallites inside the pores (Fig. 3a, curve 1) and melting ice crystallites in
bulk of the sample (Fig. 3a, curve 2). Note, the cumulative curve of the Gaussian approximation
(curve 3) is in a good correlation with the experimental data obtained for swollen nanoporous
CER-E/LPU.1 sample (Fig. 3a, filled square). Similar DSC thermoporometry curves have been
obtained for other swollen nanoporous CER-E/LPU hybrid networks (not shown here).

The calculations made from DSC-based thermoporometry measurements confirmed the
generation of nanoporous structures in all the samples investigated, regardless of etching and
sensitization conditions (Fig. 3 b, ¢, Table 4). One could see from Table 4 that the pore size
distribution was in the range of ~15-75 nm and ~15-55 nm for the “short-term” and “long-
term” etched CER-E/LPU samples, respectively, and their average pore diameter, Dpv), Was
centered on ~26 — 33.5nm. Thus, it was found that increasing etching time led to some
narrowing of pore diameter distribution, and significant increase (approximately by ~10 times)
in the pore volume for the compositions studied.

Note, the pore sizes determined by SEM and DSC-based thermoporometry are slightly
different. It could be explained by the differences in the techniques applied. SEM allows
determining the pores located on the surface of the sample only, whereas using the DSC-
thermoporometry allows counting the pores and their size not only on the surface but inside the
sample as well. It is an experimental fact that according to the results of DSC thermoporometry,

the average pore size is indeed larger (Table 4) than according to CEM data (Table 3). From
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Table 4. Main porosity characteristics for nanoporous CER-E/LPU hybrid networks as
determined by DSC-based thermoporometry.

Pore size (Dy) distribution / AD, | Average pore diameter, | Pore volume,
Composition
(nm) Dy (at Timrav), (nm) | Vp, (cm®-g™?)
CER-E/LPUy 15-75/60 33.5 0.03
CER-E/LPU, 1, 15-70/55 27.5 0.07
CER-E/LPUx, 15-50/ 35 26.0 0.67
CER-E/LPU, 15-55/40 27.3 0.76

the CEM microphotographs, it can be clearly seen (Fig. 1) that during the bombardment, a
significant part of the alpha particles form closely spaced tracks. It can be assumed that, in the
process of chemical etching, these tracks, increasing in size, are combined due to the destruction
of common walls that leads to the formation of joint wider pores inside the sample. Since it is
known that the etching rate of the surface of a polymer sample is much lower than that in tracks
(the destroyed fragments of macromolecules inside the tracks are washed out faster), that is
why closely spaced pores on the sample surface remain intact, as can be seen from CEM
micrographs. Therefore, Image J program considers such pores as separate, and as a result, the
average pore size calculated from the SEM microphotographs is smaller than the pore sizes

determined by DSC thermoporometry.

3.2. FTIR investigation of chemical structure associated with nanoporous hybrid
networks

FTIR spectra of all the nanoporous samples studied are shown in Fig. 4. The chemistry
of CER polycyclotrimerization with formation of polycyanurate network has been studied in

details using FTIR spectroscopy before [18, 19] as well as in the present of LPU with formation
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of so-called grafted semi-interpenetrating polymer networks [18, 19]. All the characteristic

bands are well known and described more than once.
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Figure 4. FTIR spectra for nanoporous hybrid networks based on (a) CER-A/LPU, and (b)

CER-E/LPU (indicated in the plots).

It was also found that o-irradiation, applying the sensitization prior to etching and

increasing etching duration brought a slight decrease in intensity of some absorption vibrations,

for all the samples studied. More specifically, such changes were manifested at 1078—1043
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cm?, reflecting C-O—C stretching vibrations, as well as at 1729 cm™ corresponding to C=0 of
urethane group stretching vibrations. These alterations in chemical structure of the materials
were probably caused by a minor breakage of chemical bonds in junctions and/or internodal
fragments of polymer networks with subsequent chain termination and recombination reactions
during irradiation procedure, followed by removal of fragments of destroyed macromolecules
formed from the tracks through subsequent chemical etching.

Accordingly, the chemical structure of all the final porous samples was mainly
preserved after irradiation applied, etching treatment, and even when subjected to additional

sensitization.

3.3. Investigation of thermal properties using TGA and DSC techniques

The influence of polymer matrix structure and polymer sample treatment on thermal
stability of the nanoporous CER/LPU hybrid networks created was investigated by TGA. Fig.
5 and Fig. 6 display the mass loss and the corresponding derivative curves for the nanoporous
CER-A/LPU and CER-E/LPU hybrid networks, respectively. The comparison of the TGA
results for nanoporous CER-E/LPU and CER-A/LPU hybrid networks created showed that the
latter was characterized by higher resistance to thermal degradation, which was logical since

the CER-A matrix had improved thermal stability compared to CER-E matrix [21].
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It was found that the thermal behavior of all the systems studied did not depend
significantly on the duration of etching and additional sensitization, since the shape of the
curves and the number of stages for the different samples were similar. This fact indicated that
the cumulative thermal stability of the final nanoporous materials remained sufficiently high
after their radiation and chemical treatment for nanoporous structure formation. For all the

nanoporous hybrid networks, the degradation temperature onset, Tq onset Was found to be around
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Figure 6. TGA (a) and DTG (b) curves for nanoporous CER-E/LPU hybrid networks created

(indicated in the plots).

320-350 °C depending on polymer matrix, and the main decomposition process consisting of
one degradation stage occurred at 400—500 °C corresponding to the breakage of triazine cycles,
followed by the destruction of CER skeleton [19]. Char residue determined at T ~ 700°C for all
the compositions investigated varied from 37 to 42 %.

The dependence of thermal degradation temperatures on sample treatment for
nanoporous CER-A/LPU and CER-E/LPU hybrid networks is shown in Fig. 7. The
temperatures corresponding to the 5 % mass loss occurred in the range of ~ 293-325 °C and =
339-359 °C, correspondingly for CER-E/LPU and CER-A/LPU nanoporous hybrid networks.
Moreover, additional sensitization shifted the values of Tdse to higher temperatures by 10 °C
for “short-term” etched and by 32 °C for “long-term” etched CER-E/LPU hybrid networks,
whereas the Tdse values for CER-A/LPU hybrid networks slightly decreased by ~ 4 °C and
14 °C for “short-term” and “long-term” etching procedures, respectively. It was found that for
both “short-term” and “long-term” etched samples, an additional sensitization did not affect

significantly thermal stability, whereas an increase in etching time from 30 to 180 min shifted
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the Ta max Values to higher temperatures by ~16-25 °C (see Fig. 7). One could conclude that the
combination of sensitization and longer time chemical etching enhanced the process of

removing of macrochain debris formed from the tracks and pore formation.
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Figure 7. Temperatures of thermal degradation (Tqg) versus sample treatment method for
nanoporous hybrid networks: CER-A/LPU (solid symbols) and CER-E/LPU (open symbols).
The Tusw, Tdasow, and Tamax, are the temperatures corresponding to the indicated sample mass

losses (subscript) and maxima of DTG peaks, respectively.

A thorough analysis of the DSC curves presented in Fig. 8 showed a single endothermic
transition in the temperature range from ~167 °C to ~199 °C corresponding to the devitrification
of the CER/LPU-based hybrid networks created in the thermograms for all the nanoporous
samples studied.

The dependence of glass transition temperature, Tq, and glass transition interval, ATg,
on sample treatment for the CER-A/LPU and CER-E/LPU nanoporous hybrid networks are

depicted in Fig. 9. For both series of samples, the additional sensitization and etching duration
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did not significantly affect the glass transition temperatures, except for CER-E/LPU,,:> hybrid
network (see Fig. 9a). At the same time, the ATg for both CER-A/LPU and CER-E/LPU hybrid
networks created was directly related to the sample treatment, namely, the longer the etching
procedure and using of the additional sensitization, the larger the glass transition interval (see

Fig. 9b), likely due to the formation of more “defective” structure of higher porosity.
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sample treatment method for nanoporous CER/LPU hybrid networks created.

3.4. Gas transport properties of nanoporous hybrid networks

The permeability values of different gases were measured for the nanoporous CER-
E/LPU hybrid networks. The results are reported in Table 6, which also indicates the kinetic
diameter values of the studied gases [26]. It was clearly seen that the CER-E/LPU nanoporous
hybrid networks possessed high permeability coefficients for all the gases investigated. Indeed,
gas permeability values of dense CER-E based films were around 0.7 barrer for Oz, as an
example [27]. Moreover, the additional sensitization contributed to increasing the transport
properties of the nanoporous CER-E/LPU hybrid networks developed for gases, including O,
CO2, N2, and CH4 (the permeability coefficient increases by ~ 1.2—1.8 times depending on the
gas). These trends were in a good agreement with those observed in SEM data.

Looking more carefully at the data reported in Table 5, it could be clearly seen that the
permeability values were not governed by the kinetic diameter of the diffusing molecule.
Indeed, the permeability values measured for CH4 were the highest ones, whereas this gas had
the highest kinetic diameter. On the other hand, as shown in Fig. 10a, a linear relation could be
established between the gas permeability and the inverse of the square root of the molar mass
of the diffusing species, meaning that the gas transport properties were governed by a Knudsen

mechanism. Thus, the low size of the created pores favored gas-pore walls collisions. A shift
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toward higher permeability values was evidenced, as the sensitization step was added without
modifying the gas transport mechanism. This behavior was in good correlation with the
observed morphology. Indeed, the mean pore diameter (D,) and pore size distribution (ADy)
were not significantly modified by the sensitization step, whereas the total pore content

increased.

Table 5. Gas permeability values (P) of the nanoporous CER-E/LPU based hybrid networks

with respect to the kinetic diameter of the diffusing gases (the uncertainty is equal to £7 %)

Parameter 07 CO2 N2 CHas
Gas kinetic diameter (A) 2.92 3.23 3.64 3.8

P values for CER-E/LPU-. (barrer) 1117 1197 1256 1742
P values for CER-E/LPUy > (barrer) 1801 1925 2010 3064

Concerning the gas separation properties of track-etched membranes created, the
experimental selectivity values between two gases A and B (aas) could be calculated from
experimental permeability values according to:

oaB=Pa/Ps ®)
Fig. 10b shows that the experimental selectivity values calculated for the different gas

pairs (A/B) considered in this work (CO2/O2, CH4/N2, N2/O2, CH4/CO2) were directly related
. VMg .
to the square root of the molar mass of the considered gases (e.g. / \/ﬁ)' It is noteworthy
A

that the sensitization step did not lead to any significant modification of the gas selectivity
values for our membranes. Thus, by adding this step, it was possible to increase the permeability

values without any loss of selectivity.
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Figure 10. Transport properties of different gases for nanoporous CER-E based hybrid
networks treated in different conditions: (a) Permeability coefficients as a function of the
inverse of the square root of the molar mass of the diffusing molecule; (b) Gas selectivity values
as a function of the ratio of the molecular weights of the diffusing molecules for the gas pairs

C0O2/02, CH4/N2, N2/O2, CH4/CO:s.

4. Conclusions

The implementation of a track-etching technique consisting of a-irradiation of
CER/LPU-based thermosetting films with subsequent chemical etching provided well-defined
nanoporous structures. Such nanoporous materials were characterized by SEM to investigate
the generation of uniform nano-sized pores without essential effect on the chemical structure
of the polymer system, as determined from FTIR spectroscopy measurements. It is noteworthy
that all the CER/LPU nanoporous hybrid networks, derived from DCBA and DCBE monomers,
had quite narrow pore diameter distribution and average pore diameters around 12 nm.
Increasing etching time for hybrid networks resulted in narrowing pore size distribution and
increasing total porosity, while it almost did not affect the average pore diameter. Using an
additional sensitization step led to some narrowing of pore size distribution and an increase in
average pore diameter and total porosity as well. DSC and TGA measurements showed that the

cumulative thermal stability of the final nanoporous films remained sufficiently high (Zgse ~
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293-359°C). The CER/LPU nanoporous thermosetting materials demonstrated effective gas
transport properties tested with gases such as Oz, CO2, N2, and CHs. The combination of an
additional sensitization using y-rays and longer time of chemical etching improved the
properties of the nanoporous systems developed as the gas permeability increased without any
loss of gas selectivity.

This investigation opens the way to numerous potential applications for the materials
created, for example, as selective membranes for advanced technologies, especially under

extreme conditions.
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